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Abstract
The switch from beryllium (Be) to tungsten (W) first wall (FW) armor in the new ITER baseline
Pitts et al (2025 Nucl. Mater. Energy 42 101854), Loarte (n.d. Plasma Phys. Control. Fusion)
will impact the limiter start-up phase due to the much higher radiated power associated with W
impurity. To assess this impact, a large database of SOLPS-ITER simulations of the hydrogen
(H) plasmas in contact with the tungsten (W) limiter has been constituted, including transport of
all individual W charge states up to a given cut-off. It has been shown that the plasma-limiter
system exhibits strong self-regulating properties due to the strong dependence of W
self-sputtering on the electron temperature at the last closed flux surface (LCFS). This
self-regulation limits the power (PLCFS) crossing the LCFS into the scrape-off layer (SOL),
resulting in high core radiated fractions ( f rad), but at the same time reducing the FW heat loads.
Regression within the database also permits the derivation of a simple scaling relationship
between the plasma temperature and density at the LCFS and the heating power which is used
to construct a boundary condition for time-dependent scenario simulations. Simulations of W
prompt redeposition using the ERO code for selected plasma backgrounds in the database found
that 25%–45% of the eroded W particles reside in plasma for less than a gyration time. The
reverse effect of the prompt redeposition on the background solution, assessed by re-running
SOLPS-ITER with reduced W sputtering yield, proved have a greater effect on the solution than
the impact of SOL plasma transport variation. Self-consistent simulations with an appropriate
prompt redeposition model are therefore required to improve the prediction for ITER and to
validate the code against W limiter start-up experiments on current devices. To assess the
consequence of the inevitable background impurities present in real tokamak start-up plasmas,
some preliminary simulations have also been performed with feedback-controlled nitrogen (N)
seeding. It is found that even moderate N content leads to saturation of PLCFS, and hence f rad,
with respect to plasma density variation. The plasma density increase with seeding leads to
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redistribution of radiation between the W and N, preferentially cooling the edge in comparison
with pure plasmas.

Keywords: SOLPS-ITER, tungsten limiter, plasma start-up, ITER

(Some figures may appear in colour only in the online journal)

1. Introduction

Since 2023, the ITEROrganization has been undergoing a pro-
cess of re-baselining, a key element of which is the exchange
of first wall (FW) material from beryllium (Be) to tungsten
(W) [1, 2]. This change offers numerous benefits, including a
decrease in FW erosion, which subsequently reduces the tri-
tium (T) fuel retention in Be co-deposits, a reduction in asso-
ciated dust production and higher resilience of the FW to fast
transient thermal loads. It also simplifies the assembly/disas-
sembly process since Be handling is no longer required, and
allows for earlier testing of reactor relevant FWmaterials. This
exchange of FW material is not, however, without risk: the
core plasma is orders of magnitude more resilient to contam-
ination by Be than W and the extremely beneficial gettering
action of Be for oxygen (O) is lost, making plasma start-up
potentially much more difficult [1]. It is this start-up issue
which is the focus of the present study which concerns new
plasma boundary simulations of the ITER current ramp-up
phase in limiter configuration, expanding significantly on the
preliminary outcome of this work reported in [1].

In ITER, plasma current ramp-up is foreseen on the
inboard, high field side of the torus [3]. Unlike in most cur-
rent devices, where this ramp-up in limiter configuration typ-
ically occurs in⩾1 s, in ITER this phase lasts∼10 s. Impurities
released (primarily by physical sputtering) in limiter configur-
ations have a high probability of crossing the last closed flux
surface (LCFS) and hence directly contaminating the confined
plasma. Whereas for Be such core assimilation is of little con-
sequence for the limiter plasma, in the case of W, radiative
collapse during the current ramp is a real concern [3].

This concern stimulated a joint effort of SOLPS-ITER,
DINA and JINTRAC code simulations of ITER start-up in
limiter configuration, each focusing on distinct aspects of the
issue. The first results of this program were reported in [1],
demonstrating in particular that in the absence of additional
impurities, the plasma-limiter system is governed by W self-
sputtering and exhibits strong self-regulating properties, driv-
ing the system to a state where the average W self-sputtering
yield over the limiter surface converges toward unity.

To support the assessments in [1], a provisional database
of stationary (thus time independent) simulations with the
SOLPS-ITER code [4] was constituted for limiter plasmas at a
fixed magnetic equilibrium corresponding to one representat-
ive time instant in a typical ITER ramp-up scenario designed
with the DINA code [5]. Scans of input power and density in
these simulations (in which W release and transport was fully
included) enabled the derivation of boundary conditions that,
in turn, were used by DINA to assess the whole limiter start-up

scenario, from plasma breakdown to X-point formation [6].
These DINA simulations exhibited that, if the O level is suf-
ficiently low and the electron-cyclotron (EC) heating wave-
form is sufficiently smooth (i.e. the heating power gradually
increases to avoid triggering excessive W sputtering due to
momentary sharp rises of the edge plasma temperature), the
limiter phase can be successfully navigated.

In this paper, the provisional SOLPS-ITER W limiter sim-
ulation database is significantly expanded and improved to
include a number of physics elements acknowledged as clearly
lacking in the treatment of [1]. Key such aspects are the impact
of W prompt re-deposition, the influence of residual or seeded
impurities and sensitivity to the radial plasma transport pro-
files in the scrape-off layer (SOL). Section 2 describes the self-
regulation mechanism governing the behavior of the limiter
plasma in interaction with a W surface. Section 3 introduces
the computational setup for the SOLPS-ITER simulations,
including key assumptions such as boundary conditions at the
sheath interface, the rationale for the chosen width of the com-
putational grid, and the number of W charge states followed in
the simulations. Section 4 presents the expanded database of
limiter simulations covering different SOL transport assump-
tions and heating power levels and compares them to the initial
database described in [1]. Sections 5 and 6 describe the more
advanced simulations with which the role of ‘prompt redepos-
ition’ of the eroded W and the system’s response to residual
or seeded impurities are studied. A summary and conclusions
are given in section 7.

2. Self-regulation of the ‘plasma–W limiter’ system

We first explore the general properties of a pure hydrogen (H)
plasma in contact with a W limiter and establish some theor-
etical expectations regarding this system behavior. This will
later be validated using the sophisticated 2D SOLPS-ITER
simulations in which W is self-consistently evolved and trans-
ported. In what follows, we analyze a stationary limiter plasma
(as schematically illustrated in figure 1) which remains in con-
tact with a W surface for several particle confinement times,
allowing eroded W to penetrate into the core and reach an
equilibrium state. This system is strongly governed by the W
self-sputtering.

If the volume averaged core W concentration, <cW> is
negligible so that W does not contribute significantly to radi-
ation, the plasma temperature at the LCFS, Te,LCFS will eas-
ily reach several hundred eV even at rather modest heating
power (Pheat). Under such conditions, the SOL plasma is non-
dissipative so that the temperature at the sheath interface is
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Figure 1. Schematic drawing of a limiter plasma in contact with a
W FW surface, illustrating the self-regulation mechanism
introduced by the strong W self-sputtering dependence on plasma
temperature at the limiter.

almost identical to that upstream. As a result, H ions are accel-
erated by the sheath potential to energies above the W sputter-
ing threshold, thereby generating an initial W seed. As soon
as the first W atoms are eroded and ionized, they initiate an
avalanche-like self-sputtering process due to their high mass
and very high sheath acceleration at these temperatures (in turn
due to the relatively high charge states that can be reached
for W ions returning to the limiter). Since the limiter SOL
plasma has a relatively low density and the contact with the
limiter surface is close to the LCFS, a large fraction (typic-
ally ∼ 30%–50%) of the eroded W penetrates into the core.
As a consequence, <cW> in the core rises rapidly, intensify-
ing the core plasma radiation losses, Prad. This in turn leads to
a reduction of the power entering the SOL across the LCFS,
PLCFS = Pheat − Prad. Reduced PLCFS drives Te down in the
limiter contact area, in turn loweringW erosion. If the increase
in Prad is sufficient that the average self-sputtering yield of
tungsten falls below unity (<YW-W> <1), the W core source
reduces, driving <cW> and Prad down and PLCFS increases
again. This simple feedback loop forms a strong connection
between PLCFS, governing the W erosion, and <cW> govern-
ing the radiation losses, driving the system toward a solution
corresponding to <YW-W> = 1 at the limiter surface.

Using this simple framework, we can now roughly estimate
the level of PLCFS required to maintain the system in such an
equilibrium state. Taking the sheath acceleration into account
and assuming that electron and ion temperatures in the limiter
contact area are roughly equal, Te = T i = T, the average

energy of impinging W ions in H background plasmas may
be evaluated as EW = 2.5 × T × <ZW>(T) + 2 × T [7],
where <ZW>(T) is the average charge of the impinging W
ions. Since the limiter SOL plasma density is relatively low,
<ZW>(T) can be estimated using coronal equilibrium [8].
For simplicity, we assume that W ions impact the surface
orthogonally, though this is largely satisfied given that the
trajectories of relatively highly charged heavy ions are sig-
nificantly straightened by the sheath acceleration [9]. Using
the Eckstein formula for W self-sputtering [10], fitted to
the data from [11] the equilibrium value of T providing
YW-W(T) = 1 is about 36 eV (see figure 2) and correspond-
ing<ZW>(T) is approximately 9. It is worth noting that using
more recent sputtering data from [12] results in a noticeably
higher equilibrium values of T ≈ 48 eV and <ZW>(T) ≈ 11.
Nevertheless, in what follows, we use the sputtering data from
[11] because it is implemented in the current EIRENE code
version (EIRENE handles the neutral kinetics and wall inter-
actions inside the SOLPS package). This value of T is insuf-
ficient to accelerate the H ions to energies above the H → W
sputtering threshold, confirming that, despite the fact that the
H ion flux to the limiter surface is several orders of mag-
nitude higher than that of W, its impact on the steady-state
erosion process is negligible. Nevertheless, it plays a cru-
cial role in starting the avalanche process, along with the
residual impurities present in the limiter plasma after the
break-down.

It is now possible to estimate the level of PLCFS required
to sustain the equilibrium SOL solution. This cannot be done
in general form as outlined above since device-specific input
parameters are required. We use the parameters correspond-
ing to a particular time instant during a standard ITER lim-
iter current ramp-up scenario with plasma current Ip = 2 MA
(described in detail in the next section). The target dens-
ity for this plasma corresponds to a Greenwald fraction of
<ne>/nGW ∼ 50% [6], so we assume (quite arbitrarily) that
the plasma density at the LCFS is around 30% of nGW,
i.e. ne,LCFS (1020 m−3) = 0.3 × Ip (MA)/(π × a2 (m)),
where a is the minor radius of the plasma column (∼ 2 m
in this ITER case). For the plasma in question this gives
ne,LCFS ∼ 5 × 1018 m−3. Since typically <cW> ∼ 10−4,
its contribution to ne can be neglected and for simplicity
in the estimates we assume ne,LCFS = nH+,LCFS = nLCFS.
Now, assuming a simple dissipation-free isothermal SOL,
the parallel power flux to the target surface can be written
as [7]:

q|| = γ× nLCFS × cs ×TLCFS/2, (1)

where γ is the heat transmission factor and cs is the plasma
sound speed. Adopting the standard value of γ ∼ 8 [7],
q|| ∼ 5 MW m−2 for a H plasma. Finally, relating PLCFS to q||
through simple zero-dimensional power balance in the usual
way [7]:

PLCFS = 4×π × q|| ×λq×ROMP × (Bp/B), (2)
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Figure 2. Tungsten self-sputtering yield (YW-W) as a function of the plasma temperature (assuming Te = T i = T) at the sheath entrance,
assuming impinging ion energy EW = 2.5 × T × <ZW>(T) + 2 × T, where <ZW>(T) is the average ion charge corresponding to ‘coronal
equilibrium’ conditions.

where ROMP is a radius of the plasma at the outer midplane
(OMP), B and Bp are the total and poloidal magnetic field
strengths, respectively, and λq is the exponential decay length
of the heat flux at OMP. For our ITER case, ROMP ≈ R + a,
where R = 6 m and a = 2 m are major and minor radii of
the plasma, and Bp/B = 0.045. Obtaining a proper estimate
for λq in these conditions can be problematic as will be dis-
cussed later. For this simple estimate we use a narrow λq
channel width of 4 mm, found by regression from the multi-
tokamak database used previously to guide the ITERFWpanel
shaping [13]. Introducing these values into equation (2) gives
PLCFS ∼ 0.85 MW.

Therefore, in this simplified physical picture, as long as
Pheat exceeds the equilibriumPLCFS (which scales linearly with
nLCFS), the equilibrium TLCFS remains virtually unchanged.
The difference betweenPheat and the equilibriumPLCFS(nLCFS)
is radiated in the core by the accumulated W impurity. This
requirement, alongwith the core transport profiles, in turn gov-
erns the resulting <cW> inside the confined region.

However, the real-world situation is more complex. A num-
ber of effects which are not included in this ‘toy’ model can
only be accounted for by numerical simulations with edge
transport codes (in our case SOLPS-ITER):

• Density, temperature, and particle fluxes at the limiter sur-
face are not uniform but have different profiles and the res-
ulting peak of erosion is shifted away from the tangency
point;

• The electron and ion temperatures are not equal and are not
the only factor determining <YW-W>; the angular distribu-
tion and the coupling of the higher W charge-states to the
main plasma flow will also impact the impinging energy;

• The W distribution across charge states deviates from the
coronal approximation, since some of the W ions origin-
ate from ionization in the SOL, while others reside in the
confined region, where temperatures are higher, without a
chance to recombine on the way to the limiter;

• So-called ‘prompt redeposition’ [14] will effectively reduce
<YW-W>;

• The presence of residual or seeded impurities further com-
plicates the system behavior.

Unlike the ‘toy’ model, SOLPS-ITER distinguishes between
the different species. Regarding the code outputs, appropri-
ate subscripts are therefore retained in what follows to avoid
confusion: <ALCFS> denotes that the quantity ‘A’ is averaged
over the first poloidal ring of computational cells outside the
LCFS. In addition, <Te,LCFS> will be used as a proxy for
TLCFS (as opposed to <T i,LCFS> which is typically found to
be 1.2–1.5 times higher), because the sheath acceleration con-
tributes more to the energy of impinging ions.

Figure 3 provides an example of the variation of<Te,LCFS>
and PLCFS through a density scan obtained from SOLPS-ITER
simulations for which a detailed description of the setup is
given in the following section. Three distinct regimes can
be identified. In the medium density range, corresponding to
<ne,LCFS>/nGW ∼ 0.2–0.8 (red shaded area in figure 3), the
system behavior closely resembles the model described above:
<Te,LCFS> remains virtually constant at ∼40 eV, while PLCFS

scales linearly with <ne,LCFS>. However, the system deviates
from this behavior both for low and high densities.

At the low-density end, the transition to a new branch
(blue shaded area in figure 3) is characterized by a sharp
increase in plasma temperature as <ne,LCFS> decreases, so
that <YW-W> ≫ 1. The origin of this behavior is as follows:
the SOL density decreases to such low values that eroded
W begins to escape from the system through the edges of
the computational grid (i.e. it travels directly to the wall and
adheres there). Therefore, at the limiter surface <YW-W> > 1
is necessary to maintain the W content within the computa-
tional domain, which is achieved by increasing the plasma
temperature at the limiter and thus also at the LCFS.

The high-density branch (green shaded are in figure 3) is
marked by the rollover of PLCFS with increasing <ne,LCFS>.
This is due to the frictional coupling between the W and H
flows at high density. The high charge states of W are always
coupled to H in these simulations through Coulomb collisions
due to the high Z, but the associated particle fluxes to the lim-
iter are so low that they do not contribute significantly to the
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Figure 3. Electron temperature at the LCFS (a) and power crossing
the LCFS (b) as functions of electron density at the LCFS for ITER
limiter plasmas with 2.2 (red square markers), 3.3 (green diamond
markers), and 4.4 (blue star markers) MW of input power. The data
corresponds to ‘double λq high’ transport case introduced in
section 4. The ratio of <ne,LCFS> to nGW is shown at the top of the
figure.

erosion. However, as the SOL density increases, lower and
lower W charge states couple to the plasma flow. When this
process reaches the most common charge states, with Z ∼ (4–
6), the properties of the system change drastically.

SincemW ∼ 184mH, if the H andWfluxes are fully coupled
and W remains a trace impurity (i.e. it does not affect the
common sound speed and reaches the sheath entrance effect-
ively with the sound speed of H), the W flow becomes super-
sonic. Under these conditions, impingingW ions can attain the
energy required to reach <YW-W> = 1 with very little sheath
acceleration. This process is further amplified by shallower
W impact angles, associated with weakening of the trajectory
straightening by the sheath acceleration. As a result, the equi-
librium point of <YW-W> = 1 shifts to lower plasma temper-
atures at the limiter and to correspondingly lower <Te,LCFS>.
To attain this lower <Te,LCFS>, a higher core dissipation is
necessary, driving a transition from an increasing to decreas-
ing trend in PLCFS(<ne,LCFS>).

Based on the data from the low and medium density
branches (excluding the high-density points) obtained with
the SOL transport fitted to the double exponential heat flux
profile predicted for ITER inner wall limiter plasmas [13],

the following relationship between the equilibrium<Te,LCFS>
and <ne,LCFS> was found in [1]:

< Te,LCFS > (eV) = 104.2×< ne,LCFS>
−0.35

(
1018m−3

)
.

(3)

This relationship has been applied in DINA as a boundary
condition to force it to converge to the same combinations of
ne,LCFS, TLCFS and PLCFS (in the 1D DINA code these quantit-
ies are flux surface averaged and Te,LCFS = T i,LCFS = TLCFS)
as those predicted by SOLPS-ITER. The rationale behind this
boundary condition is as follows: a simple equation combining
equations (1) and (2) is used to relate PLCFS to the W influx,
assuming that <YW-W> is a function of TLCFS. However,
instead of introducing TLCFS directly into the <YW-W> calcu-
lations (which is equivalent to assuming that the plasma tem-
perature at the erosion zone is the same as at the LCFS and that
there is no screening in the SOL, greatly overestimating the W
influx), an effective temperature α(ne,LCFS)× TLCFS is used to
determine the erosion rate:<YW-W>(α(ne,LCFS)× TLCFS). The
α(ne,LCFS) is a factor derived from equation (3), accounting for
both the shift of the erosion zone with respect to the tangency
point (resulting in an offset between TLCFS and the temperature
at the region of peak erosion) and neutral W screening in the
SOL. The same approach is then used for plasmas with resid-
ual impurities, assuming that the profiles of self-sputtering and
sputtering by other impurities are alike.

To explore the uncertainties and limitations of this
approach, as well as the boundaries of the solution branches
described above, a large database of SOLPS-ITER simula-
tions has been constructed. It spans a wide range of transport
assumptions, varying the heating power and the number of W
charge-states followed, applying some trial prompt redepos-
ition values (validated through detailed simulations with ERO
[15]). It also introduces some nitrogen (N) impurity seeding to
examine the impact of residual impurities. Simulations with N
seeding can be used as a proxy to evaluate the influence of
intrinsic O impurity, since the ionization potential and cooling
functions of these species are alike. In fact, the deliberate intro-
duction of N has been reported to improve W limiter start-up
on WEST [16], although the impurity is introduced rather to
assist the current ramp-up phase following X-point formation.
It is nevertheless present from the start when the plasma is in
limiter configuration.

3. Computational setup

The simulations reported in this paper were conducted using
the SOLPS-ITER code package [4], which combines the
B2.5 multi-fluid transport code [17] with the EIRENE kinetic
Monte-Carlo neutral transport code [18]. The simulations are
based on a DINA-generated magnetic equilibrium at t ∼ 4.9 s
of IMAS shot 135011/7, with Ip = 2 MA and a toroidal mag-
netic field BT = 5.3 T. This equilibrium corresponds to a rel-
atively circular limiter plasma just prior to the growth of the
limiter plasma before the X-point transition is made. At this
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Figure 4. Computational grid for SOLPS-ITER simulations of
ITER limiter plasmas: rectangular B2.5 grid (confined region in
purple, SOL in blue), triangular outer EIRENE grid (in yellow), H2

and N injection location (in green), pumping area (in orange). The
chord used to plot the OMP profiles is also shown.

point in the DINA start-up scenario, Pheat is about 2.2 MW
with combined ohmic and EC power.

As shown in figure 4, the computational domain for the
SOLPS-ITER simulations comprises a quasi-orthogonal mesh
for B2.5 (60 poloidal × 40 radial cells), which covers the
core plasma region and extends several λq into the SOL.
The EIRENE triangular mesh extends to the FW. The fluid
equations are solved on the quasi-orthogonal mesh, while
neutral particles can travel throughout the entire vessel. All W
charge states up to a given upper limit (see below) are followed
as separate fluids, with no charge state bundling. As shown
in section 2, in equilibrium, <cW> in the core self-adjusts to
ensure PLCFS such that a SOL plasma is maintained to yield
<YW-W> = 1. Since W radiates very efficiently in the broad
region of temperatures from 10 eV to a few keV, it is essen-
tial to extend the SOLPS grid deeper into the confined plasma
region. If the standard SOLPS approach of extending the grid
only a few tens of cm into the core is adopted, either Pheat must
be adjusted by subtracting the core Prad based on an ‘educated
guess’ or <cW> would escalate to ∼10−2 in order to provide
the required dissipation within the narrow layer of the core
included in the simulations. Extending the grid deeper into the
core avoids these difficulties and yields meaningful values for

<cW>, facilitating direct comparisons with other codes and
experiments. Since it is technically impossible with SOLPS-
ITER to grid exactly to the magnetic axis, the final∼5 cm ring
around it remains unresolved. It is important to note that since
<cW> is typically very low (∼10−4) and the core volume is
large, it becomes crucial to suppress the artificial source of W
that originates from the presence of fluid neutrals in SOLPS-
ITER, even when the simulation is coupled to EIRENE (see
appendix for related technical recommendations).

Unfortunately, building the grids for the vertical limiter
case is challenging, especially if both good resolution at the
tangency point and wide SOL coverage are required. Since the
simulations should also be able to adapt to the narrow λq fea-
ture (∼4mm) predicted by themulti-machine scaling [13], res-
olution near the tangency point is prioritized, resulting in a grid
which covers only 10 cm of SOL at the OMP. To ensure that
this restriction has no noticeable impact on the solution, a few
test simulations with different SOL grid widths were conduc-
ted. These scoping simulations used radially constant transport
coefficients with χe,i = 1 m2 s−1 andD= 0.5 m2 s−1, yielding
λq ∼ 5 cm which corresponds to the broad, main SOL feature
found in the multi-machine scaling [13]. Figure 5 shows that
the resulting Te and ne profiles are almost identical for three
different SOL extents of∆SOL = 10, 20, and 33 cm at theOMP,
indicating minimal impact on both core and SOL plasma. In
addition, 2D contour plots of totalW density confirm that vari-
ations in ∆SOL have no noticeable impact on the W distribu-
tion throughout the computational domain. A ∆SOL = 10 cm
mesh was therefore selected for further simulations to ensure
sufficient resolution at the tangency point while keeping the
grid size and its negative impact on the computational time
to a minimum. The resulting grid features four computational
mesh cells within the first 4 mm of SOL plasma at the OMP
and is, therefore, sufficient to resolve the smallest λq ≈ 4 mm
scale used in our simulations.

The H fuel and seeded impurity (N) are introduced through
the main chamber gas puff valve (indicated by the green arrow
in figure 4). Plasma density control is achieved by varying the
total number of core main plasma ions, following a method
similar to that described in [19]. This approach is facilitated
by a revised feedback scheme implemented in SOLPS-ITER
version 3.0.9 (details provided in the appendix). The feedback-
controlled gas puff is balanced by 10% absorption specified
around the divertor dome area, with recycling on all other sur-
faces set to 100% for both H and N. This method, combined
with maintaining constant core transport, enables similar solu-
tions for <ne,LCFS> across different Pheat and different SOL
transport profiles. This is vital for the computationally rapid
construction of a consistent database which spans the desired
range of plasma densities.

Unlike H and N, W impurity is introduced into the sys-
tem via sputtering from the plasma-facing components. It is
assumed that the entire FW is covered with W, although the
sources from all but the limiter contact areas are negligible and
hence thematerial there only impacts the neutral reflection pat-
terns. The erosion is simulated by EIRENE using the ‘Eckstein
formulae’ [10]. Eroded atoms are either ionized in the plasma
or stick to the FW upon contact with 100% probability (thus
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Figure 5. Electron temperature (a) and density (b) profiles along the limiter surface and 2D distributions of W ion density (c)–(e) at the
same nLCFS obtained in SOLPS-ITER simulations with 3 different grids extending 10, 20, and 33 cm into the SOL (measured at the OMP).

no W reflection). This assumption is justified by the straight-
ening of the W trajectory due to sheath acceleration. As a con-
sequence of the latter, the W+ distribution over the impinging
angle peaks at θ ∼ 10◦ and extends to θ ∼ 30◦ [9], whereas
the effect is even greater for higher charge states. In this
range of θ the reflection probability remains negligible. For
instance, at normal incidence, W reflection coefficient RW-W

initially increases with increasing EW, then reaches its max-
imum of 0.04 at EW ≈ 2 keV and subsequently decreases.
Similar trend is observed for the impinging angles θ ⩽ 30◦,
which are typical for most of the simulated cases, yield-
ing a maximum RW-W ≈ 0.1 and much lower average RW-W

values [20].
At the targets, the sheath boundary condition is applied

based on the Bohm criterion, ensuring that the flow speed at the
sheath interface is⩾cs, with this criterion applied individually
to each fluid (an example of the corresponding input file setup
is given in the appendix.). This boundary condition allows for
supersonic flow speeds if coupling with other fluids through
the drag force is strong enough for this to be achieved. In fact,
SOLPS-ITER is most often used with a different boundary
condition which imposes a common sound speed for all flu-
ids. This is suitable for low-Z impurities, especially when their
concentration is noticeable, and they contribute considerably
to the sheath potential formation [21–23]. However, even in
such cases, this boundary condition can reduce the impurity
flow speed near the sheath, which lacks justification from a
physics perspective. In the case of themuch higher ZWimpur-
ities, this approach leads to very questionable results. Since W
remains a trace impurity with a concentration of ∼10−4, the
common sound speed is approximately that of the fuel (H in
this case). On the other hand, theW/Hmass ratio is∼184, res-
ulting in W arriving at the limiter surface with a Mach number
of ∼14. Therefore, if the common sound speed assumption
is adopted, <YW-W> 1 is reached even in absence of sheath
acceleration, and the high-density branch of the limiter plasma

solution described in section II is realized regardless of the
input parameters. As a result, the limiter plasma is univer-
sally attracted to a detached-like solution with Te ∼ (1–2) eV
at the limiter which is clearly not experimentally observed
[1, 24, 25].

At the outermost boundary of the B2.5 grid (which does
not extend to the FW in these simulations), e-folding decay
length boundary conditions are set for temperatures and dens-
ities with the same λT = λn = 5 cm, consistent with the
main-SOL λq scaling found in [13]. At the innermost bound-
ary (near the magnetic axis) the particle power fluxes for
both electrons and ions are set to zero, and particle con-
servation is imposed for each isonuclear sequence. In prac-
tice, this means that the flux of the ion with the highest
charge state within a given isonuclear sequence is equal to
the flux of the corresponding neutrals reaching the ungrid-
ded core region, while zero flux is imposed for the other
ions.

The heating power is applied as an electron heating source
that combines both EC and ohmic heating and evenly distrib-
uted from the center of the grid to the flux surface with nor-
malized radius ρ = 0.6 (i.e. the heating power deposited per
unit volume in this region remains constant, which cannot be
considered a realistic deposition profile in practice). To assess
the dependence of the simulation results on Pheat, two other
values of 3.3 and 4.4 MW in addition to the 2.2 MW DINA
reference were also considered. These cases correspond to a
higher EC contribution compared to the reference in which
ohmic and EC heating are roughly equal. Since, in practice the
EC power would be applied close to the magnetic axis to guar-
antee good absorption and avoidW accumulation (see [1]), the
assumed broad heating profile that is already questionable at
2.2 MW becomes even less realistic at higher Pheat. However,
it has the advantage of a flatter core temperature distribution,
which limits the maximum charge state of W ions tracked in
the simulations. Since the SOLPS-ITER model is in any case
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Figure 6. (a) The broad (green) and more central EC power (red) deposition profiles used in the SOLPS-ITER simulations to check the
impact on the resulting W charge state distributions. (b) Electron temperature at the LCFS (c) typical OMP electron temperature profiles and
(d) average W concentration inside the LCFS as functions of <ne,LCFS> for the two deposition cases (colour coding is preserved).

Figure 7. Typical distributions of the W ions over the charge states (a) and radiated power fraction from the W charge states (b) in the
confined region for more central (red) and broad (green) distributions of heating power.

too simple to properly account for the complexities ofW trans-
port, it is more a matter of computational ease than capturing
correctly the W core density profile. Nevertheless, a specific
series of simulations was conducted to check that the broad
EC power deposition profile does not strongly impact the SOL
plasma solution. Figure 6 compares the results for EC power
deposition extending to ρ= 0.2 and 0.6, each delivering a total
heating power of 2.2 MW.

Based on the core Te achieved in these two scenarios, the
highest charge state of W ions followed may be limited to
W30+ for the broad heating profile and to W47+ for the more
centrally deposited power. These values were selected accord-
ing to the ionization energies (1206 eV and 3734 eV for W30+

and W47+, respectively). Figure 7 provides an example of the
volume averaged W charge state distribution in the confined
region and its contribution to the total radiated power in the
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two scenarios with identical main plasma density but different
heating power distributions. Evidently, the chosen maximum
charge states of W are sufficiently high, and as expected, more
centrally deposited heating shifts the balance towards a higher
average W charge state. Nevertheless, the results shown in
figure 6 clearly indicate that the heating profile has negligible
impact on the SOL plasma solution and even on<cW>. Based
on these findings, the broad heating profile with the maximum
W charge state limited to W30+ has been used throughout the
main simulation database to save computational time.

Finally, drifts were deliberately switched off due to the high
computational cost of simulations with 31 ionic species as
well as the problems experienced in regions where certain W
charge state densities are extremely low. However, the parallel
currents necessary to solve the potential equation and obtain
a consistent estimate of the sheath potential drop, Esh, were
retained. The effects of drifts and associated radial currents are
potentially interesting for further development of this work,
particularly in cases with a narrow near-SOL parallel heat flux
channel, where (as discussed below) the anomalous transport
becomes so low that the neglect of classical drift terms cannot
really be justified.

4. Transport and heating power variation

The initial ITER limiter case database reported in [1] used the
transport assumptions based on fitting a double exponential
SOL heat flux profile with λqnear = 4 mm and λqmain = 50 mm,
chosen so as to be consistent with the parameters used to define
the optimum shaping for the original inner FW panel toroidal
shaping [13]. In addition, a factor of 2 variation in SOL trans-
port coefficients (the same factor was not applied to the core
coefficients) was applied to study sensitivity of the solutions
to the transport strength. Unfortunately, this initial database
was built using fixed values of the H injection rate, resulting
in very different ranges of<ne,LCFS> for the three SOL plasma
transport profiles explored. As shown below, this issue, which
has now been resolved through the application of a dedicated
feedback scheme, obscured the dependence on Pheat and led
to a very simple <Te,LCFS>(<ne,LCFS>) scaling law. It turns
out, in fact, this is a minor drawback since the dependence
on Pheat is relatively weak and there are greater uncertainties
in the simulation setup that have much larger impact (such as
the ‘prompt redeposition’ and residual impurities discussed in
later sections).

A second side effect of fitting the double exponential pro-
file and matching it with DINA-like core transport was a steep
jump in the transport coefficients at the LCFS. This proved
particularly important for the definition of<ne,LCFS> because
its value is averaged over the first poloidal ring of compu-
tational cells outside of the LCFS. In this area, the dens-
ity evolved sharply making the resulting <ne,LCFS> overly
sensitive to the local grid resolution and cross-field transport
variation.

There is, however, a more serious concern with using the
double exponential profile derived in [13]. The multi-machine

database which was constituted to derive the scaling for ITER
consisted of fully formed stationary limiter cases with values
of Ip relatively close to the nominal value for each machine
with typical safety factors in the range q95 ∼ 3–6. In the
ITER case when BT is at its nominal value (5.3 T), the max-
imum current in the limiter ramp-up limiter phase will be
Ip ∼ 3MA, a factor of 5 lower than themaximumvalue charac-
teristic of burning plasma diverted discharges (15 MA). At the
DINA scenario time-slice chosen for the SOLPS-ITER simu-
lations, q95 ∼ 11, resulting in a very large connection length,
Lc ∼ 200m on the first SOL flux surfaces, whereas the plasmas
used for the scaling derivation had Lc values of at most a few
tens of meters. To reproduce the desired λq

near = 4 mm thus
requires a radial heat transport coefficient ofχe,i ∼ 0.01m2 s−1

(assuming D = 0.5χe,i). Under such conditions, simulations
without classical drift terms included become questionable
since anomalous transport is no longer dominant.

To address this issue, a significantly wider range of SOL
transport parameters was explored compared to the initial
study in [1]. The new simulations include two sets of SOL
transport profiles, both combined with the same flat core trans-
port profile, where the heat and particle diffusion coefficients
are χe,i = 1 m2 s−1 andD= 0.5 available at:, respectively. The
first set (referred to as ‘single λq’ in what follows) does not
try to replicate the double exponential scaling at all. Instead,
it uses the transport coefficients similar to the baseline ITER
divertor H-mode transport assumptions, prolonging the radi-
ally constant values χe,i = 1 m2 s−1 and D = 0.5 m2 s−1

from the confined region into the SOL (labelled as ‘mid’ in
the following figures containing results from the database). In
addition, a factor of 2 variation (i.e. χe,i = 2–0.5 m2 s−1 and
D = 1.0–0.25 m2 s−1) is applied in the SOL, adding 2 more
transport profiles to the ‘single λq’ set (labeled as ‘high’ and
‘low’ in the following database figures).

The second set, referred to as ‘doubleλq’, includes a narrow
barrier-like decrease in transport extending 1–2 cm into the
OMP SOL from the LCFS, similar to the old double exponen-
tial cases (presented in [1]), but with a less pronounced drop.
The width of the barrier is varied to obtain 2 different values
of λqnear, gradually approaching the 4 mm value derived from
the multi-machine scaling. Similarly to the ‘single λq’ set,D is
fixed to χe,i/2 for all the ‘double λq’ profiles. Finally, we nev-
ertheless retain the old database points corresponding to fit-
ting as closely as possible the double exponential profile with
λq

near = 4 mm and λqmain = 50 mm, but noting the caveat that
this set has a different core transport (both D and χ increasing
parabolically from themagnetic axis to the LCFS) and, in addi-
tion, setsD=χ in SOL. The ensemble of transport profiles and
corresponding effective λq values is shown in figure 8, demon-
strating that the new, significantly expanded database covers
a wide range of λq from 4 to 50 mm (thus covering the full
span of λqnear and λq

main found in [11]). For each of the three
sets of transport choices simulations have been performed at
the three values of Pheat = 2.2, 3.3, and 4.4 MW.

Figure 9 illustrates the dependence on density (equival-
ent to H fueling rate) throughout the database of three key
parameters: <Te,LCFS>, f rad = Prad/Pheat, and <cW>. For
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Figure 8. Heat diffusion profiles (a) used in the study with particle diffusion is set to half the heat diffusion for all cases except the lowest
transport case (shown in blue) where they are equal. The normalized total heat flux profile at the OMP and associated values of λq are
shown in (b).

convenience, the cases with ‘single λq’ and ‘double λq’ trans-
port profiles are shown in different frames, with the range
where ‘single λq’ overlaps the wider ‘double λq’ parameter
space. Although λq varies by an order of magnitude across the
database, the results are relatively insensitive to this parameter.
In practice, the region of most interest lies within the range
<ne,LCFS>/nGW = 0.15–0.5, since it will be hard to couple sig-
nificant EC power to densitiesmuch lower than a few 1018 m−3

(see e.g. [26, 27]), while the high-density end will be limited
by the approach to the Greenwald limit [28]. It is clearly seen
in figure 9 that for all the transport assumptions, this range cor-
responds to the medium density branch described in detail in
section 2. Typical values of <cW> and f rad are (1–2) × 10−4

and (0.7–0.8), respectively.
It is also of note that, as predicted for the medium density

branch, the dependence of <Te,LCFS> on <ne,LCFS> is rather
flat, and there is a clear correlation between <Te,LCFS> and
Pheat that was neglected equation (3). Taking this now into
account, the least square regression performed for the ‘double
λq’ series, excluding the points with <ne,LCFS> > 0.5nGW

gives:

λq = 4 mm :

< Te,LCFS >(eV)=(69.4± 7.9)×< ne,LCFS>
−0.26±0.03

(
1018m−3

)
×Pheat

0.23±0.08 (MW) ,R2 = 0.89

(4)

λq = 7 mm :

< Te,LCFS >(eV)=(54.5± 3.0)×< ne,LCFS>
−0.15±0.01

(
1018m−3

)
×Pheat

0.19±0.05 (MW) ,R2 = 0.98 (5)

λq = 14 mm :

< Te,LCFS >(eV)=(49.7± 4.2)×< ne,LCFS>
−0.18±0.02

(
1018m−3

)
×Pheat

0.20±0.07 (MW) ,R2 = 0.96. (6)

The resulting<Te,LCFS>(<ne,LCFS>) dependencies at fixed
Pheat = 3.3 MW are shown in figure 9. It can be seen that
although with increasing λq, <Te,LCFS> decreases due to the
decreasing Te offset between the LCFS and peak erosion area,
the functional dependence on both <ne,LCFS> and Pheat does
not change much. The λq = 4 mm case exhibits somewhat
steeper dependence on<ne,LCFS> because of a very sharp drop
in transport coefficients near the LCFS (see figure 8) discussed
in the beginning of this section.

5. Impact of ‘prompt redeposition’

In the SOLPS-ITER simulations the erosion is calculated
using EIRENE. The impinging W ion is sampled from a drift-
ing Maxwellian distribution and is then accelerated by the
sheath potential Esh towards the surface. The sheath potential
is calculated self-consistently inside the B2.5 plasma solver,
and for the simulations reported in this paper, the typical value
ofEsh is in the range of (2–2.5) Te. Neither gyration nor surface
roughness are accounted for in this model. The average charge
of impingingW ions in the new database is<ZW>⩾ 6, except
for the high density cases which are of little practical interest
due to the high <ne,LCFS> (typically ≫ 0.5 × nGW). This res-
ults in almost normal incidence of W ions and an underes-
timation of <YW-W>. However, it was shown in [9] that for
heavy W ions the straightening of the impinging ion trajector-
ies by sheath acceleration remains dominant even when sur-
face roughness and ion gyration are considered. Almost nor-
mal incidence of W in EIRENE simulations should therefore
be reasonable.

Nevertheless, EIRENE ismissing a key component: prompt
redeposition of W, a process by which eroded W atoms are
ionized in the immediate vicinity of the surface and return to
it under the influence of gyro-motion and the sheath electric
field [14]. In principle, these promptly redepositedW particles
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Figure 9. Electron temperature at the LCFS (a), (b), the fraction of heating power radiated (c), (d) and average W concentration (e), ( f )
inside the LCFS as functions of electron density at the LCFS obtained in simulations with different transport profiles (shown in figure 8,
with the same color scheme). The cases with ‘double exponential’ transport profiles are shown on the left (where the double λq high series
is the same as the data presented in figure 3(a)), and with the ‘single exponential’ transport profiles on the right. For reference, the upper
abscissa provides LCFS density values normalized to the Greenwald density [28] fGW = <ne,LCFS>/nGW.

should not enter the fluid equations in the B2.5 part of SOLPS-
ITER, because for these particles the ionization and redepos-
ition occurs on the spatial scale that is not resolved by the fluid
code. The standard way of treating it in the SOLPS suite of
codes is by application of a multiplicator to the corresponding
erosion source [29, 30].

There are several analytical models with which the fraction
of promptly redeposited eroded atoms can be estimated (see
e.g. [14, 31]). However, these models neglect the electric field
and do not allow for arbitrary magnetic field orientation. As a
consequence, a more accurate evaluation of the prompt rede-
position fraction is typically performed using Monte-Carlo
kinetic simulations [32, 33]. Here, it has been estimated at the
limiter surface using the 3D Monte-Carlo plasma–wall inter-
action and impurity transport code ERO [15].

The EROmodelling was restricted to a localized simulation
volume at the ITER inner wall, which functions as a limiter
during the current ramp-up phase, covering a vertical region
between z = −0.5 m to z = + 0.5 m (see figure 10), a radial
width of 0.1 m and a toroidal length of 1 m. Two plasma back-
grounds with medium and high <ne,LCFS> from the initial
SOLPS-ITER simulation database first introduced in [1] with
‘double λq’ fitted to the multi-machine scaling [13] have been
studied. In figure 11 the profiles of Te and ne along the inner
wall (from z = −1 m to z = 1 m) are shown for both cases. It
shows that the region used for the ERO simulations covers the
most important area, where the densities and temperatures are
at their highest values, whereas outside the simulated region,
profiles do not change much. The medium and high density
backgrounds have maximum values of Te and ne of (65 eV,
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Figure 10. 2D distribution of (a) tungsten atoms and (b) singly charged tungsten ions in front of the inner wall (acting as a limiter) for the
medium plasma density. The red curve indicates the LCFS.

Figure 11. Profiles of (a) electron temperature and (b) electron density along the inner wall for two cases with medium (case 1) and high
(case 2) limiter plasma densities.

4 × 1018 m−3) and (Te ∼ 47 eV, ne ∼ 1 × 1019 m−3) respect-
ively. The FW shaping was not considered in these simulations
(although ERO is capable of treating complex wall structures),
with a flat surface being assumed for simplification.

It is well known that the sheath electric field is an important
parameter influencing the prompt redeposition of W. In ERO,
the electric potential Φ within the sheath is described by the
following formula [34]:

Φ = Φ 0 × fd (αB)× e−d/2×λD
+Φ 0 × (1− fd (αB))× e−d/rL

(7)

with Φ0 ∼ 3 × Te and where λD is the Debye length, rL the
gyration radius of plasma ions, d the normal distance from the
surface and fd a parameter which depends on themagnetic field
angle αB ( fd = 1 for a magnetic field perpendicular to the sur-
face. For shallower magnetic field attack angles, fd → 0 and
the potential mainly scales with rL, which applies to the cases
under consideration here with very shallow magnetic field line
angles (∼0.1◦) at the inner wall). The electron density and
temperature are assumed to be constant within the sheath; the
possible influence of non-uniform sheath plasma parameters
has been discussed e.g. in [35].

Sputtered W atoms start at the surface with a Thompson
energy and a cosine angular distribution. An anomalous

cross-field diffusion coefficient (DW) of 1 m2 s−1 is assumed
for the traced W, the ionization of which is calculated using
rate coefficients from ADAS [36]. Particles returning to the
surface are reflected according to reflection coefficients from
SDTrimSP [37]. Non-reflected particles are deposited on the
surface. If the migration time of the particle until redeposition
is shorter than its gyration time, the corresponding particle is
considered promptly redeposited. Since the focus is solely on
estimating the fraction of promptly redeposited particles, the
details of W gross erosion along the surface are not discussed
here.

Figure 10 shows the distribution of W atoms and singly
charged W ions above the inner wall surface, integrated along
the toroidal direction, for the medium density case. Since the
density and temperature peak near the tangency point (z = 0),
penetration of W is lowest in that region. The fraction of
promptly redeposited W particles ( f redep) along the surface is
illustrated in figure 12 for the two chosen plasma backgrounds.
Near z = 0, f redep is ∼60% for the medium and ∼80% for
the high density case. Further away from the tangency point,
f redep decreases to ∼20% and ∼40% respectively for the two
cases. The surface-averaged f redep is 27% for the medium and
43% for the high density case. The larger f redep in the high
density case is the result of the dominance of the increase in
ne (leading to higher ionization and thus shorter penetration
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Figure 12. The fraction of local tungsten erosion ‘promptly redeposited’ along the inner wall for two cases of the medium (case 1) and high
(case 2) limiter plasma density. The solid lines are the result from moving average over 8 points.

depth of W) over the decrease in Te (leading to lower ioniza-
tion and thus larger penetration depth). It is important to note
that the modelling also provides the overall amount of local
redeposition (prompt and non-prompt) resulting in surface-
averaged values of 80% for the medium and 89% for the high
density case.

Because the anomalous cross-field diffusion coefficient for
W in the ERO simulations does not match the one used in
SOLPS-ITER simulations, another test run with DW set to
0 m2 s−1 was performed. Virtually no difference was found for
the ‘prompt redeposition’. This is unsurprising given that the
process takes place on the timescale of one gyration (by defini-
tion) andmajor factors here are the magnetic and electric fields
as well as the angular and energy distributions of the sputtered
atoms, not radial diffusion. This proves that the estimates of
prompt redeposition are robust enough with respect to the
anomalous diffusion coefficient and can be extrapolated to all
the SOLPS simulations in this paper, which imposedDW (=D)
in the range of 0.05–1 m2 s−1.

To assess the influence of prompt redeposition on the lim-
iter plasma equilibrium, a series of dedicated simulations with
W sputtering yield reduced by 35% (a value in-between the
two cases studied above) uniformly all over the limiter surface
were conducted. For this test, two different transport profiles
were used: (i) flat ‘single λq’ transport profile (shown in brown
in figure 8) and (ii) widest ‘double λq’ transport profile (shown
in red in figure 8). We note that due to the more peaked ne and
Te profiles, the ‘double λq’ transport case naturally exhibits
high variation in prompt redeposition along the surface. It is
therefore less well-suited to the application of a simple uni-
form redeposition assumption.

Figure 13 compares the caseswith reduced erosionmimick-
ing the prompt redeposition and the corresponding transport
cases from the database described in section 4. Unsurprisingly,
the change in effective sputtering yield, which determines
the equilibrium point of the system, has a greater impact on
the solution than an order of magnitude change in λq. With
reduced erosion rate, the equilibrium condition <YW-W> = 1

requires higher plasma temperature in the vicinity of the lim-
iter surface, which results in a ∼30% increase in <Te,LCFS>
from (40–60) eV without prompt redeposition to (70–90) eV.
This naturally requires higher PLCFS, hence a decrease in f rad.
With prompt redeposition f rad can fall below 0.5, whereas
without it, f rad > 0.6 and remains in the range (0.7–0.8)
for majority of the cases. The average charge state of W
impinging on the limiter rises by ∼30%, although the ratio
between <ZW> at the LCFS and at the limiter remains virtu-
ally unchanged at ∼1.5.

A closer look at the erosion profiles for a few cases with and
without prompt redeposition at similar <ne,LCFS> (marked
with blue squares in figure 13) is given in figure 14. As expec-
ted, the erosion profiles are peaked further away from the tan-
gency point (where the plasma temperature is highest) resem-
bling the particle flux profiles. For the ‘double λq’ transport
profiles, the erosion peak is closer to the tangency point as the
transport in the near SOL is significantly reduced compared to
the ‘single λq’ transport profile. Prompt redeposition does not
much affect the erosion profile, but it does decrease the total
erosion since less W is needed to provide the Prad required to
achieve the equilibrium PLCFS.

A further observation from figure 14 is that, with prompt
redeposition, the erosion is no longer limited to W self-
sputtering since the plasma temperature at the limiter is high
enough for H ions accelerated through the sheath to exceed
the sputtering threshold ∼402 eV. For the assumed prompt
redeposition of 35%, theW self-sputtering still dominates with
∼4%–7% of W being sputtered by H, which given the ratio of
impinging H and W ion fluxes implies <YH-W> ≈ 5 × 10−5,
which under given conditions originates from the tail of the
Maxwellian distribution.

It should be noted that these simulations are only meant
to illustrate the magnitude of the effect that prompt redepos-
ition will have on the plasma solution and put it into per-
spective against the other uncertainties (such as SOL trans-
port and impurity content). The introduction of the flat (target
averaged) prompt redeposition modifier on YW in all the cases
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Figure 13. (a), (b) Electron temperature at the LCFS, (c), (d) fraction of heating power radiated, and (e), ( f ) average W concentration
inside the confined region and ratio of average W ion charge at the LCFS to the average charge of W ions impinging the limiter (g) and (h)
as functions of <ne,LCFS> obtained in simulations with different transport profiles (shown in figure 8, with the same color scheme) with
(empty symbols) and without (full symbols) ‘prompt redeposition’. The cases with ‘double exponential’ transport profiles are shown on the
left and with the ‘single exponential’ transport profiles on the right. The blue squares specify the cases selected for detailed analysis. For
reference, the upper abscissa provides LCFS density values normalized to the Greenwald density [28] fGW = <ne,LCFS>/nGW.

misses both the spatial resolution of prompt redeposition and
its increase with increasing<ne,LCFS>. Moreover, themodifier
on YW changes the background plasma solution that was used
to obtain the modifier itself. To properly model the prompt
redeposition effect, a simple model such as those proposed
in [14, 31] should at least be embedded into the simulations

allowing for the self-consistent and spatially resolved treat-
ment (even if it will not be as complete and sophisticated as
in the ERO code). Such an option is available in SOLPS-ITER
package on B2.5 side [38], but it is only applicable to simu-
lations with fluid neutrals and further development is required
to incorporate it into the EIRENE.
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Figure 14. Electron temperature (a) and density (b), average charge of impinging W ions (c), W ion flux (d), W erosion source (e) profiles
along the limiter surface and contribution of different ions to the total erosion source ( f ) for 4 different cases marked in figure 13. In
red—‘double exponential’ transport profiles with (solid line) and without (dashed line) ‘prompt redeposition’ (marked in figure 13(a)); in
green—‘single exponential’ transport profiles with (solid line) and without (dashed line) ‘prompt redeposition’ (marked in figure 13(b)).

Nevertheless, the flat 35% modifier to YW used here is a
reasonable upper bound estimate for the effect since the sev-
eral orders of magnitude difference in the impinging H and
W fluxes leave little room for a further rise of <Te,LCFS>
with increasing prompt redeposition fraction before the sput-
tering by H becomes dominant and the system becomes attrac-
ted to <YW-W> + <YH-W> × ΓH/ΓW = 1, where ΓH/ΓW is
the ratio of impinging H and W ion fluxes. We also note that
in deuterium (D) plasma this transition will happen at lower
<Te,LCFS> since W sputtering by D is roughly twice as effi-
cient (and starts at a lower threshold ∼ 204 eV). Less impact
on f rad is thus expected in D plasmas.

6. Impact of residual impurities and/or impurity
seeding

Up to this point, only pure H plasma in contact with W lim-
iter has been considered. However, following breakdown, the
plasma inevitably contains some residual amount of oxygen
and other low-Z impurities. In the worst-case scenario, the
radiative barrier formed by these impurities prevents plasma
burnthrough, hindering the transition to the current ramp-up
phase [26]. This problem is significantly exacerbated when
exchanging the FWmaterial fromBe since Be is an excellent O
getter, reducing the residual O concentration during the plasma
initiation phase [1]. To mitigate this problem, a new boroniza-
tion system is being developed andwill be installed on ITER as
part of the re-baseline [39]. A further possible source of impur-
ity may originate from intentional seeding; N gas puffing was
found useful on WEST to facilitate plasma current ramp-up
with a W FW by increasing core plasma temperature, improv-
ing MHD stability and achieving lower core<cW> right after
the transition to the divertor phase [16, 24].

Setting up a SOLPS-ITER simulation with realistic O
sources and sinks in the ITER limiter phase is virtually
impossible, because of the uncertainties in the source and sink
description. Oxygen is present both in residual gas before the
breakthrough and released from the plasma facing compon-
ents. Additionally, it is also absorbed by the boron layer, which
evolves from shot to shot. On the other hand, the content of
seeded impurities such as N can be reliably controlled through
the feedback on the seeding rate, despite the uncertainties asso-
ciated with the surface chemistry. We therefore focus on N
seeded cases which can nevertheless be viewed as a proxy
to the limiter plasma scenarios with similar O concentration
(because the charge of the nuclei, the first ionization potential
and cooling functions of N and O are very similar).

Since these code runs must now include H, W and N
species, they are computationally more demanding and less
numerically stable than those of the rest of the database and
so the simulations are limited to a single Pheat = 2.2 MW and
only for a flat ‘single λq’ transport profile with χe,i = 1 m2 s−1

and D = 0.5 m2 s−1. The total number of N ions in the
core, NN was fixed to 0.1% or 0.5% of the total number
of H ions in the core (NH) at the lowest density simulated
<ne,LCFS>/nGW ∼ 0.15. This corresponds to average core N
densities of<nN>∼ 6.75× 1016 and 3.3× 1017 m−3 respect-
ively, referred to as low and high N seeding cases in what fol-
lows. Density scans are then performed by gradually increas-
ing NH, with NN maintained at the fixed levels defined above
by means of the feedback scheme regulating the N seeding
rate. For both values of NN two density scans were performed
with and without prompt redeposition (mimicked according to
the approach described in section 5).

In figure 15 the results of N seeded simulations are shown
along with similar unseeded cases. The N contribution to W
erosion changes the attractor of the system from<YW-W>= 1
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Figure 15. Electron temperature at the LCFS (a), the fraction of
heating power radiated (b) and average W concentration (c) inside
the confined region as functions of <ne,LCFS> obtained in
simulations with different flat ‘single exponential’ transport profile
(shown in figure 8 in brown) without N and N content fixed to 0.1
and 0.5% of total H content at <ne,LCFS>/nGW ∼ 0.15. Cases
without (full symbols) and with (empty symbols) ‘prompt
redeposition’ are considered. In all cases Pheat = 2.2 MW. The blue
squares specify the cases selected for detailed analysis. For
reference, the upper abscissa provides LCFS density values
normalized to the Greenwald density [28] fGW = <ne,LCFS>/nGW.

to <YW-W> + <YN–W> × ΓN/ΓW = 1, where ΓN/ΓW is the
ratio of impinging N and W ion fluxes, reducing the equilib-
rium <Te,LCFS>. It can be seen that even a modest quant-
ity of N is enough to offset the increase in the equilibrium
<Te,LCFS> provided by the prompt redeposition.With increas-
ing NN and/or NH, the equilibrium <Te,LCFS> drops further
and saturates at∼20 eV.Moreover, even with low seeding, f rad

increases to ∼0.8, saturating at this level. For the series with
high N seeding and prompt redeposition included, figure 16
shows the total radiated power in the confined region, along
with contributions from W and N separately. As <ne,LCFS>
increases, a greater fraction of W radiation is replaced with N
radiation, but the total radiation remains virtually the same.
Therefore, with higher <ne,LCFS> the radiation losses shift
from the deep core, where W radiation is most efficient to
the edge where N radiates. This interplay between radiation
of W and O/N can, under certain conditions intensify the edge
plasma cooling, which can eventually trigger MHD instabil-
ities. The presence of residual or seeded impurities can thus
make the system more susceptible to radiative collapse.

Figure 17 compares the erosion profiles for 4 cases with low
and high N seeding, with and without prompt redeposition at
<ne,LCFS> ∼ 5 × 1018 m−3. In all 4 cases the flux profiles
of W and N ions to the limiter surface have a similar shape
and the resulting erosion profiles are also alike. This justifies
the approach described in section 2 used to modify the DINA
boundary conditions to account for W limiter start-up in the
scenario design [1, 6] (namely to presume a similar correc-
tion to YW for all the species leaving the confined region). The
contribution fromW self-sputtering dominates in all the cases.
The highest contribution from impurity was found in the case
with high N content and no prompt redeposition where N is
responsible for roughly 30% of the total W erosion. The bal-
ance shifts further in favor ofW self-sputtering if prompt rede-
position is accounted for. As it was shown in previous section
with prompt redeposition considered Te at the erosion region
increases. Since sheath acceleration is∼Zi × Te increasing Te

amplifies theW self-sputtering more than N–W sputtering due
higher average charge ofW ions involved in the sputtering pro-
cess (see figure 17).

7. Summary

Due to the very high radiative fractions which can be associ-
ated with core plasma W impurity concentrations the trans-
ition from Be to W as ITER FW material in the new 2024 re-
baseline introduces a new potential risk to successful plasma
start-up in the limiter phase of the current ramp. To assess
this issue, time-dependent simulations of this early ramp-up
phase, accounting for the plasma shape and current evolu-
tion, main plasma and impurity transport, coupled to an accur-
ate SOL plasma solution, are required. Since core and edge
timescales are very different this is a non-trivial exercise
and mature edge codes typically require preconstructed field-
aligned grids, which makes following the continuous plasma
shape and current profile evolution extremely challenging. An
alternative approach, adopted here, is to use a database of sta-
tionary edge plasma solutions to derive a set of boundary con-
ditions that could be supplied to the codes capable of full scen-
ario simulations. An initial database of limiter plasma sim-
ulations was constituted using the SOLPS-ITER code pack-
age, including the release and transport of all W ion charge
states up to a given cut-off, as part of the re-baseline activities
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Figure 16. Total fraction of Pheat radiated inside the core (in red) and individual contributions from N (in blue) and W (in green) as
functions of electron density at the LCFS obtained in simulations with the 0.5% N concentration and ‘prompt redeposition’ included.

Figure 17. Erosion contributions from different components in 4 cases (marked in figure 15(a)) corresponding to different N concentration
with and without ‘prompt redeposition’ at <ne,LCFS> ∼ 5 × 1018 m−3. Top row: profiles of W erosion by W ions (in green), N ions (in
blue), W and N combined (in red) along the limiter surface. Middle row: relative contribution of different W charge states to the erosion.
Bottom row: relative contribution of different N charge states to the erosion.
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(described in [1]). Analysis of the database provided a simple
relationship between the equilibrium plasma temperature and
density at the LCFS (see equation (3)) which was used to
construct the boundary condition for the DINA code, one of
the main tools deployed for end-to-end ITER scenario simu-
lations including magnetic control [1]. This paper has repor-
ted on findings from a significant expansion of the database
designed to explore several additional numerical aspects and
physics elements which were ignored in the initial simulations
in order to provide rapid early conclusions in support of the re-
baselining.

Results derived from the new database show that the SOL
plasma solution is insensitive to both the extension of the com-
putational grid into the SOL beyond 10 cm (at the OMP) and
the core plasma heating profile. The simulations also con-
firm that the profiles of W self-sputtering and W sputtering by
residual/seeded impurities are alike. This was the assumption
which permitted the approach in [1] of employing the same
correction factor for the W limiter sputtering due to all ions
leaving the LCFS [1]. The validity of two of the main assump-
tions used in [1] to justify the construction of DINA limiter
phase LCFS boundary conditions is therefore confirmed by the
expanded SOLPS-ITER database. It is nevertheless the case
that regression in the larger database indicates that the fit for
<Te,LCFS>(<ne,LCFS>) used to formulate the boundary con-
ditions (i.e. equation (3) should be improved by incorporating
the dependence on Pheat, which turns out to make a contribu-
tion of the same order of importance as that of<ne,LCFS> (see
equations (4)–(6). Moreover, the resulting expression depends
on the SOL plasma transport assumptions. To address the pos-
sible impact, a SOL plasma transport scan was conducted over
a broad range of λq from 4 mm to almost 5 cm, correspond-
ing to near and far λq scales predicted by the scaling in [13]
used to define the ITER inner FW panel toroidal shaping. It
was found that an order of magnitude variation in λq trans-
lates to a ∼30% variation of <Te,LCFS> at given <ne,LCFS>
in the medium density range (the difference is higher at
extremely low densities but these are unlikely to be very rel-
evant to the ITER current ramp-up plasmas which aim more
at <ne>/nGW ∼ 0.5 [6]).

Another important physics uncertainty, missing from the
treatment in [1], is the influence of the prompt redeposition.
The promptly redeposited fraction of W eroded from the lim-
iter surface has been estimated here by the ERO code to
be in the range of 25% to 45% (increasing with the SOL
plasma density) for typical SOL plasma solutions obtained
with SOLPS-ITER. Its impact on the SOL plasma solution is
assessed in a simplified way bymeans of a simple correction to
the W physical sputtering yield (corresponding to an averaged
prompt redeposition of 35%) in a series of SOLPS-ITER sim-
ulations. For given <ne,LCFS>, accounting for prompt rede-
position in in this approximative way raises <Te,LCFS> by
almost a factor of 1.5 compared to the cases without prompt
redeposition. Moreover, in this case, the sputtering by H ions
becomes non-negligible, indicating that a further increase in
prompt redeposition (or a transition from H to D) would result

in a change of attractor of the system from <YW-W> = 1 to
<YW-W> + <YH,D-W> × ΓH,D/ΓW = 1.

Finally, feedback-controlled nitrogen injection was intro-
duced in the simulations as a proxy for the inevitable impur-
ities which will be present in the start-up plasma of any real
tokamak (in particular oxygen, one of the most common and
difficult impurities in the start-up plasma and which has very
similar ionization potentials and cooling functions to those of
N). It was found that with N-seeding the system is attrac-
ted to <YW-W> + <Y imp-W> × Γimp/ΓW = 1 rather than
<YW-W> = 1, resulting in typical LCFS temperatures of
∼20 eV instead of∼(40–50) eV for pure H plasmas. Unlike in
unseeded simulations, a moderate N content (fixed to 0.1% of
the H content at<ne,LCFS>/nGW = 0.15) is enough to maintain
f rad virtually saturated at ∼0.8 independently of <ne,LCFS>.
Changes in <ne,LCFS> result instead in redistribution of the
radiated power between W and N ( f rad,N/f rad,W increases with
raising density).

The more refined analysis reported in this paper shows
that to improve equation (3) and make better quantitative pre-
dictions for the ITER current ramp-up phase, SOLPS-ITER
should be furnished with a model allowing prompt redepos-
ition to be treated self-consistently and locally. Understanding
of the SOL plasma transport in the limiter phase should also be
improved, especially for these ITER start-up plasmas at very
high qLCFS in which the SOL connection length can reach hun-
dreds of meters. Even with these physics improvements in the
model, the impurity content will remain the most important
unknown that cannot be predicted in advance.

Despite the uncertainties, several clear conclusions can be
drawn from this modelling exercise for ITER. It indicates that
the plasma-limiter system by itself is inherently stable due to
its self-regulation mechanism. As a consequence, with suffi-
cient central EC heating to avoid W core accumulation and
hollow temperature profiles, the limiter phase should not be
overly problematic with a W FW. Issues arise from the steep
early increase in heating power allowing for temporary W
influx above the equilibrium value that would result in cool-
ing of the plasma edge such that the residual impurities take
over as the main radiators and drive the cold front inwards,
triggering an MHD instability. Therefore, not only will suffi-
cient central EC heating be required, but heating waveforms
will have to be carefully tailored at this stage.

Possibly an even more important conclusion is that the heat
flux to the FWwill be limited by the equilibriumPLCFS nomat-
ter the level of Pheat. The peak power loads originally estim-
ated for the Be FW assuming negligible radiation losses will
only be reached for a short period of time before the cor-
responding increase in Prad due to the W influx will force
them down. For the wide range of simulated plasma condi-
tions encompassed in the expanded database, this equilibrium
PLCFS remains below∼1MW and, in the presence of the inev-
itable low Z impurities present in the early phase of any toka-
mak discharge, it tends to be at its lowest. Typical radiated
fractions are in the range 0.6–0.8, increasing with Pheat since
the equilibrium PLCFS = Pheat − Prad. This result, if supported
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by experimental evidence from current devices, indicates that
the constraints imposed on the FW in ITER, particularly with
regard to the stringent requirements on longwave alignment of
the central column FW panels [3], might be somewhat relaxed
as a consequence of the switch to W main chamber armor.

To ensure the validity of the model presented in this paper,
it must first be validated against experiments conducted on
present-day devices. As an initial step, dedicated limiter start-
up experiments were performed at EAST [1], yielding favor-
able results that confirmed stable plasmas in contact with
the W limiter over several seconds while maintaining a vir-
tually constant f rad ≈ 0.6. However, the diagnostics dataset
for these shots was insufficient to fully constrain the code
and achieve robust validation. Consequently, additional dedic-
ated W experiments were conducted at ASDEX Upgrade and
WEST to obtain a more comprehensive diagnostic dataset and
further investigate quasi steady-state plasmas in contact with
the W limiter. At present, these datasets have been gathered,
and the modeling effort is underway to refine and validate the
findings.
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Appendix A

Herewe summarize some practical recommendations specific-
ally for SOLPS-ITER users working with similar W limiter
plasma simulations to those described in this paper.

The following key ingredients are required to obtain phys-
ically meaningful solutions:

• The computational grid must be sufficiently extended into
the core. Otherwise, the W content which self-regulates to
provide the required PLCFS = Pheat − Prad will be unrealist-
ically high. A practical recommendation is to grid as close
to the magnetic axis as possible.

• If the grid extends deep into the confined region, it is import-
ant to suppress the artificial source from the minimal dens-
ity imposed on the individual species (including fluid neut-
rals) for reasons of numerical stability. This source is nor-
mally negligible, but due to the large volume of the con-
fined region if the grid is extended deep into the core and the
extremely small W concentrations there, with the standard
code settings this artificial source is high enough to provide
for an unphysical accumulation of W in the center and even
produce hollow temperature profiles. In our case, setting
‘b2mndr_na_min’ to 1.0 ×103 was sufficient to suppress
this effect.

• To avoid unphysical excessive erosion of the W sur-
face via self-sputtering, the boundary condition at the
sheath interface should be set to ⩾cs for each indi-
vidual species. This is achieved by setting the cor-
responding ‘mompar(., ., 2)’ > 0.5 (for example to
1.0) in the b2.boundary.parameters input file. The
default boundary condition (corresponding to ‘mom-
par(., ., 2)’ < 0.5) assumes that all the species are per-
fectly coupled to one another and arrive to the sheath
entrance at the common sound speed of the system. This
is not true for the W ions causing the most sputtering
(typically charge states ∼ (+4–+8)) over the range of
plasma densities envisioned for the limiter phase and
will lead to a very large overestimate of the erosion
source.

• For a crude estimate of the ‘prompt redeposition’ effect the
RECYCS parameter can be changed for the corresponding
surfaces in block 6 of the EIRENE input file. An example
setting it to 0.65 is given below (with the corresponding
parameter marked in bold):

SURFMOD_1_TUNGSTEN_SPT_1160K
1 2 −1 0 1 0
1.84740 × 10+4−1.00000 × 10−1 0.00000 × 100 0.00000 × 100 0.00000 × 100−1.00000 × 100

1.00000 × 100 1.00000 × 100 1.00000 × 100 1.00000 × 100 5.00000 × 10−1 1.00000 × 100

0.65000× 100 0.00000 × 100 0.00000 × 100 0.00000 × 100 1.00000 × 100 0.00000 × 100.

To obtain comparable solutions (for various parameter
scans) in a reasonable computational time, the following tech-
niques were found useful:

• Increase the time-step inside the confined region,
where timescales are much larger, by a factor in
b2.numerics.parameters. In our case the timestep for the
SOL was usually set to 5.0×10−6 and it was increased

by a factor ∼200 in the confined region. Alternatively, the
‘method of effective sources’ [40] or even a combination of
both may be used.

• Establish a feedback control on the total content of the main
ion species inside the confined region. This allows solu-
tions to be obtained with approximately the same nLCFS for
different sets of input parameters without manually tweak-
ing the gas puff. To achieve this, we recommend using the
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‘na_feedback_choice = 5’ and specifying the rectangular
section of the grid where feedback is applied to match the
confined region in b2.feedback_control.parameters. This
works well in conjunction with ‘na_feedback_option= 4’.
On the first run the feedback target value must be tweaked
manually until a reasonable plasma density is obtained. This
value can be subsequently gradually changed (typically by
10%) in the desired direction (increasing or decreasing the
density). Using the same set of feedback target values for
two series of SOLPS-ITER simulations ensures that the
average core plasma density will be the same. Moreover, if
the core plasma transport is unchanged this also ensures that
similar<ne,LCFS> values will be obtained for the two series
of simulations.

• It is important to stress that all the speed-up schemes should
be turned off when the quasi-steady state is reached, and
simulations should be continued without them to ensure that
the speed-up does not affect the stationary state.

Appendix B

This appendix provides a detailed description and system-
atic organization of the numerical cases utilized in this work.
All 214 cases that appear in the figures are written to the
public database, using the ITER Integrated Modeling and
Analysis Suite (IMAS) Interface Data Structures (IDS) format
[41]. Each simulation is assigned with unique shot number.
Shot numbers corresponding to the simulations with specific
setup, including transport coefficients, power input levels, and
applied truncation strategies etc, are combined into series. To
ensure clarity, shot numbers were assigned sequentially, and
redundancies were avoided where applicable.

B.1. Double λq high series
Description:
The double exponential λq (double λq) cases with high SOL
transport coefficients explore varying input power levels of
2.2 MW, 3.3 MW, and 4.4 MW. Each case is indexed from
1 to 10 according to the average electron density at the LCFS.

Shot Numbers: 106500–106529
Case Labels: fig3_double_lq_high_[2_2,3_3,4_4]MW_[1-

10]_index
Note: These cases are identical to fig9_double_lq_high_[2_2,

3_3,4_4]MW_[1-10]_index.

B.2. Double λq high SOL width and EC profile effects
To study the influence of SOL width and energy deposition
profiles, the following sub-series were conducted:

B.2.1. SOL width effects
Description: tests SOL widths of 10 cm, 20 cm, and 33 cm at
2.2 MW input power.

Shot Numbers: 106530–106532
Case Labels: fig5_double_lq_high_[2_2]MW_[10,20,33]

cm_sol_width

B.2.2. Broad EC profile with W30+ truncation
Description: simulationwith broad EC profile and tungsten ion
truncation up to W30+.

Shot Numbers: 106533–106537
Case Labels: fig5_double_lq_high_[2_2]MW_broad_w30

_[1-5]_index

B.2.3. Central EC profile with W47+ truncation
Description: simulation with central EC profile and W ion
truncation up to W47+.

Shot Numbers: 106538–106542
Case Labels: fig5_double_lq_high_[2_2]MW_central

_w47_[1-5]_index

B.3. Double λq low series
Description: the double λq low series is subdivided into low,
mid, and high levels of SOL transport coefficients. All cases
share a similar near SOL decay length (∼4 mm), consist-
ent with the choice in [3]. Simulations were performed for
2.2 MW, 3.3 MW, 4.4 MW, and 5.5 MW input power, with
indices ranging from 1 to 5.

Shot Numbers: 106543–106602
Case Labels: fig9_double_lq_low_[low,mid,high]_sol_[2_2,

3_3,4_4,5_5]MW_[1-5]_index

B.4. Double λq mid series
Description: the double λq mid series investigates SOL trans-
port at mid-level for 2.2 MW, 3.3 MW, and 4.4 MW input
power, with indices ranging from 1 to 8.

Shot Numbers: 106603–106626
Case Labels: fig9_double_lq_mid_[2_2,3_3,4_4]MW_[1-

8]_index

B.5. Single λq series
Description:The single λq series explores low,mid, and high
SOL transport coefficients:

B.5.1. Low transport coefficient
Shot Numbers: 106627–106631
Case Labels: fig9_single_lq_low_[2_2]MW_[1-5]_index

B.5.2. Mid transport coefficient
Shot Numbers: 106632–106646
Case Labels: fig9_single_lq_mid_[2_2,3_3,4_4]MW_[1-

5]_index

B.5.3. High transport coefficient
Shot Numbers: 106647–106651
Case Labels: fig9_single_lq_high_[2_2]MW_[1-5]_index

B.6. Double high with prompt redeposition
Description: this series includes prompt redeposition of W
ions (35%), with input power levels of 2.2 MW, 3.3 MW, and
4.4 MW and indices 1–10.

Shot Numbers: 106652–106681
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Case Labels: fig13_double_lq_high_redeposition_[2_2,3_3,
4_4]MW_[1-10]_index

B.7. Single λq high series
Description: the single λq cases with high SOL transport
coefficients explore input power levels 2.2MW, 3.3MW, and
4.4 MW, with indices 1–5.

Shot Numbers: 106682–106696
Case Labels: fig13_single_lq_high_[2_2,3_3,4_4]MW_[1-

5]_index

B.8. Single mid HWN series
Description: this series includes hydrogen (H), tungsten ions
(up to W30+), and nitrogen (N+-N7+), with core N concen-
trations of 0.1% (01 N) and 0.5% (05 N). Additional cases
include prompt redeposition (35%).

B.8.1. HWN with 0.1% core N
Shot Numbers: 106697–106700
Case Labels: fig15_single_lq_mid_HWN_[2_2]MW_01N

_[1-4]_index

B.8.2. HWN with 0.5% core N
Shot Numbers: 106701–106703
Case Labels: fig15_single_lq_mid_HWN_[2_2]MW_05N

_[1-3]_index

B.8.3. HWN with 0.1% core N and redeposition
Shot Numbers: 106704–106708
Case Labels: fig15_single_lq_mid_redeposition_HWN

_[2_2]MW_01N_[1-5]_index

B.8.4. HWN with 0.5% core N and redeposition
Shot Numbers: 106709–106714
Case Labels: fig15_single_lq_mid_redeposition_HWN

_[2_2]MW_05N_[1-6]_index

B.9. Summary of shot numbers

Series No. of cases IDS shot numbers

Fig3_double_lq_high 30 106500–106529
Fig5_double_lq_high_sol_width 3 106530–106532
Fig5_double_lq_high_broad/central 10 106533–106542
Fig9_double_lq_low 60 106543–106602
Fig9_double_lq_mid 24 106603–106626
Fig9_single_lq_low/mid/high 25 106627–106651
Fig13_double_lq_high_redeposition 30 106652–106681
Fig13_single_lq_high 15 106682–106696
Fig15_single_lq_mid_HWN 18 106697–106714
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