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Abstract
The 2D edge plasma transport code EDGE2D-EIRENE [1][2][3] has been upgraded to account for 
the actual material and geometric properties of the newly installed ITER like wall [4] (ILW) at JET. 
This includes the simulation of beryllium and tungsten impurities as well as a revised treatment of 
sputtering by main plasma and impurity atoms and ions (including self sputtering). In this work, 
two L-mode density regimes, a sheath limited and a high recycling regime, are presented with a 
power scan from 2 to 6MW. Tungsten is self consistently simulated with the Scrape Off Layer (SOL) 
plasma by the EDGE2D-EIRENE code. A detailed analysis of the tungsten sputtering is presented, 
resolving the individual contributions of the different atomic and ion species in the simulations.

1.	 Introduction
With the newly developed ILW model for the EDGE2D-EIRENE code, the selfconsistent modelling 
of tungsten sputtering with the SOL plasma is now available. In this work, the sputtering contribution 
of the individual plasma species, like atoms and ions of deuterium, beryllium and tungsten are 
analysed for a sheath-limited and a high-recycling regime. The input power is varied from 2 to 6MW, 
and the dependence of the tungsten sputtering is presented. It turns out that in the high-recycling 
regime the tungsten sputtering is dominated by neutral deuterium atoms and beryllium ions. The 
first section describes the new ILW model and a revised treatment of the tungsten sputtering in the 
EDGE2D-EIRENE code. The next sections focus on the simulations, describing boundary conditions 
and main chamber beryllium sputtering. Finally a detailed analysis of the tungsten sputtering in 
the divertor is presented.

2.	R evised ITER like wall model in EDGE2D-EIRENE
Upgrading of the EDGE2D-EIRENE code to account for the actual material and geometrical 
properties of the new ILW at JET revealed that several key processes for tungsten and beryllium 
sputtering were not taken into account. This included the ability of impurity ions to sputter the 
wall material and missing sputtering yields for beryllium on tungsten and vice versa. Beside the 
sputtering model, also the geometrical representation of the divertor and main chamber wall needed 
to be revised, to accurately treat the two different wall materials of the ITER like wall.
	 The EDGE2D code distinguishes between non-recycling and recycling impurities. Recycling 
impurities (like argon and neon) are recycled at the wall with a recycling coefficient of unity (full 
recycling). These impurity ion loss fluxes from the EDGE2D domain are passed to EIRENE; as 
in previous versions of the code, these fluxes have the ability to sputter the wall material. For 
non-recycling impurities (like carbon, tungsten and beryllium) EDGE2D treats the impurity ion 
fluxes to the wall as being completely lost (no recycling). In that previous version of the code, the 
non-recycling impurity ion loss fluxes from the EDGE2D domain were not passed to EIRENE 
and therefore could not contribute to the sputtering which is simulated on the EIRENE side. The 
EDGE2D code is now extended to pass also the parallel target fluxes of non-recycling impurity 
ions to EIRENE where they are accelerated in the sheath and sputter the divertor material. The 
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perpendicular radial loss fluxes of non-recycling impurity ions are neutralized on the radial EDGE2D 
boundary (without acceleration in the sheath) and travel radially outwards in an assumed vacuum 
region towards the main chamber wall where they can also sputter. This new feature is not only 
necessary for simulations of the ITER like wall, it also includes self-sputtering by carbon ions for 
the old carbon wall at JET, which was omitted so far in previous EDGE2D-EIRENE versions.
	 In the sputtering model of EIRENE, the physical sputtering yield is calculated by the revised 
Bohdansky formula (eq. 10 in [5]). The coefficients for this revised Bohdansky formula are taken 
from table 3 in [5] which provides experimentally optimised coefficients for several target/projectile 
combinations. However, the projectile/target combinations beryllium/tungsten and tungsten/
beryllium are not included in table 3 of [5] which resulted in a sputtering yield of zero for these 
material combinations. The sputtering model of the latest EIRENE version solves this problem 
by applying empirical formulas (eq. 7, 27, 28 in [5]) to calculate the coefficients for the revised 
Bohdansky formula where the projectile/target material combinations are missing in table 3 of [5]. 
This new physical sputtering model of EIRENE is now also included in the EIRENE version used 
by EDGE2D, which enables EDGE2D-EIRENE to treat physical sputtering on the ILW accurately.
	 The ILW material changes from a tungsten divertor to a beryllium main chamber on top of the 
inner and outer divertor shoulders. However the old wall model of the EDGE2DEIRENE code 
defined the tungsten divertor by the region covered from the inner to the outer divertor targets of 
the EDGE2D grid (inner target, private wall and outer target in figure 1). This could lead, especially 
for horizontal target configurations (outer strike point on tile 5 [6]), to an assumed full beryllium 
outer vertical divertor in the EDGE2D-EIRENE simulation, which overestimates the beryllium 
production in the divertor. For this reason the wall model of the EDGE2D-EIRENE interface was 
extended to allow for multiple wall materials in the void region to cover the full inner and outer 
vertical part of the tungsten divertor. This facilitates now the EDGE2D-EIRENE code to use the 
actual experimental situation where the material of the ILW changes from a tungsten divertor to 
the beryllium main chamber wall (figure 1).

3.	ED GE2D-EIRENE simulations of tungsten sputtering with the ILW 
at JET

3.1 Setup of simulations
Utilising the experimental data at the outer midplane, the 2-D multi-fluid edge code EDGE2D 
coupled to the neutral kinetic Monte Carlo code EIRENE was exercised to predict the same divertor 
parameters as obtained experimentally [7]. All simulations presented here were executed on a 
common grid, reflecting the low triangularity configuration of Pulse No: 81472 at 50s. In EDGE2D, 
plasma transport in the parallel-B direction is modelled using the Braginskii equations; here, flux 
limiters were not applied. Two impurities (beryllium and tungsten) are modelled as individual fluids 
in thermal equilibrium with the main plasma (Timp =

 Tmain plasma), and bundling of tungsten in six 
charge states was imposed to enable tungsten transport calculations[8]. In the radial direction, a 
purely diffusive model with radially varying (effective) transport coefficients was assumed. The 
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physics of cross-field drifts (E×B and B×∇B) are not included in these simulations. To match the 
measured upstream profiles for ne, Te, and Ti at the outer midplane, particle diffusion coefficients 
of 1.0m2/s were applied in the core region up to the pedestal (at R-Rsep,OMP of -1cm, where 
Rsep,OMP is the radial position of the separatrix at the Outer MidPlane (OMP)), 0.5m2/s in the 
pedestal and near-separatrix region (-1cm < R-Rsep,OMP

 < 1cm), and 1.0m2/s in the mid and far SOL. 
These parameters represent a fair match to the experimental profiles with an separatrix density of
nsep,OMP =

 0.8×1019 m-3 [7]. A step function was assumed for both the ion and electron thermal 
diffusivities in the radial direction: 1.0m2/s in the core and pedestal region, and 0.5m2/s in the SOL. 
These settings were found to produce a sufficient match to the experimental Te profile at the OMP [7].
	 Fuelling and pumping of deuterium atoms and molecules as well as beryllium and tungsten 
atoms, and their transport within the plasma, are simulated with EIRENE. The injection and pump 
locations were adapted as in the experiment, where deuterium molecules are injected in the divertor 
region and removed in the corners of the divertor. Pump albedos of 0.94 were assumed. Along all 
beryllium and tungsten ILW elements, deuterium neutrals and ions are recycled as atoms or molecules 
calculated by TRIM [9][10]. Impurities are self consistently generated by physical sputtering[11] 
due to neutral and ion impact at the target plates, including tungsten and beryllium self-sputtering. 
In the main chamber and private region, only neutrals (D, Be, W) sputter impurities.
	 Two different SOL density regimes, a sheath limited with a separatrix density of nsep,OMP

= 0.5×1019 m-3 and a high recycling with nsep,OMP
 = 1.0×1019 m-3, around the experimental separatrix 

density of nsep,OMP
 = 0.8×1019 m-3 were chosen to investigate the tungsten sputtering in the simulation. 

For both densities regimes the input power entering the SOL from the core was ramped from 
2.0MW to 6.0MW in nine steps, equally distributed between electrons and ions. For each of the 
power steps a fully converged solution was obtained, and the contribution of the individual atomic 
and ion species to the tungsten and beryllium sputtering is analysed.

3.2 Main chamber sputtering of beryllium
Sputtering on the main chamber wall by neutral particles is the only source for beryllium impurities 
in the simulation. This represents a lower limit, because if ions would reach the beryllium wall more 
beryllium would be sputtered. The total sputtered beryllium flux rises nearly linearly from 2.8×1020 s-1 
to 3.9×1020 s-1 for the sheath limited case (nsep

 = 0.5×1019 m-3) and from 4.2×1020 s-1 to 5.9×1020 s-1 
for the high-recycling case (nsep

 = 1.0×1019 m-3) with increasing input power between 2 and 6 MW. Due 
to the low sputtering threshold of beryllium (regarding projectile energies) and the dominant influx 
of deuterium atoms (more than a factor of 100 higher than the atomic impurity influx) practically 
100% of the beryllium is sputtered by deuterium atoms with an effective sputtering yield of 3% for 
the sheath limited and 2% for the high-recycling case. This leads to a roughly constant beryllium 
content of about 1% compared to the deuterium content in the SOL (figure 2). For similar conditions, 
a beryllium content of 0.5% was estimated experimentally[12].

3.3 Divertor sputtering of tungsten
The behaviour of tungsten sputtering in the divertor is more complex than the beryllium main 
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chamber sputtering. For the analysis we distinguish between 4 regions of the tungsten divertor wall, 
which are defined by the magnetic configuration of the EDGE2D grid. 
	 The inner and outer target regions (figure 1) are wetted by parallel ion influxes around the 
strike points plus incoming neutral particle fluxes, and the outer vertical divertor and private wall 
regions (figure 1) can only be reached by radially outwards diffusing neutral particles. The total 
sputtered tungsten flux for the sheath limited regime rises from 1.8×1019 s-1 to 5.6×1020 s-1 with 
increasing input power. Regarding the resulting separatrix ion temperatures (see figure 3) one must 
bear in mind that the plasma would be well in H-mode for heating powers above 4MW (ion target 
temperatures > 180eV) in the sheath limited regime, which is disregarded in the simulation. Due to 
the much lower plasma temperatures in the high recycling regime (figure 3), the tungsten sputtering 
is drastically reduced by an order of magnitude, and the total sputtered tungsten flux rises only from
2.4×1018 s-1 to 2.4×1019 s-1 during the power ramp. This is also reflected in the tungsten content 
(figure 2), which in the high recycling regime is also reduced nearly by an order of magnitude 
compared to the sheath-limited regime.
	 Regarding the individual species contributions to the total sputtered tungsten flux, it turns out 
that especially for low ion target temperatures, neutral deuterium atoms sputter up to 65% of the 
total sputtered tungsten (figure 4). This is facilitated by Charge eXchange (CX) processes between 
the neutral deuterium atoms and higher energetic deuterium ions inside the plasma, which increase 
the high-energy tail of the velocity distribution of the neutral deuterium atoms. These high energetic 
deuterium atoms can exceed the sputtering threshold of tungsten, and thereby dominate the sputtering. 
Due to the high temperature target conditions of the sheath-limited regime (figure 4, right), still a 
significant fraction (10-40%) of the tungsten is sputtered by beryllium ions. Even though the tungsten 
flux sputtered by beryllium ions and deuterium atoms still increases with higher input powers, their
contribution to the total sputtered tungsten decreases, as the self sputtering of tungsten by tungsten 
ions becomes the dominant part for ion target temperatures above 170eV. The contribution of the 
neutral tungsten and beryllium atoms to the tungsten sputtering can be neglected, as charge exchange 
processes for these impurity atoms are not included in the simulations. This is a fair assumption, as 
due to their low ionization energies, the neutral impurities do not penetrate as deep as the deuterium 
in to the hot plasma, and their neutral atom densities are more than two orders of magnitude lower 
than the deuterium atom density.
	 In the high recycling regime (see figure 4, left), the tungsten sputtering is mostly dominated 
by sputtering due to neutral deuterium atoms. Only for ion target temperatures below 10eV the 
beryllium ions have a large contribution of about 50% to the total tungsten sputtering, but their 
fraction decreases down to 15% with increasing ion target temperatures. Deuterium and tungsten 
ions barely contribute to the tungsten sputtering (<1%) for ion target temperatures below 40eV. 
Only for ion target temperatures above 50eV their contribution raises up to 15% with increasing ion 
target temperatures, as tungsten ions exceeds their selfsputtering threshold of approximately 70eV. 
Also the deuterium ion contributions raises already from ion target temperatures around 50eV, as 
their ion influx is up to 4 orders of magnitude higher than the tungsten ion influx on the targets, and 
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therefore still a significant fraction from the high energy Maxwell tail can exceed the deuterium 
threshold of about 250eV for tungsten sputtering.
	 Analysing different areas of the tungsten divertor for the high-recycling regime, the simulations 
show that 50-60% of the total sputtered tungsten comes from the inner vertical target (solid 
fluxtot in figure 5). Another 40% is sputtered at the outer target and outer vertical divertor (dashed 
fluxtot in figure 5). The private wall region between the inner and outer target regions (see figure 
1) contributes less than 10% to the total sputtered tungsten flux, and is neglected in the further 
analysis. Regarding the individual contributions of the different species to the tungsten sputtering 
on the inner divertor target (solid lines in figure 5), it turns out that beryllium ions are the dominant 
species. Their contribution decreases from 90% to 30% with increasing ion target temperatures. 
At the same time, the contribution of the neutral deuterium atoms raises from 10% to 40% at the 
inner targets. In contrast to that, the tungsten sputtering at the outer target and outer vertical divertor 
is completely dominated by the neutral deuterium atoms (dashed lines in figure 5). The different 
behaviour at the inner and outer divertor comes from the fact that the density of beryllium ions is 
about a factor of 10 higher near the inner vertical divertor than at the outer divertor. For the neutral 
deuterium atoms it is the other way around. Their density is about a factor of 10 higher at the outer 
divertor compared to the inner vertical divertor.

Conclusions
EDGE2D-EIRENE simulations with an upgraded sputtering model for impurities show that the 
species contribution to the tungsten sputtering have similar trends for the high recycling and the 
sheath limited cases in the simulations, just for different ion target temperature regimes. Due to the 
low ion target temperatures in the high recycling regime, tungsten self-sputtering is nearly absent 
and contributes only significantly to the sputtering in the sheath-limited regime. Surprisingly, the 
neutral deuterium atoms play an important role in the tungsten sputtering. Due to charge exchange 
processes with hot plasma ions from radially further inside, the high-energy tail of the velocity 
distribution of the deuterium atoms is increased and they can exceed the sputtering threshold of 
tungsten. This leads to a contribution to the tungsten sputtering of 15% to 50% for the sheath limited 
and 40% to 65% in the high recycling regimes, depending on the actual ion target temperatures.
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Figure 1: Regions in the ILW divertor with beryllium 
representing actual main chamber surfaces and tungsten 
divertor surfaces.

Figure 2: Fraction of beryllium and tungsten content with 
increasing input power PIN compared to the deuterium 
main plasma content in the SOL of about 5×1019 particles
for the sheath limited and 7×1019 particles for high 
recycling regime. The tungsten content in this figure is 
scaled by a factor of 100 to display in the same scale with 
the beryllium content.
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Figure 3: Ion temperatures at the separatrix (OMP) and at the Inner Target (IT) and Outer Target (OT) for both density 
regimes of the simulations.

Figure 4: Relative contribution to the total tungsten sputtering of each individual species for the high recycling (left) 
and sheath limited (right) regime. Average ion target temperatures represent input powers between 2 and 6MW for 
both regimes.
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Figure 5: Relative contribution to the tungsten sputtered from the inner vertical target (solid lines) and the outer target 
and outer vertical divertor (dashed lines) of each individual species in the high recycling regime. Additionally also the 
fraction of the tungsten sputtered from each of the regions compared to the total sputtered tungsten is shown (fluxtot).
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