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In this work, simultaneous bombardment of a nano-scale rough tungsten surface with 6 kV carbon and
3 keV deuterium ions is investigated by simulations with SDTrimSP and SDTrimSP-2D and compared
with experiments. For same bombardment conditions a rough surface produces higher sputter yields
and at the same time higher areal densities of implanted C than in the case of a smooth surface. For
co-axial flux arrangement bombarding a rough surface under 45�, the surface tends to prevent W sput-
tering by aligning the surface profiles to the perpendicular and parallel directions of the impinging C and
D ion fluxes.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The inner wall of the vacuum vessel of the International Toka-
mak Experimental Reactor (ITER) will be constructed of three dif-
ferent materials exposed to high recycling particle fluxes [1–3].
Tungsten (W) coating will cover the divertor baffle region and pos-
sibly the first wall. It is expected that the recycling flux bombard-
ing the tungsten surface will be seeded by carbon (C) atoms and
ions. C ions are accelerated by the sheath potential towards the
in-vessel surface up to energies of several keV [4]. This leads to
both sputtering of W by energetic particles and formation of mixed
W–C surface due to C ion implantation.

Multi-species bombardment with C and D ions can lead to
either surface erosion or C layer deposition. Prediction of the sce-
nario can be done by binary collision approximation (BCA) based
Monte-Carlo codes like SDTrimSP [5]. Typically, they deal with per-
fectly smooth surfaces. However, the surface morphology is a key
factor in sputtering and deposition processes, mostly ignored in
this approach. In order to consider effects related to surface mor-
phology, the code SDTrimSP-2D was developed [6]. Its application
[6] has shown that it is capable to provide qualitative 2D results to
describe the evolution of 3D structures on a W surface under C ion
bombardment. It allows access to details of the ion–surface inter-
actions like local sputter yields, which are not available by exper-
imental diagnostics.

One of the factors, which introduce non-flat surface morphol-
ogy, is linked with the mutual flux arrangement and its effect on
ll rights reserved.

neider).
surface condition. Indeed, for a 1D case (the depth dimension) or
just a flat surface, only the incidence angle of each ion species is
important. If lateral effects are considered, in addition to the angle
of incidence of the different species also their specific geometrical
arrangement defines whether the surface is eroded or is covered by
a deposited C layer.

This paper continues the work, which has been begun in [6]. The
effect of simultaneous bombardment of rough W surface with
6 keV C and 3 keV D ions is studied by simulations with SDTr-
imSP-2D. The C-fraction in the total incident flux was used in sim-
ulations to be 15%. The ion energies and C-fraction exceed typical
ones for ion–surface interactions in fusion. High energies and C
fractions have been chosen to provide high rates of W erosion
allowing to observe the modification of the W surface morphology
within reasonable calculation times of several days. Both ion spe-
cies irradiate the surface at angles of incidence of 15 and 45� to
the normal of the macroscopic plane. The surface was character-
ized with AFM measurements identifying regions with different
roughness. Fluxes are arranged symmetrically (+15 or 45� and
�15 and 45�) and co-axially (both fluxes incident at +15 and
45�). The differences for the different geometries as well as differ-
ences between 1D and 2D simulations are discussed.

2. The physical model implemented in SDTrimSP-2D

SDTrimSP-2D is based on the BCA model, which is implemented
in well known codes of the TRIM family. This model allows to cal-
culate ion transport in amorphous materials, formation of collision
cascades and related effects. Bombardment of a W surface with C
ions will lead to formation of the mixed material layer. The
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dynamic version of the model (implemented in SDTrimSP) also al-
lows to calculate fluence dependent elemental composition of the
surface and 1D (depth dimension) elemental distribution below
the surface. Experimental validation of the model was achieved
for bombardment of a smooth W surface with C ions [7] and with
C and He ions simultaneously [8].

At the same time, it has been found that a 1D model fails to han-
dle a surface with pronounced roughness [7,9]. The newly devel-
oped SDTrimSP-2D code is a further extension of the 1D
SDTrimSP model resolving a second (lateral) dimension. This pro-
vides the opportunity to study effects of surface morphology on
sputtering and implantation processes and vice versa. The code al-
lows monitoring of the dynamic modification of the 2D surface
morphology and elemental composition under ion bombardment
and provides the tools for studying local parameters of ion–surface
interactions. This helps to understand the macroscopic results as a
consequence of surface geometry on the nano-scale and its impact
on local parameters to which there is no direct experimental access
[6].

The model still has certain limitations for the given projectile–
surface combination. Chemical reactions, which may affect the sur-
face composition, are not considered. However, the methane pro-
duction (result of C chemical erosion) in the given system at ITER
relevant temperatures is an order of magnitude lower than that
for pure C (if it exists at all) [10]. Diffusion of C into the bulk of
W surface at temperatures above 1073 K [11] is also excluded from
the model.
Fig. 1. Evolutions of the areal density (AD) of C implanted (a and c) and W sputter
yield (Y) (b) as a function of the fluence for impinging 3 keV D and 6 keV C ions on a
W surface for different cases. Simulation results are shown as different lines. 1D
SDTrimSP cases are marked as 1D, results obtained with SDTrimsSP-2D as 2D. The
two different surface cuts from AFM (shown also in Fig. 2) are labelled s-rough
(‘small roughness’) and l-rough (‘large roughness’). The geometry is indicated by a +
for co-axial and ± for symmetrical arrangements of the beams (the angle of
incidence is also indicated). Experimental data are shown with open diamonds.
3. Results and discussion

Fig. 1 shows the fluence dependent of the W sputter yield and C
areal density as obtained by 1D and 2D simulations and experi-
mental data for the 15� case. The corresponding evolution of the
2D surface morphology, as well as its initial state is shown in
Fig. 2. Two characteristic cases of the experimental surface profiles
are used in the 2D studies, marked in the following as ‘small rough-
ness’ and ‘large roughness’. As can be seen from Fig. 2 the 2D sim-
ulation results for the 15� cases and the different roughness are
able to reproduce the experimental range, whereas 1D approxima-
tions with modified average angles of incidence are not at all capa-
ble of that.

3.1. Perfectly smooth surface (1D simulations)

The evolution of the C areal density and the W sputter yield cal-
culated for the 1D case turns into the regime of steady-state ero-
sion: after a fluence of 1 � 2 � 1022 m�2 the C areal density (see
Fig. 1(a) and (c)) and W sputter yield (Fig. 1(b)) both reach stea-
dy-state values. At these conditions, there is a mixed-surface layer,
containing W, C and D atoms. The layer composition after reaching
steady-state remains unchanged. It has been found in [12] that at
an angle of incidence larger than 40� bombardment of a W surface
with 6 keV C ions leads to continuous net erosion. The addition of D
ions flux does not change this regime.

Simultaneous bombardment for the same parameters, but at an
angle of incidence of 15� leads to deposition of the C–D layer,
which protects the W surface from further sputtering [9]. Its evo-
lution is characterized by the monotonous decrease of the W sput-
ter yield and at the same time an increase of the C areal density.

3.2. Surface with small roughness

The evolution of a W surface with small roughness at the same
conditions behaves qualitatively similar (Fig. 1). The steady-state is
reached at a fluence, which is twice higher than that for the 1D
case. One may note the difference between symmetrical and co-ax-
ial bombardment in the fluence range up to 5 � 1022 m�2. It ap-
pears due to the geometrical factors (local angle of ion incidence
and local flux ratio). After that fluence, the steady-state is reached
in both cases. The resulting steady-state areal density and W sput-
ter yield values are quite close to those achieved for 1D simulation.
In fact, one would not be able to distinguish it experimentally, be-
cause even in a well controlled laboratory environment the typical
scatter of sputter yield values for W bombarded by light ions is
about 100% (see recent overview of experimental and calculation
results in [13, p. 87]).

However, there is a noticeable difference between the evolu-
tions of a perfectly smooth surface and a surface even with small
roughness: the surface with a small roughness is able to provide
both an increase of the W sputter yield and areal density of the im-
planted C at the same time in comparison to the smooth surface.

These results can be understood if one considers the evolution
of the surface morphology shown in Fig. 2(a) and (b). The surfaces,
which are close to normal to the incidence direction of the C ion
flux, tend to be covered by a C layer. These surfaces provide a C
areal density higher than that for the smooth surface. Inversely,
the surface under bombardment with C ion flux at tilted angles
is eroded faster, because moment transfer from C to W atom is



Fig. 2. Evolution of the surface morphology under simultaneous bombardment with 6 keV C and 3 keV D ions for an angle of incidence of 45�. (a) and (c) – symmetrical
bombardment of surface with low and high roughness correspondingly; (b) and (d) – co-axial bombardment of surface with small and large roughness, correspondingly. The
lines show the trajectories of the projectiles before the collision with the surface. The color corresponds to the relative C concentration. (For interpretation of the references in
color in this figure legend, the reader is referred to the web version of this article.)
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more effective than from D (due to the mass difference). The con-
tribution of this area to the W sputter yield is higher than that for
the smooth surface. Therefore, lateral non-uniformity of the sur-
face increases both erosion rate and C implantation at the same
time.

It is interesting to note that the ion bombardment practically
does not change the roughness level for the 45� case; it just shifts
the roughness in the lateral direction. It is difficult to judge,
whether the surface profile will be self-supporting at higher flu-
ences. This issue will be addressed in future simulations.

3.3. Surface with large roughness

In the case of larger roughness, the regime of ion–surface inter-
actions (erosion or deposition) changes with mutual flux arrange-
ment, especially visible for the 45� geometry. Areal densities of
implanted C grow at both arrangements (see Fig. 1(a)) faster and
reach larger values than that for the smooth and low-roughness
surfaces. This is because more parts of the surface are now close
to normal to the incidence direction of the C ion flux. Such surface
parts are more suitable for the C layer deposition.

At the same time, the W sputter yield tends to decrease
monotonically for the case of co-axial flux arrangement
(Fig. 1(b)). The corresponding change of the surface morphology
is shown in Fig. 2(d). All areas of the surface tend to segregate
into two types: one perpendicular to the C and D flux direction
and one parallel to both of them. The surface areas of the first
type are covered with C–D deposited layers because of the inef-
fective C removal at normal incidence [9]. The surface parts of
the second type are effectively sputtered until they get shad-
owed by getting practically parallel to the C and D ion fluxes.
This results in a decrease of the W sputter yield in these parts
down to practically 0 and a growth of the C layer on this part
of the surface at higher fluence.
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In case of the symmetrical flux arrangement, the W sputter
yield initially decreases up to a fluence of 3.5 � 1022 m�2 and then
starts to increase. It reaches steady-state at a higher fluence similar
to the case of co-axial flux arrangement for low-roughness level.

4. Comparison with experiments

Fig. 1(c) contains also experimental results obtained for the gi-
ven target–projectile combination and the same energies, but the
incidence angle was 15� and C fraction in total incident flux was
slightly varied in the range of 13.4–16.5% [9]. These bombardment
conditions were simulated and experimental data were compared
to the simulation results to verify how realistic they are.

The 2D simulations demonstrate nicely that these simulations
quite naturally recover the experimentally observed range of val-
ues by using the two cases of small and large roughness. Obviously,
the W surface has areas with different roughness characteristics.
Experimental data are conditioned by the integral characteristics
of surface roughness, which vary usually for each particular sur-
face. In experiment, one may measure all the different values from
small to large roughness resulting in a relatively large scatter in the
experimental data sets. Using 1D simulations, one can partly repro-
duce the 2D results by changing the effective angle of incidence,
but this procedure is not able to get consistent results for the
two different geometries of symmetric and co-axial bombardment.
Further details of the experimental work and accompanying stud-
ies will be published soon.

5. Conclusions

Simulations on simultaneous bombardment of a W surface with
6 keV C and 3 keV D ion fluxes were performed using SDTrimSP
(1D case for a perfectly smooth surface) and SDTrimSP-2D codes
(2D cases for small and large roughness). The 1D simulation pre-
dicts that for an angle of incidence of 45� the surface is continu-
ously eroded by the ion fluxes. In the case of a rough surface,
marginally higher sputter yields and higher areal densities of im-
planted C have been observed. Such simultaneous increase of the
sputter yield and C implantation is possible due to lateral non-uni-
formity of the surface and geometrical factors (local incidence an-
gles). Parts of the surface with increased local angles of C ion
incidence are sputtered more effectively. Parts perpendicular to
the C ion flux are more prone to C deposition. In case of co-axial
flux arrangement, the rough surface tends to prevent W sputtering
by re-arranging the surface profile into parts, which are almost
perpendicular and parallel to the C and D ion flux.
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