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Abstract

Using the 3D SOL transport code EMC3/EIRENE, the paper presents a parameter study on CX-neutral transport and
Fe-release from the wall due to physical sputtering in W7-AS diverted plasmas. The studies are restricted to the CX-
neutrals induced by divertor and wall recycling processes. SOL plasma and divertor and wall recycling process are self-
consistently calculated by the EMC3/EIRENE code. Island density is scanned across different confinement regimes.
Cross-field transport coefficients are varied to cover an appropriate uncertainty range. Core plasma is prescribed, with
the density profile, however, being switched between a peaked and a flat form typically measured for low and high density
diverted plasmas. Studied are the sensitivities of the flux, energy spectrum and origin of the CX-neutrals to these
parameters. In particular, it is aimed to identify under what condition and to what extent the edge islands can protect
the wall from physical sputtering of the CX-neutrals.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Plasma density in a current-free stellarator like
W7-AS is usually limited by impurity radiation [1].
CX-neutrals induced by recycling process or by aux-
iliary particle fueling like gas-puff and beam-injec-
tion are considered to be a potential source of
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impurity production on plasma-facing components
by means of sputtering. In fact, reducing the impu-
rity sputtering yield, ionizing the impurities in the
SOL and sweeping them back to the target are basic
design objectives of a divertor. Previous EMC3/
EIRENE studies on the target-released carbon
transport in the W7-AS island divertor have shown
that, by enhancing the recycling flux and lowering
the island temperature, the impurity flow velocity,
which is determined by the balance between thermal
.
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Fig. 1. Computation domain for EMC3/EIRENE simulation.
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Fig. 2. Temperature and density profiles used in the simulations.
The peaked and flat ne-profile correspond to the typical low and
high density divertor plasmas in W7-AS.
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force and friction, can be switched from inwards- to
outwards-directed [2]. A frictional plasma flow
under enhanced recycling conditions can efficiently
flush the carbon back to the targets and thereby
strongly reduce the carbon concentration around
the inner separatrix. On the other hand, however,
the total carbon yield increases with increasing the
recycling flux because of chemical effects, which,
to a large extent, compensates the transport flushing
effect. Nevertheless, light impurities like carbon do
not significantly contribute to core radiation. The
focus of this paper is turned to the wall-released iron
which is observed to be one of main radiation
impurity species in the core [3]. We pay our main
attention to the transport of the recycling induced
CX-neutrals and investigate the role of the island
divertor in protecting the wall from neutral sputter-
ing. The iron production rates resulting from phys-
ical sputtering process, which are self-consistently
calculated by the EIRENE code, serve as a quantity
for measuring the sputtering-relevant neutral flux,
rather than for providing a reliable, absolute Fe-
release because of the existing uncertainties in
Ti-profile and in wall-conditioning.

2. Computational set-up

In order to take the charge-exchange process in
the core into account, the computation domain for
neutrals is extended from the wall to the plasma
center, as sketched in Fig. 1. The common SOL
region for EMC3 [4] and EIRENE [5] starts from
a closed flux surface just inside the inner separatrix
and extends radially beyond the target to ensure that
the target intercepts most of the energy and ions
flowing in the SOL. The choice of the boundary con-
dition on the outermost SOL boundary should not
influence the results. Plasma core is resolved radially
into seven sub-regions by introducing flux surfaces
based on vacuum field. For each radial region, den-
sity and temperature are prescribed according to the
measured density and temperature profiles as shown
in Fig. 2. A peaked and a flat density profile, which
are typical for low and high density plasmas under
divertor operation [6,7], are chosen for investiga-
tion. The electron temperature profile is fixed during
the computations since no significant change in Te-
profile is observed experimentally between the low
and high density plasmas [6,7]. The ion temperature
profile, which determines the energy carried by the
core CX-neutrals, has to be assumed to be as the
same as the Te-profile. Uncertainties in Ti-profile
enter directly the calculation of the absolute iron
sputtering yield, however, are not expected to signi-
ficantly influence the parameter sensitivity studies
presented in this paper. In the common SOL region,
hydrogen plasma, carbon impurity and recycling
neutrals are calculated self- consistently. Iron does
not contribute to the charge and power balance.
Hydrogen recycling coefficient on the target, baffle
and wall is set to be unity. Two percent (the ratio
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of the carbon-release to the hydrogen ion flux on the
target) sputtering for carbon is assumed. The power
entering the island SOL, PSOL, takes a value of
1.2 MW, which is equally spilt between ions and elec-
trons and is fixed during the simulations. The separ-
atrix density nes is varied from 1 to 5 · 1019 m�3.
Two sets of D (particle cross-field diffusivity) are
used: (1) D � 0.5 m2/s for all the nes-points and (2)
D � 1/nes for nes 6 4 · 1019 m�3 and D = 0.5 for
nes P 4 · 1019 m�3. ve and vi are co-varied as ve =
vi = 3D.
3. Simulation results

3.1. Energy spectrum and flux distribution of the

neutrals on the wall

As an example, Fig. 3 shows the energy spec-
trums of the neutrals to the wall resulting from
two different input data sets: (1) nes = 5 · 1019 m�3

with D = 0.5 m2/s and the flat ne-profile and (2)
nes = 1 · 1019 m�3 with D = 2 m2/s and the peaked
ne-profile. It is not yet clear whether D really
increases with decreasing nes for the NBI-heated
plasmas in W7-AS. The idea of the choice of an
enhanced D for the lower nes-case in this example
is to keep the product of vi and nes and thereby
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Fig. 3. Examples of energy spectrum of the CX-neutrals hitting
the wall for two cases with (1) nes = 5 · 1019 m�3, D = 0.5 m2/s,
flat ne-profle (solid curve and filled symbols), (2) nes = 1 ·
1019 m�3, D = 2 m2/s, peaked ne-profle. SOL neutrals form
continuous spectrums (curves), while those from the core intro-
duce discrete points in the high energy range. The origins of the
core neutrals can be identified from the energy spectrum. The
different slopes guided by the two lines reflect different neutral
penetration lengths resulting from the flat and peaked ne-profiles.
the ion temperature in the islands roughly
unchanged in the two cases in order to separate
the effects of density from temperature. The impact
of D on neutral flux and spectrum will be shown in
next section. Calculated neutrals originating from
the island SOL form a continuous spectrum because
of the fine 3D spatial resolution for both plasma
and neutrals. The spectrum curve of the higher-nes

covers a larger area because of the enhanced recy-
cling flux (see also next section). Furthermore, the
spectrum is more peaked in the low energy range
than that for the lower-nes case because of the
shorter neutral penetration length in the islands.
In contrast, the lower nes-case shows a much
broader energy spectrum and the high-energetic
particle flux even exceeds that in the enhanced recy-
cling case, reflecting deeper penetration of the recy-
cling neutrals in the islands. On the other hand, the
calculated core CX-neutrals escaping from discrete
radial zones cause discrete spectrums (E0 = 3/2Ti)
in the high energy range. This allows an easy identi-
fication of the origins of the core neutrals and a
clear discrimination between the core and SOL neu-
trals as well. The two groups of the spectrum points
differ not only in level but also in energy slope,
which will be discussed below in some more detail.

Fig. 4 shows the wall distributions of neutral flux
in the high energy spectrum range with E0 > 180 eV
covering all the CX-neutrals escaping from the core.
The two selected cases are compared with each
other. The higher nes and the flat ne-profile lead to
an overall reduction of the ‘high-energetic’ neutral
flux on the wall, which is already indicated by
Fig. 3 and becomes clearer in Fig. 4. Note the differ-
ence in maximum between the two color tables. The
‘high-energetic’ neutrals are well kept outside the
divertor chambers and concentrated in the toroidal
range of the divertor modules. The strong reduction
of the ‘high-energetic’ neutral outflow in the higher
nes case results mainly from density effects and the
in/out asymmetry in neutral flux there is due to
the difference in island thickness between the
inboard and outboard sides. In order to separate
the neutral shielding effects of the edge islands from
the core, ne-profile and nes are varied independently,
which gives rise to four possible combinations. The
results are shown in Fig. 5, which shows the escap-
ing possibilities of the CX-neutrals originating from
different radial locations in the core, i.e. the possibil-
ity of a core CX-neutral particle reaching the wall.
The escaping possibility decreases for the neutrals
born in a deeper core region and the flat ne-profile
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Fig. 5. Island and core density effects on screening CX-neutrals
originating from different radial locations in the core.
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Fig. 4. Flux distributions of ‘high-energetic’ neutrals on the iron wall over a half field-period for the two cases as shown in Fig. 3. Left: the
lower nes case. The front cut is an elliptical plane where the up and down divertor target and baffles are indicated by green colour. The
neutral flux distribution on the graphite target and baffles is not shown.
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reduces the overall possibility to a lower level,
especially for the neutrals coming from the plasma
center. In contrast, the island density shows no influ-
ences on the deeply-located CX-neutrals because the
islands both in thickness and in density are much
smaller than the core. However, unlike beam neutral
particles, the recycling neutrals entering the core
concentrate mainly at the edge region, especially in
the flat density profile case. It is interesting to see
from Fig. 5 that the four curves, which are grouped
under the two core density profiles at the center,
tend to regroup under the two island densities at
the edge. This means that, in view of screening the
recycling induced CX-neutrals, a dense island is
more effective than a dense core.

3.2. Parameter sensitivities of the sputtering

neutral flux

Only the neutrals in the high energy spectrum
range can produce iron impurity on the wall by
means of physical sputtering and the sputtering
yield is a sensitive function of the projectile energy
and the incidence angle. The neutral flux integration
weighted by the energy and incidence angle is done
by the EIRENE code during the particle tracing,
based on a sputtering model determined under
laboratory conditions [8]. The sputtering yield
calculated in this way provides an appropriate mea-
suring quantity for assessing the divertor function
on impurity production under different conditions.
The sensitivities of the total iron yield to the input
parameters listed in Section 2 are summarized and
compared in Fig. 6. Generally, the total iron yield
decreases with increasing the island density and
drops to a lower level if the density profile is
switched from the peaked to the flat form. On the
other hand, the choice of smaller cross-field trans-
port coefficients leads only to slight increases of
the iron yield even in the lowest nes case where D

(and also ve and vi) are varied within a factor of 4.
Reducing the cross-field transport increases the ion
temperature in the islands (see Fig. 7) and extends
the CX-neutral spectrum towards the high energy



Fig. 6. Total iron production rate as a function of island density,
cross-field transport coefficients and core density profile.
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Fig. 7. Total recycling flux and the separatrix ion temperature as
a function of nes and cross-field transport coefficient.
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range. On the other hand, however, a reduced cross-
field transport leads to a decrease of the total recy-
cling flux (see Fig. 7). The two effects, to a certain
extent, compensate each other.

For screening the sputtering CX-neutrals induced
by the divertor recycling neutrals, the island density
is the most effective parameter, while the core den-
sity and the profile form play a less important role
within the high core density range investigated.
The reason has been already partly given in the
previous section. The baffles and the target form a
divertor well for the recycling neutrals (see Fig. 1).
Core plasma, as along as dense enough, works as
a plug for the divertor well to prevent the most neu-
trals from escaping. In contrast, the edge islands are
more transparent and cause the main leakage of the
CX-neutrals. Furthermore, the surrounding islands
form an intermediate layer between the core and
the wall, moderating the interaction between the
core plasma and the wall recycling neutrals. Obvi-
ously, the island density plays a key role in the both
processes.

4. Conclusion

The transport of the wall-sputtering CX-neutrals
induced by the divertor recycling neutrals in W7-AS
is investigated using the EMC3/EIRENE code. A
parameter sensitivity study is made in the parameter
space of cross-field transport coefficients, core den-
sity profile and island density. The island density
is scanned to cover different plasma confinement
regimes. It is found that the island density is the
most effective parameter for reducing the sputtering
CX-neutral flux on the wall and thereby the iron
production rate by different means, (a) by moving
the CX-neutrals to low energy spectrum band, (b)
by reducing the divertor-well leakage and (c) by
moderating the interaction between the core plasma
and the wall recycling neutrals. The core density and
density profile show a strong effect on the neutrals
from the core center region, however, a weak impact
on the edge concentrated CX-neutrals resulting
from the divertor recycling. The total iron produc-
tion rate decreases roughly exponentially with
increasing nes and a flat ne-profile further reduces
the overall sputtering yield to a lower level. These
results are not strongly affected by uncertainties in
choosing the cross-field transport coefficients in
the SOL since the resulting effects in ion tempera-
ture and total recycling flux tend to compensate
each other.
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