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Abstract
Global tungsten migration, thus erosion, transport, and deposition, in the EU-DEMO tokamak is
investigated using ERO2.0 simulations for an argon-seeded ELM-free H-mode plasma scenario
with expected 2 GW fusion power developed with the narrow-grid version of the SOLPS-ITER
code. The tungsten erosion calculations by the plasma background include contributions from
all ionic charge states of deuterium, helium, and argon, as well as deuterium charge-exchange
neutrals. The latter is estimated in the framework of advanced kinetic energy spectra recorded at
various poloidal locations across the device. Since the SOLPS-ITER plasma solution demands
an extrapolation of plasma parameters up to first wall panels made of tungsten, different
assumptions on the far-SOL plasma temperature profiles ranging from 2 eV to about 10 eV are
applied in order to study their impact on tungsten erosion and transport on EU-DEMO. The
simulations reveal that main chamber erosion is dominated by charge-exchange neutrals for
very cold far-SOL conditions of 2 eV, while it is driven by argon ions and tungsten
self-sputtering when going to higher temperatures. This is different for the semi-detached
divertor, where the erosion is clearly dominated by argon ions in all cases. The ratio between
divertor to main chamber source is found to decrease from roughly 10 to 3 with increasing
far-SOL temperature. A net main chamber to divertor transport of tungsten is observed and
explained by long ionization mean free paths of sputtered tungsten atoms, ranging from 50%
and 39% for the applied [Te,Ti] far-SOL assumptions.
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1. Introduction

The understanding and control of plasma–wall interaction
(PWI) in magnetic fusion devices is essential for their safe
and long-term operation. While the erosion of plasma-facing
components (PFCs) by physical and, in some cases, chem-
ically assisted sputtering impacts their lifetime, the depos-
ition of eroded material may cause dust formation and lead to
increased retention via co-deposition of fuel isotopes, which
in turn can become critical in terms of safety and fuel cycle
reasons. Numerical modeling of such processes is thus inev-
itable not only to gain more detailed insights into experi-
ments in present day machines, but also to make predictions
for future machines. Steady-state PWI can be assessed for
instance with theMonte Carlo codes ERO [1] and its successor
ERO2.0 [2]. Due to its massive parallelization, the latter allows
for simulations of full reactor-scale geometries. Both codes
calculate the erosion under ion and charge-exchange neutral
(CXN) impact with subsequent tracing of eroded impurities
through the scrape-off layer (SOL) plasma. Along the tra-
jectory, atomic processes like ionization, recombination, and
Coulomb collisions with the background plasma ions are con-
sidered. The ERO2.0 code has been validated against experi-
mental data from the already stop of operating fusion device
JET with the focus on beryllium (Be) [2, 3] and tungsten
(W), as applied PFCmaterial [4]. In addition, predictions have
been made for the next step device ITER [5–7], which is cur-
rently under construction in France. In parallel to ongoing
work on ITER, there are already efforts in Europe to advance
the fusion roadmap towards a demonstration fusion power
plant referred to as EU-DEMO [8, 9]. In particular, the devel-
opment and validation of high-performance computer codes
in view of their application to next step fusion devices has
been bundled within the EUROfusion Theory and Advanced
Simulation Coordination [10] activities. The main aim of one
of the projects within these activities comprises the assessment
of safety-relevant information regarding fuel inventory, dust
production, and lifetime of PFCs in order to support the EU-
DEMO conceptual design. ERO2.0 modeling builds the basis
for predictive PFCs erosion and deposition estimates and the
present work reports a first comprehensive study in this regard.
However, it is noted that the study should be seen as a first step
towards reliable predictions in the future due to various reas-
ons in terms of magnetic equilibrium and plasma background,
which are discussed later on. Therefore, the paper is organized
as follows: section 2 gives information on the modeling set-
up. This includes a discussion about the underlying magnetic
equilibrium, the plasma scenario, and the transport assump-
tions used in themodeling. Steady-state erosion and deposition
maps for the EU-DEMO tokamak can be found in section 3.
Finally, section 4 draws a conclusion on the presented ERO2.0
modeling.

2. Simulation set-up

2.1. Wall geometry

The ERO2.0 modeling considers the realistic three-
dimensional geometry of the EU-DEMO tokamak design
2017 and was provided by the DEMO Central Team [11]
in the form of a polygonal surface mesh. In more detail,
the divertor is represented by ∼18, 000 quadrilateral poly-
gons. Each polygon has side lengths of about 3 cm. The first
wall geometry is divided into ∼300, 000 triangular poly-
gons with side lengths of 5 cm. Sacrificial first wall limiters
are omitted for the beginning (see figure 6 in [12] to get a
full list of these limiters), since they go beyond the scope
of the present study of establishing an initial workflow of
ERO2.0 modeling for EU-DEMO. Simultaneously, the neg-
lection of sacrificial limiters has the advantage of increasing
the rotational symmetry of EU-DEMO by a factor of 4 (from
4-fold to 16-fold rotational symmetry), so that only a unique
sector of 22.5◦ in combination with periodic boundary con-
ditions is sufficient to model the full torus device. This is
preferable in terms of Monte-Carlo statistics and computa-
tion time. Finally, the entire wall surface is assumed to be
made of W.

2.2. Magnetic equilibrium

The magnetic equilibrium is a mandatory input for migra-
tion studies with the ERO2.0 code. In particular, the start of
flat-top (SOF) phase of the 2017 EU-DEMO Baseline scen-
ario [13] is used in the modeling. The reason for using the
2017 Baseline is due to the fact that only for this scen-
ario a complete lower single-null plasma solution was avail-
able at the start of the present studies [14]. The model-
ing presented here is thus not to be considered as predict-
ive for the full power EU-DEMO operation, but should be
seen as a preparation for ERO2.0 applications in yet unex-
plored regimes in terms of machine size, plasma to wall gap
and so on.

The magnetic configuration used throughout the present
study is shown in figure 1, where selected flux surfaces are
plotted (grey solid curves) together with the local direction
of the poloidal magnetic field (grey arrowheads). The separ-
atix is highlighted as green solid curve. In addition, the plot
reveals the presence of a secondary X-point at the top the
machine, which is (magnetically) connected to the horizontal
tops of the divertor on both the high- and on the low-field side.
The toroidal magnetic field points towards the reader and has
a strength of Bt ≈ 4.89 T evaluated at the plasma center at
R≈ 8.94 m (not shown in the figure). The plasma current is
Ip ≃ 19MA.
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Figure 1. Contour plot of selected magnetic flux surfaces for the
start of flat-top 2017 Baseline equilibrium. The arrows show the
direction of the poloidal magnetic field. The toroidal magnetic field
points out of the plane towards the reader. The green and black
curves show the separatrix and the contour of the most protruding
part of the wall panels of EU-DEMO, respectively.

ERO2.0 has its own built-in capability to perform mag-
netic shadowing calculations for shaped wall panels. Such a
calculation is based on the connection length, which equals
the distance between two points on the wall, measured along
a magnetic field line connecting these two points4. For main
chamber panels in EU-DEMO representing breeding blankets,
the resulting connection lengths are shown in figure 2(a). In
general, there are several models to relate the magnetic shad-
owing factor S to the local value of the connection length. One
of the simplest models is used here, in which S can only take
values of 0 or 1. In particular, a surface cell will be magnet-
ically shadowed, i.e. S= 0, if the connection length is shorter
than or equal to a certain threshold value Lth. Otherwise, the
surface cell will be plasma wetted (S= 1). In the present case,
Lth is set to 6m, which was also assumed in corresponding
ERO2.0 calculations for ITER [5]. The resulting shadowing
pattern for the EU-DEMO main chamber wall is given in
figure 2(b), where dark blue patterns indicate plasma-wetted
regions. Due to its high degree of toroidal symmetry, the entire
divertor is assumed to be plasmawetted, so that S= 1 holds for
all divertor surface cells.

4 A benchmark of ERO2.0 results against PFCFlux [15] simulations has
shown very good agreement, but will be published elsewhere.

2.3. Plasma background

In addition to the magnetic configuration, information about
plasma parameters in the boundary region is needed. This
includes in particular the electron density ne, electron and ion
temperature Te and Ti, the background flow velocity parallel
to the magnetic field vpar, as well as the density distribution
of seeding impurities. The plasma background is important
for the calculation of the erosion source due to impinging ion
fluxes onto the wall, but it also impacts the migration part of
ERO2.0, where it enters into the calculation of atomic pro-
cesses (ionization and recombination) and collisions of traced
impurities with the background plasma species. The accuracy
of any ERO2.0 modeling is therefore strongly coupled to the
quality of the background.

For the present work, the lower single-null ELM-free H-
mode SOLPS-ITER plasma solution for EU-DEMO with
expected 2 GW fusion power is used [14], which describes a
deuterium (D) plasma with helium (He) ash and argon (Ar) as
seeding species for divertor radiation. Tritium is not accoun-
ted for in the SOLPS-ITER plasma solution. However, it is
the first time that the full distribution of seeding impurities
from a plasma edge code is used within an ERO2.0 mod-
eling. This replaces the constant background concentration
approach, where ions belonging to species α could only be
included as a spatially constant fraction cα measured with
respect to the background electron density nα = cαne. In gen-
eral, the impurity background is required in order to include
particle collisions in the Fokker-Planck term for impurity
transport5 and to calculate the erosion source at the wall. It is
important to note that both are handled in a different manner.
With regard to particle collisions, i.e. in the plasma volume, an
effective background characterized by the effective mass

meff =

∑
αmαnα∑
α nα

, (1)

the effective charge

Zeff =

∑
α q

2
αnα

ne
, (2)

and the effective parallel flow velocity

vpareff =

∑
α v

par
α nα∑

α nα
(3)

is used with mα, qα, and v
par
α representing the individual mass,

charge and parallel flow velocity of species α, respectively.
In contrast, the contribution of each species is considered
individually at first wall surfaces to get the erosion source.
Therefore, the impinging ion flux onto the wall is calculated
as

Γα = nα cos(θB)c
s
effS, (4)

5 Collisional ionization is only driven by electrons in the ERO2.0 code.
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Figure 2. Plot of (a) the connection length and (b) the magnetic shadowing factor. For the latter, dark blue regions indicate plasma-wetted
areas, where the magnetic shadowing factor is equal to S= 1.

Figure 3. Plot of (a) selected ion flux and (b) temperature profiles along the outer target up to the divertor top. Positive target coordinates
describe the SOL, negative ones the PFR.

where θB is the magnetic inclination angle, cseff is the common
ion sound speed for the multi-species background [16, 17],

cseff =

√∑
α nα (kBTi + qαkBTe)∑

α nαmα
, (5)

and S is the shadowing factor introduced in section 2.2.
The assumption of a common ion sound speed for all back-
ground species is in agreement with the boundary condi-
tions imposed in the SOLPS-ITER modeling [14]. Selected
ion flux profiles along the outer divertor target are shown in
figure 3(a). The profiles show that the constant concentra-
tion assumption is inappropriate. One can see that the rel-
ative concentrations change especially in the SOL region of
the target (indicated by positive target coordinates). While
lower-ionized states (He+ and Ar+) are dominant close to
the strike-point, there is a qualitative change roughly 15 cm
into the SOL, where higher-ionized states tend to dominate
(He2+ and Ar3+). This can be explained by the semi-detached

solution with a pronounced temperature rise towards the outer
divertor baffle reaching peak temperatures of Te ≈ Ti ≈ 16
eV (see figure 3(b) and [14]). Since the ion impact energy
depends on the particle’s charge q via the sheath acceleration
[18], ⟨E⟩= 2kBTi + 3qkBTe, and the sputtering yield depends
on the particle’s impact energy at the surface, the charge-
state resolved fluxes thus improve the calculation of the ion
background-induced erosion source significantly.

Unfortunately, the aforementioned improvement is coun-
teracted by the following. The plasma solution is limited to the
domain of the B2-part of SOLPS-ITER, which does not cover
the entire boundary region up to the first wall. This is illus-
trated in figure 4where the B2-grid is shown in grey and the 2D
contour of the EU-DEMOwall geometry in black. One can see
that the B2-grid covers the wall only along the divertor targets.
Void spaces between the grid and the wall can be observed in
all other parts of the machine. In more detail, the distance of
the last B2-grid cell to the first wall measures ∼8 cm at the
inner mid-plane,∼15 cm at the outer mid-plane,∼60 cm at the
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Figure 4. Plot of the B2-grid (grey) together with a 2D contour of
the EU-DEMO wall geometry (black).

top of the machine, and even up to ∼80 cm above outer diver-
tor baffle. For the ERO2.0 modeling, this makes an extrapol-
ation of plasma parameters necessary, which simultaneously
introduces large uncertainties, since the final plasma condi-
tions at the wall strongly depend on the assumptions made for
the extrapolation. In the following, an

• exponential decay for densities, n(d) = n0 e−d/λ,
• exponential decay for temperatures, T(d) = T0 e−d/λ,
• flat extrapolation for the Mach number, M(d) =M0,

is assumed, where d is the distance of a point outside the grid
to its projection point on the outermost B2-ring, λ= 5cm is
the constant decay constant, and zero-indexed parameters cor-
respond to their respective values at the projection point. It is
further noted that temperatures in the far-SOL main chamber
plasma boundary are capped at a certain Tmin, which will lead
to flat temperature profiles in the far SOL. Similar assumptions
have been made within an onion-skin model used to extend
narrow-grid SOLPS simulations towards the first wall in ITER
before [19] and can be regarded as conservative in view of W
sputtering considering shoulder formation by turbulence. For
the present study, different values of Tmin will be discussed
later, which are set to lower values as compared to the ITER-
case, where 10 eV< Te < 20eV and 20eV< Ti < 40eV to
be in line with the very conservative ITER heat load spe-
cifications. On the B2-grid, the Mach number is determined
as M= vpareff /c

s
eff. As an example, inner mid-plane profiles for

the electron density ne, electron temperature Te, and the local
Mach number are given in figure 5 for the case Tmin = 2eV.
At the inner mid-plane, the distance between the B2-grid and
the wall reaches with roughly 8 cm its minimum for the entire
main chamber, so that the shortest space has to be bridged.
However, one can see that even here the electron temperat-
ure Te will be capped at 2 eV close to the wall apex, which
means that electron and ion temperature (not shown here) are
constant along the main chamber wall, Twe = Twi = 2eV. As a
result, erosion of the main chamber wall by D ions under such
low-temperature conditions is negligible asD ion impact ener-
gies of order 10 eV are well below theW sputtering threshold
of about 250 eV for a constant impact angle of 60◦ with respect
to the surface normal (see figure 6), which is used in the mod-
eling for all projectiles from the background and has been
shown in the past to be a good approximation even for rough
surfaces [20, 21]. The situation is different for heavier spe-
cies such as Ar, for which the sputtering threshold is roughly
40 eV. That value can be exceeded especially by higher ion-
ized charge states, so that Ar ions are expected to give a finite
contribution to the W erosion source. An even lower threshold
is observed forW self-sputtering. Here, it is important to stress
that W and re-deposited W are assumed to behave identically.
Thus, enhanced re-erosion due to weakened surface binding of
re-deposited W is not considered in the present study though
corresponding evidence has been reported for experiments in
TEXTOR equipped with carbon PFCs [22].

2.4. CXNs

The erosion induced by D CXNs is in some aspects different
compared to ions: on the one side, CXN can reach magnet-
ically shadowed areas of the machine as they are not bound
to magnetic field lines. This leads to almost toroidally sym-
metric erosion patterns in contrast to ions, where the erosion
pattern is mainly restricted to plasma-wetted areas. On the
other side, the energy of a D CXN is mostly decoupled from
the (far-)SOL conditions and rather depends on the condi-
tions within the pedestal region, where the conversion of hot
D ions into energetic neutrals via charge-exchange collisions
takes place. This allows sputtering by high-energy D CXNs
to become the dominant mechanism in low-temperature SOL
conditions, which is especially pronounced for full W devices
due to the strong dependence of the sputtering yield on the
impact energy. Consequently, detailed information about the
energy distribution of CXNs at the wall is decisive in order to
compute the erosion source accurately. In the present work,
full kinetic energy spectra of D CXNs obtained via standalone
EIRENE [24] simulations on basis of the SOLPS-ITER back-
ground are therefore used. In particular, energy spectra at 12
different poloidal locations across the torus have been recor-
ded for EU-DEMO, which are marked in figure 7(a). Each
spectrum is sampled into 2000 energy bins and ranges up
to a maximum energy of 10 keV. Four example spectra are
shown in figure 7(b). It is further noted that each colored curve
refers to the corresponding marker color in figure 7(a). Each
spectrum can be associated with an effective sputtering yield
by simply convoluting the sputtering yield with the spectral

5
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Figure 5. Inner mid-plane profiles of the electron temperature (blue), electron density (orange), and Mach number (green). The electron
temperature is capped at Tmin = 2eV. The dashed lines indicate the wall apex and the separatrix. The B2-grid boundary is located at zero
distance. Negative distances describe the region, where the plasma parameters are extrapolated.

Figure 6. Dependence of the physical sputtering yield on the
impact energy for different projectiles impinging on a W target at a
constant impact angle of 60◦ measured with respect to the surface
normal. The ERO2.0 database was compiled using SDTrimSP
version 6.01 [23].

distribution function f (E),

Yeff =
ˆ

dEY(E) f(E) , (6)

where similar to background ions a constant impact angle of
60◦ is used as reasonable approximation even for rough sur-
faces. The effective sputtering yield at any location on the
wall is then determined by linear interpolation of the two
closest effective sputtering yields, which are weighted by
their distance to the wall location of interest. In doing so,
figure 8 shows a poloidal profile of the effective sputtering
yield obtained for the spectral approach (grey curve).

In addition, figure 8 also shows the effective yield for
the mean energy approach. This is typically the standard
option in ERO2.0 if kinetic energy spectra are not avail-
able and it was used earlier for Be-covered surfaces [5, 7]
as well as for W-covered surfaces including a full-W ITER

as a proxy for EU-DEMO [25] and prior modeling for EU-
DEMO itself [26]. In this method, the sputtering yield is
determined under the assumption that all neutrals impact the
wall with a mono-energetic energy distribution defined by
their local mean energy, Yeff = Y(⟨E⟩). The required pol-
oidal profile of the mean energy is a standard EIRENE out-
put, and the profile for the EU-DEMO case can be found in
figure 7(c) (black curve). A comparison of both approaches
reveals two main results: On the one side, the peak value of
Yeff is lower by a factor of about 2.5 in the full energy spec-
tra approach, at least under the present conditions. On the
other side, figure 8 reveals the emergence of additional W
sources due to sputtering. While the W source is mainly local-
ized around the outer mid-plane in the mean energy approach,
the full energy spectra approach in contrast predicts a broader
region, thereby covering almost the entire wall on the low-
field side. A weak(er) W source is also estimated on the
high-field side. The aforementioned emphasizes the import-
ance of proper treatment of CXN-induced erosion in order to
assess safety-relevant information with regard to the erosion
of PFCs.

2.5. Transport model

In the present work, the tracing of W impurities throughout
the plasma background is simulated in the adaptive guiding-
center approximation (aGCA). In this approach, the gyro orbit
is only resolved in areas of special interest like for instance
in the vicinity of the wall in order to calculate the W impact
parameters as accurate as possible. In all other regions, the
pure GCA algorithm is used to speed up the computation. A
detailed description of the ERO2.0 implementation together
with selected benchmark tests can be found in [27].

Along the trajectory, collisions of W impurities with
the plasma background are considered in the Fokker-Planck
framework as described by Reiser et al [28]. However, it has
to be noted that the collision operator is prone to numerical

6
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Figure 7. (a) Visualization at which locations kinetic energy spectra from dedicated EIRENE simulations are recorded. (b) Log-log plot of
selected D0 energy spectra. The color of each curve refers to the marker color in subplot (a). Each spectrum is normalized such that the
integral is unity. The black dashed line indicates the D →W sputtering threshold. (c) Poloidal profiles of the D0 mean energy (black) and
the total D0 flux at the wall (grey).

Figure 8. Poloidal profiles of the effective sputtering yields for the
mean energy approach (black curve) and the full spectral approach
(grey curve). In both cases, the impact angle is assumed to be 60◦.

divergence under certain conditions. For instance, the colli-
sion ofW impurities with a cold, but dense plasma background
(i.e. conditions along the strike-lines) has been identified to
lead to the acceleration of the W particles up to MeV energies
in early scoping studies with the ERO2.0 code. The reason
for the numerically unstable behavior could be attributed to
locally ultra-short Spitzer collision times τcoll, which become
shorter than the global timestep ∆t0 used for the particle tra-
cing. In principle, the issue can be triggeredwithin both the full
gyro-orbit tracing mode and the GCA tracing mode. However,
it is observed much earlier in the GCA mode, because of
the larger timesteps applied (typically 50 ns to 100 ns). The
issue disappears inherently once the tracing timestep is set to
resolve the shortest Spitzer time in the system, ∆t0 ≪ τcoll.
Unfortunately, this may come along with a significant per-
formance drop, since ∆t0 is generally small enough for the
vast majority of plasma background parameters. In ERO2.0,
a different approach is therefore utilized. Instead of reducing
the global timestep, only collision processes for unstable con-
ditions are treated with a reasonably short timestep ∆tcoll,
thereby however repeating the collision process N times,

where N is chosen such that the collision is well resolved. Test
simulations have shown that the procedure removes the diver-
gence of the collision operator with reasonable accuracy and
acceptable performance losses. It is noted that the same issue
has been observed independently in EIRENE’s kinetic ion tra-
cing module, where it has been fixed with the introduction of
an adaptive timestep model [29].

Thermal force effects [30, 31] on the W transport are neg-
lected in the present study, which may lead to an under-
estimation of W escaping poorly screened divertor surface
areas [4]. Refined ERO2.0 simulations are currently in pro-
gress and will be published elsewhere. In addition, anomalous
cross-field diffusion is modeled in terms of a spatially constant
diffusivity coefficient which is set to D⊥ = 1m2 s−1. In gen-
eral, spatially resolved diffusivity coefficients can be imposed
in ERO2.0 [4], which will be one of the next improvements for
modeling the EU-DEMO tokamak.

3. Modeling results

The following sections report on the ERO2.0 modeling results
for three different assumptions on the far-SOL temperature
cutoffs, which are 2 eV, 5 eV, and flat temperature profiles from
the last available flux surface towards the first wall. Typically,
the latter results in electron temperatures below 8 eV and ion
temperatures around 10 eV.

3.1. Far-SOL temperature 2 eV

Main chamber erosion and redeposition profiles are shown
in figure 9. In particular, separate erosion profiles are shown
for each contributing species. A peak main chamber gross
erosion flux of about Γmax

gross ≃ 9.31× 1017 m−2s−1 is pre-
dicted on the inner side of the wall, which can be attrib-
uted to sputtering by Ar ions. Though Ar ions cause the peak
gross erosion flux, significant gross erosion is only expec-
ted in a small area on the inner side of the machine around
the mid-plane (see figure 9(b)). The integration of the gross
erosion flux over the main chamber surface area yields a

7
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Figure 9. Tungsten main chamber ((a)–(c)) gross and (d) net erosion. The gross erosion is divided into the contributing species (a) D0 and
D+, (b) Ar ions, and (c) W self-sputtering. Positive values (shades of green and blue) indicate deposition, negative values (shades of red)
indicate erosion. The far-SOL main chamber temperature is 2 eV.

release of Rgross
Ar→W ≃ 2.01× 1018 W-atoms s−1 due to sputter-

ing by Ar ions (see table 1). In contrast, significant erosion
by D can be found almost along the entire outer wall of the
machine (see figure 9(a)). The torodially symmetric shape of
the erosion map underlines that erosion is dominated by CXN,
which can reach even recessed and magnetically-shadowed
areas on the wall. Though the corresponding peak erosion flux
is smaller by a factor 17 in comparison to Ar, the total num-
ber of W atoms released by D sputtering is 14 times higher
(Rgross

D→W ≃ 27.58× 1018 W-atoms s−1, see table 1). In fact, D
CXN sputtering releases more than 85% of all W atoms in the
main chamber in case of Te = 2 eV in the far SOL. Figure 9(c)
shows the contribution of W self-sputtering under the assump-
tion that W and re-deposited W behave identically as men-
tioned before. Additionally, it is noted that no specific assump-
tions on W impact energy and impact angle at the wall (as a
reminder, ⟨Ein⟩= 2kBTi + 3qkBTe and θin = 60◦ for all back-
ground projectiles) are needed as they are inherently included
in ERO2.0 as a result of theW impurity tracing throughout the
plasma background. The simulation predictsW self-sputtering
to be strongest in the lower part of the low-field side above
the outer divertor baffle. There is an additional contribution at
the top of the device, which is hardly visible on the applied
color scale. In total, the surface-integrated self-sputtering rate
in the main chamber is Rgross

W→W ≃ 1.84× 1018 W-atoms s−1,
which is similar to the Ar result (see table 1). Finally, the net
W erosion flux is shown in figure 9(d), where reddish col-
ors indicate net erosion while bluish ones refer to net depos-
ition. Surface areas eroded by the plasma background (i.e. by
D CXN and Ar ions) remain also net erosion zones. This is dif-
ferent for areas in which W self-sputtering is dominant, which
turn into net deposition zones instead. For instance, there is
strong net deposition at the lower part of the low-field side wall
and at the top of the machine close to the secondary X-point
(see figure 1).

The modeling predicts that the transport of W impurities
strongly depends on the location of the W source. This can
be seen in the reduced transport matrix depicted in figure 10,

Table 1. Surface-integrated W erosion rates for a far-SOL main
chamber temperature of 2 eV. Positive and negative values for the
dataset net denote net deposition and net erosion, respectively. It is
noted that W erosion by D is dominated by CXNs.

(1018 atoms s−1) net gross D →W Ar →W W →W

Main chamber -12.85 31.43 27.58 2.01 1.84
Divertor 11.69 318.56 — 248.59 69.96

Figure 10. Plot of the reduced transport matrix. The x-axis refers to
the PFCs, where the particles started. The different bars show the
relative amount of particles deposited on the corresponding PFC (or
are lost to poloidal gaps).

which illustrates the probability (y-axis) of W transport from
the erosion PFC (x-axis) to the deposition PFC (colored bars).
For example, almost no relative transport from the divertor
to the main chamber is observed, indicating efficient divertor
screening. In contrast, there is significant W transport from
the main chamber into the divertor. In particular, almost 50%
of W eroded in the main chamber is deposited somewhere in
the divertor. Qualitatively, strong W transport into the divertor
deviates from observations in prior PWI modeling for a full-
W ITER conducted with both the ERO2.0 code (between 1%
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and 2% are stated in [25] depending on the magnetic con-
figuration) and the WallDYN code (see figure 2(b) in [32]).
It is the assumed far-SOL plasma conditions that drive this
change. The assumptions made for EU-DEMO correspond to
a cold and thin far-SOL plasma, which causes long ioniza-
tion mean-free paths of W atoms. Conversely, higher far-SOL
temperature values compared to EU-DEMO ranging between
10 eV and 20 eV for electrons and 20 eV and 40 eV for ions
are assumed on ITER, so that W atoms are ionized on outer
flux tubes magnetically not connected to the divertor. From
a quantitative point of view, the observed transport patterns
seem to be less severe due to the large ratio of divertor to
main chamber W source. In particular, the divertor source is
10 times stronger than the main chamber W source assuming
2 eV far-SOL temperatures. Finally, figure 10 also shows that
roughly 3% of W particles are lost in poloidal gaps between
first wall panels.

3.2. Far-SOL temperature 5 eV

In order to quantify the impact of the far-SOL temperature
assumptions on the modeling, additional simulations were
conducted. The present section considers the case, where the
far-SOL electron and ion temperatures in the main cham-
ber are capped at an increased value of Tmin = 5eV with
respect to the reference case. Similar to the colder far-SOL
case shown before, both the electron and ion temperature
are constant along the main chamber first wall, but still too
low for W sputtering by D ions. In addition, also the D-
CXN contribution is unchanged (see table 2), because the
far-SOL plasma conditions are not taken into account in the
standalone EIRENE modeling performed in order to obtain
the energy spectra at different wall locations (see discussion
in section 2.4). However, this lack of self-consistency is not
expected to change the results much since the CXN energy
distributions are determined by the hot core plasma rather than
by the cold (far-)SOL; and it will be absent in future extended-
grid SOLPS-ITER/EIRENE modeling that covers the entire
plasma boundary up to the wall [33]. Quantitatively, the con-
tributions by Ar ions and by W self-sputtering in contrast are
increased. For instance, the peak gross erosion flux induced
by Ar ions increases by a factor of ∼6 to Γmax

gross ≃ 5.53× 1018

m−2s−1, while the total Ar-related W main chamber source
increases even by a factor ∼13, Rgross

Ar→W ≃ 25.64× 1018 W-
atoms s−1, thereby almost replacing D-CXN as the biggest
contributor6. The W self-sputtering source is stronger by a
factor ∼5. Combining all separate contributions, it yields a
twice as large main chamber W gross source in comparison
to the reference case. Qualitatively, one can see significant W
sputtering by Ar ions on the low-field side around the outer
mid-plane, see figure 11(a). In addition, figure 11(b) shows
that W self-sputtering becomes more pronounced at the top
of the machine and on the high-field side around the inner

6 It should be noted a factor of
√

(5/2)≈ 1.6 is related to increasing ion
fluxes onto the first wall as a result of the scaling of the sound ion speed (see
equations (4) and (5)); the rest comes frommore efficient sputtering as a result
of higher ion impact energies.

Table 2. Surface-integrated W erosion rates for a far-SOL main
chamber temperature of 5 eV. Positive and negative values for the
dataset net denote net deposition and net erosion, respectively. It is
noted that W erosion by D is dominated by CXNs.

(1018 atoms s−1) net gross D →W Ar →W W →W

Main chamber –24.70 63.17 27.58 25.64 9.96
Divertor 21.13 341.21 — 253.93 87.27

mid-plane. Interestingly, the erosion patterns induced by W
self-sputtering do not correlate with the patterns by plasma ion
sputtering.

The W net erosion map is given in figure 11(c). Similar
to the case before, one can see that areas of significant back-
ground sputtering stay net erosion zones, while areas with sig-
nificant W self-sputtering turn into net deposition zones. The
strong decoupling between net erosion and net deposition is
correlated to the previously mentioned W transport patterns.
Though the transport matrix for the present far-SOL temperat-
ure assumption (not shown as a separate figure) shows a slight
reduction of W transport into the divertor, it is still relatively
large with about 42% of W particles re-deposited very non-
locally. Physically speaking, the increase from 2 eV to 5 eV
therefore does not alter the transport much. This is indeed
reasonable as the lowest ionization potential IWpot of W equals
7.86 eV [34], so that the ionization dynamics is similar in both
scenarios.

The divertor target conditions do not depend on the far-
SOL temperature assumptions, because the plasma grid in the
SOLPS-ITER simulation extends up to the wall. In fact, this
does not apply to the horizontal parts at the top of the divertor
as can be seen in figure 4. As a consequence, the corresponding
surface areas at the top of the divertor together with the plasma
volume above are located in the extrapolation domain. This
in turn causes a weak dependence on the far-SOL temper-
atures and leads in the present case to a slight increase in
the W gross erosion by Ar ions. Tungsten self-sputtering also
becomes more important due to higher influx from the main
chamber. However, as the increase of the divertor W source
with increased far-SOL temperature is only moderate, the rel-
ative impact of the main chamber W source gains in import-
ance. For instance, the ratio of divertor to main chamber W
gross source drops from roughly 10 to 5 while increasing the
far-SOL temperature from 2 eV to 5 eV.

3.3. Far-SOL temperature: constant extrapolation

The next logical step is the assumption of far-SOL temper-
atures well beyond the ionization potential of W in order
to trigger more pronounced changes in the W transport.
Unfortunately, the options to further increase Tmin are lim-
ited, which can be seen in figure 12, where profiles of the
electron (blue solid curve) and ion temperature (orange solid
curve) along the last poloidal main chamber flux tube for
the considered SOLPS-ITER plasma background are depic-
ted together with the first ionization potential of W (black
dashed line). One can see that the electron temperature only
exceeds the first ionization potential of W on the high-field
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Figure 11. Tungsten main chamber ((a) and (b)) gross and (c) net erosion. The gross erosion is divided into the contributing species (a) Ar
ions and (b) W self-sputtering. Positive values (shades of green and blue) indicate deposition, negative values (shades of red) indicate
erosion. The far-SOL main chamber temperature is 5 eV.

Figure 12. Poloidal profiles of the electron (blue) and ion
temperature (orange) along the last main chamber flux tube
available on the SOLPS-ITER grid. The black dashed line shows the
first ionization potential of W at 7.86 eV. The poloidal coordinate is
given in reference to the value at the outer mid-plane s0.

side of the machine. Since ionization is due to electron impact,
it is governed by the electron temperature profile. However,
an assumption of Te above 7.68 eV in the main chamber far-
SOL would lead to a sudden and discontinuous increase of
the electron temperature towards the wall in some areas of the
machine. In order to avoid this, flat temperature profiles from
the last flux tube towards the wall, i.e. a constant extrapola-
tion, are therefore imposed as most suitable option to enter a
different ionization regime with respect to the previous cases.
Simultaneously, this can be regarded as worst-case scenario
for the present plasma background in terms of plasma temper-
ature conditions at the wall.

From a quantitative point of view, there is a change
in the main contributors for the main chamber source. In
particular, the relative contributions for D, Ar, and W are
22%, 54%, 24%, respectively (see table 3). In addition, the
impact of W self-sputtering for the divertor erosion rises from
Rgross
W→W ≃ 87.27× 1018 W-atoms s−1 to Rgross

W→W ≃ 118.45×

Table 3. Surface-integrated W erosion rates for the case when the
far-SOL temperature is constantly extrapolated to the wall. Positive
and negative values for the dataset net denote net deposition and net
erosion, respectively. It is noted that W erosion by D is dominated
by CXNs.

(1018 atoms s−1) net gross D →W Ar →W W →W

Main chamber –43.44 122.64 27.58 65.84 29.22
Divertor 36.41 382.22 — 263.76 118.45

1018 W-atoms s−1 (increase of about 36%), which comes from
an absolutely higher W influx from the main chamber. The
slight increase in Ar sputtering results again from the previ-
ously explained statement that parts of the divertor top are
within the extrapolation domain. The relative impact of the
main chamber source further increases in the most conservat-
ive case of flat temperature profiles considered here. Though
the divertor W gross source is still a factor of 3 larger than the
main chamber, this is considerably less than for 2 eV far-SOL
temperatures, where the ratio is given by 10.

Figure 13 infers a higher level of re-deposition especially
on the low-field side of the machine, which can be seen by a
lighter reddish shading in areas where erosion is dominated by
CXN. However, it is worth mentioning that the transport mat-
rix only predicts a small reduction in the W transport from the
main chamber into the divertor with respect to both previous
cases (here it is about 39%). Since the electron temperature
does not surpass IWpot in wide areas of the machine at all and it
is still only marginally above IWpot in the remaining areas, this
is not entirely surprising. Consequently, the current plasma
background makes it difficult to judge when the observed
decoupling between net erosion and net deposition zones res-
ulting from the significant non-local W transport diminishes
and in how far these net erosion zones are critical in view of
first wall lifetime. In order to address related questions, an
extended-grid SOLPS-ITER plasma background could give
more valuable insights. Finally, one can see the emergence of
a net erosion zone at the lower end of the high-field side wall.
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Figure 13. Tungsten main chamber ((a) and (b)) gross and (c) net erosion. The gross erosion is divided into the contributing species (a) Ar
ions and (b) W self-sputtering. Positive values (shades of green and blue) indicate deposition, negative values (shades of red) indicate
erosion. The far-SOL main chamber temperature profiles are constantly extended from the last available SOLPS-ITER flux tube towards the
first wall.

Figure 14. Radial W density profiles at the outer mid-plane for all
three discussed cases. The separatrix position at the outer mid-plane
is indicated by the grey dashed line.

3.4. Tungsten density profiles

Radial W density profiles at the outer mid-plane are given in
figure 14. On the one hand, the figure reveals that the amount
of W reaching the separatrix scales inversely with the far-
SOL temperature, so that the highest W density, and thus also
highestW influx, is expected for the coldest far-SOL temperat-
ure assumption discussed here (blue solid curve). For instance,
W densities of the order of 2× 1014 m−3 can be observed in
the 2 eV case, which is a factor 2.4 and 3.3 higher compared to
the values observed for the cases of 5 eV and constantly extra-
polated temperature profiles in the far SOL, respectively. This
inverse scaling can be explained once more with long ioniza-
tion mean free paths that govern W SOL transport in the main
chamber plasma and result in a shift of the ionization front
closer to the separatrix.

On the other hand, almost constant W density profiles
can be seen in the confined region in all cases, so that W
transport is not suppressed in the pedestal. Of course, this

is directly related to the assumption of constant anomalous
diffusion throughout SOL and pedestal without accounting
for any transport barrier. Correspondingly, the predictions on
W influxes into the confined region are only a rough estim-
ate and require more careful investigations in the future. This
includes the use of spatially inhomogenous transport profiles,
for instance to mimic the transport barrier, and the coupling of
ERO2.0 to more sophisticated core transport models such as
JINTRAC as reported in [4].

4. Conclusions

Tungsten erosion, re-deposition, and migration was modeled
with the ERO2.0 code for the EU-DEMO tokamak taking into
account the realistic geometry of PFCs in three dimensions.
The plasma scenario was based on the only available SOLPS-
ITER solution, which was generated for the 2017 magnetic
Baseline equilibrium. Therefore, the simulation results are
only of preliminary nature and not necessarily indicative for
predictions on the full power operation in EU-DEMO. Indeed,
they should be seen rather as a demonstration that the general
workflow is established and should be used in the same time
to diagnose critical aspects in terms of accurate predictions on
the lifetime of PFCs. For instance, large gaps between the last
flux surface on the SOLPS-ITER grid and the first wall pan-
els were identified to introduce large uncertainties into the far-
SOL plasma conditions. In order to estimate their impact onW
erosion and transport, three different far-SOL plasma temper-
ature profiles were considered here. Corresponding ERO2.0
simulations revealed that main chamber W erosion by D CXN
gains in importance the colder the far-SOL plasma is. It even
became the dominant erosion process for the case of the lowest
temperature cut-off. To account for the increasing importance
of D CXN on the W source, D CXN energy distribution at
12 different poloidal locations were imported from dedicated
EIRENE modeling. For the present conditions, the advanced
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approach was shown to give a broader but reduced W source
around the outer mid-plane in comparison to the simplified
mean energy approach. Beyond to D CXN, main chamber
W erosion was also attributed to Ar ions (seeding impurity)
and W self-sputtering in the ERO2.0 simulations. Contrary to
CXN, their contribution gained in importance with increas-
ing far-SOL temperature. In fact, Ar ions were identified to
be the driving main chamber erosion process followed by W
self-sputtering for the hottest case of flat temperature profiles
from the B2-grid up to the wall. On the other side, W gross
erosion of the divertor was dominated by seeded Ar ions for
all three cases. The relative contribution of W self-sputtering
increased with increasing temperature, but never contributed
more than 1/3 to the divertor source.

A fundamental difference compared to prior ERO2.0 mod-
eling for a full-W ITER as a proxy for EU-DEMO [25] could
be observed regarding the transport of W. While only mar-
ginal transport from the main chamber into the divertor has
been reported before, significant transport into the divertor was
detected for all cases discussed in the present study. The qual-
itative change could be explained by long ionization mean
free paths of W atoms in the cold and thin far-SOL plasma.
At the same time, the strong W transport into the divertor
resulted in large net erosion zones across the main chamber
first wall. Whether this becomes critical in terms of first wall
lifetime will be studied in the future with more relevant plasma
scenarios.
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Appendix

The following table gives information on averaged net erosion
and net deposition rates in nmh−1 evaluated for different
region. In particular, the top region is defined by all surface
cells of themain chamber with Z coordinates larger than 4.5m.
The inboard and outboard account for all surface cells with Z
coordinates smaller than 4.5m that are additionally located on
the high-field and low-field side of the machine, respectively.
Regarding the divertor, no distinction between low-field and
high-field side is made. In addition, the average for net erosion
is only computed in areas of net erosion. The same logic is
applied to the averaged net deposition rate. Finally, it is noted
that the values should be taken with care as the average can
deviate quite significantly from local peak values due to large

averaging zones accompanied by a large spread in the actual
values.

Table 4. Averaged net erosion and net deposition rates in nmh−1.

⟨Γero⟩ (nm h−1) ⟨Γdepo⟩ (nm h−1)

2 eV 5 eV const. 2 eV 5 eV const.

Top 0.2 0.2 0.3 2.7 2.1 1.7
Inboard 0.4 4.2 13.6 1.1 2.3 5.5
Outboard 1.5 1.5 1.6 4.3 4.7 4.2
Divertor 5.3 4.7 0.4 9.6 15.9 27.3
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