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Simulation study on influence of chemically eroded
higher hydrocarbons on SOL impurity transport and effect
of dynamical material mixing on erosion/deposition
of tungsten surfaces exposed to boundary plasmas
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Abstract

Local transport of CD and C* generated through the reaction chains of CDy4, C,D, and C3Dg chemically eroded
from C targets exposed to the boundary plasmas and generated through C° emitted from the C targets is simulated.
The simulation reproduces the CD and CII emission distributions measured in TEXTOR-94. For CD, there are a
strong contribution of C,D,4 and a weak contribution of C3Dg4 near the target. For CII, contributions of C,D4 and
C;D¢ are weak. By changing the C impurity concentration and target temperature, erosion/deposition of W targets
exposed near and far from the last close flux surface is also simulated. The near—far asymmetry observed in
TEXOR-94, which means erosion of the near target and deposition on the far target, is qualitatively reproduced

depending on the plasma parameters, the C impurity concentration and the target temperature.
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1. Introduction

For a plasma-facing material in the divertor, C and
W are the excellent candidates. In terms of the impurity
level, however, transport of hydrocarbon species eroded
through chemical reactivity of C with D" in the scrape-
off layer (SOL) is a crucial issue [1]. The hydrocarbon
transport makes the impurity control more difficult.
Thus, it is necessary to clarify how the hydrocarbon spe-
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cies influence the impurity transport. From the view-
point of the target lifetime, material mixing between C
and W on a W target exposed to D plasmas including
C impurity is also a crucial issue [2]. The previous study
showed that the diffusion of C impurity deposited on the
W target contributes to the material mixing [3]. Thus,
the effect of material mixing resulting from collision
and diffusion processes on the erosion/deposition of
the W target needs to be cleared up.

In this study, an influence of chemically eroded
hydrocarbons, CDy4, C,D4 and C;Dg, on the local trans-
port of C impurities, CD and C*, in the SOL plasma is
investigated using a plasma-surface interaction code,
EDDY [4]. Also, effect of the material mixing on
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erosion/deposition of W targets during the exposure is
investigated by changing the C impurity concentration
in the plasma and the target temperature. Emphasis is
put on a change in the local transport for different
plasma parameters. For the W targets, attention is paid
to a dependence of the erosion/deposition upon the
plasma parameters, the C impurity concentration and
the target temperature. The results are compared with
TEXTOR experimental data [2,5].

2. Simulation code for plasma—surface interactions at
carbon and tungsten surfaces

EDDY calculates local transport of CDy4, C,D4 and
C;Dg chemically eroded from C targets exposed to the
boundary plasmas and that of C° emitted from the C
targets (reflection plus physical erosion). The local trans-
port is based on the Lorentz force motion, including the
ionization and dissociation reactions with e~ and
the charge exchange reactions with D* in the plasma.
The atomic and molecular reactions are modeled to
occur according to the reaction rates as a function of
electron temperature [6-8]. The emission energy of the
hydrocarbons is simply assumed to be the Maxwellian
distribution with the target temperature, which is par-
tially justified around the peak [9]. For the atoms, the
emission energy is based on the binary collision model
[10]. The sticking coefficient of hydrocarbons locally re-
turned back to the targets is assumed to be 0%: the lo-
cally returned CD, (x = 14) is re-eroded as CDy. The
assumption is justified by the result: the code reproduces
the '*C deposition pattern in the >CH, gas puffing
experiment on TEXTOR [11]. The particle transport is
followed until the eroded impurity particle either is rede-
posited on the targets or leaves the computational
domain [4].

Also, EDDY calculates temporal evolution of ero-
sion/deposition of W targets exposed to D plasmas
including C impurity, resulting from material mixing
between the W target and the deposited C due to the col-
lision and diffusion processes [4]. In the collision process,
the C deposition, erosion of the W target and the depos-
ited C, and the resultant composition change in the tar-
get are simulated based on the binary collision model
[10]. The diffusion process is based on the diffusion equa-
tion with the diffusion coefficient D = Dyexp(—Q/kgT),
where kg is the Boltzmann constant and 7 is the target
temperature. In this study, the diffusion coefficient
Dy=3.15x10"m%*s and the activation energy
Q0 =1.78 ¢V are used for C in W, which were obtained
in another diffusion experiment [12]. By using the diffu-
sion coefficient, the EDDY simulation reproduced the
measured weight change of a W target by C* impact
[13] and the measured depth profile of C impurity depos-
ited on a W target exposed to a D* plasma including C**

impurity [3]. The temporal evolution of erosion/deposi-
tion is calculated by alternately simulating the two pro-
cesses, which is identical with TRIDYN/PIDAT [14].

3. Results and discussion

3.1. Local transport of higher hydrocarbons chemically
eroded from carbon surfaces for different plasma
parameters

The simulation for the hydrocarbon transport is
based on experimental conditions for a C test limiter ex-
posed to the TEXTOR-94 edge plasmas [15]. The top of
the limiter is located at a minor radius of r ~ 46 cm, at
which there is the last closed flux surface (LCFS) formed
by a graphite main limiter. The radial distributions of
edge plasma density and temperature fitted exponen-
tially to those measured by the Li- and He-diagnostics
are used. The density and temperature at the LCFS
are nercps = 102 em™ and Thicps = 30eV, respec-
tively, and their e-folding lengths are A, = 2.0 cm and
Ate = 2.5 cm, respectively [5,16]. Based on the experi-
mental features, D* and C* are used as plasma ions,
assuming 7; = T, [16].

Assuming that the total chemical erosion yield,
Yeuem = Yepa + Yoopa + Yespe 18 Yeuem = 0.045
(YCD4 = 0037, YC2D4 = 0007, YC3D6 = 0001), the
behavior of CD and C* penetration into the plasma
from the C target exposed to the D* plasma including
C*" impurity is simulated as shown in Fig. 1. The value
of Ycuewm is based on the TEXTOR experiment [15]. As
a simple model, the three high erosion yields of the C;-,
C,- and C;-containing molecules are preferentially cho-
sen, and the yield ratios of Ycopa/ Yeps and Yespe/ Yepa
are determined based on 200eV D beam exposure
experiment on graphite at 700 K [1]. As shown in Fig.
1(a), the penetration of CD generated through the
CDy4, C,D4 and C3Dg reaction chains (black thick
curves) is in a good agreement with the measured CD
light emission distribution [15]. Therefore, the chemical
erosion of CDy4 determines the CD penetration at the
distance more than ~0.5 cm from the target, whereas
the contribution of C,D, dominates near the target.
The contribution of C;Dg¢ is weak because Ycspg is
low. Therefore, the contribution of C,D4 to the CD pen-
etration is not negligible near the target. For C* gener-
ated through the C°, CD,, C,D, and C;Dg reaction
chains (black thick curve), the measured CII light emis-
sion distribution [5] is also reproduced (1(b)). There is a
strong contribution of CDy at less than ~2.5 cm from
the target, and that C° dominates further.

If the density increases to 7 crs = 103 em ™3, the
CD and C" penetration is significantly suppressed as
shown in Fig. 2(a) and (b). The suppression is due to
the higher local redeposition: for the high density, the
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Fig. 1. Radial penetration profiles of (a) CD and (b) C*
generated through the reaction chains of CDy4, C,D4 and C3Dg
chemically eroded from the C target and generated through
those of C° emitted from the C target. Open circles in the figures
indicate the experimental data of CD and CII light intensities,
respectively [5,15].

redeposition rates of the hydrocarbons (Rcpg = 17%,
Rcops = 60% and Respg = 78%) are higher than those
at the low density (Rcps = 1%, Rcops=20% and
Rcsps = 30%), respectively. Also, the contributions of
the higher hydrocarbons are weakened compared with
those of CD,. Therefore, at the high density, the CD
and C* penetration is dominated by the contribution
of CD, and C°.

However, if the temperature decreases below
Tercrs = 30 eV, the result may be different. According
to the D" exposure experiment, Ycps,Ycops and
Yc3pe become lower if the exposure energy decreases,
but the yleld ratios of YC2D4/ YCD4 and YC3D6/ YCD4 be-
come higher [1]. Also, the local redeposition would
hardly occur at the low temperatures, because the reac-
tion rates of C,D,, with ¢~ become lower [6-8]. In addi-
tion, another study shows that, for a fresh re-deposited
layer, the chemical erosion is more enhanced [17]. There-
fore, under the detached plasma conditions in the diver-
tor, the contributions of the higher hydrocarbons on the
CD and C* penetration may be enhanced.
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Fig. 2. The same as Fig. 1, but necps=10"cm™>

experimental data).

(no

3.2. Erosionldeposition of tungsten surfaces for different
carbon impurity concentrations and target temperatures

The simulation for erosion/deposition of the W tar-
gets is based on experimental conditions for a 300 nm
thick W layer on a graphite sample exposed to the TEX-
TOR-94 edge plasmas [2]. The target is inclined by 20°
to the toroidal magnetic field. For the plasma density
and temperature, the exponentially fits are used [2]:
Nercrs = 10 cm® (Ape = 2.55cm) and Topcps = 40 eV
(A1e = 7.5 cm). In the simulation, the C impurity concen-
tration in the plasma and the target temperature are var-
ied, because their experimental values are uncertain
[2,18]. For the simulation, attention is paid to the two
W spot targets exposed near and far from the LCFS
(at r =49.3 cm and 50.1 cm).

By changing the C impurity concentration and the
target temperature, a change in temporal evolution of
erosion/deposition of the two targets is simulated as
shown in Fig. 3. The C impurity concentration signifi-
cantly changes the target temperature dependence of
the erosion/deposition. For a low C impurity concentra-
tion (C:2.0%), with increasing target temperature, there
is a transition from erosion to deposition at both the
near and far targets (Fig. 3(a) and (b)). Namely, the
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Fig. 3. Temporal evolution of erosion/deposition of the W
targets for different C impurity concentrations and target
temperatures. On the vertical axis, plus and minus signs show
deposition and erosion, respectively.

two targets show the same temperature dependence. The
transition is because the deposited C expands deeply by
the diffusion, which results in formation of a thick W—C
mixed layer (not shown here).

If the C impurity concentration increases to C:4.7%,
there is a significant difference in the temperature depen-
dence between the two targets. The near target shows the
same temperature dependence as for C:2.0% (Fig. 3(c)).
The far target shows a non-monotonic excursion, which
means that deposition and erosion occur alternately
with increasing target temperature (Fig. 3(d)). The
excursion is also found in another simulation study of
a W target irradiated with H* and C* mixed beam
[19]. This results from a synergistic effect of the diffusion
and the reflective scattering collision from the W-C
mixed layer near the surface [20]. Namely, the impinging
ions tend to be reflected from the W atoms in the W—C
mixed layer formed by the diffusion. The reflected ions
knock off the C atoms from the top surface. As a result,
erosion of the deposited C is enhanced (compared with
that of pure C bulk), which results in the first transition
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Fig. 4. Dependence of erosion/deposition of the W targets
upon the C impurity concentration and the target temperature.
Black and gray curves correspond to the critical C impurity
concentrations at which a transition from erosion to deposition
occurs for the targets near and far from the LCFS, respectively.

from deposition to erosion. The second transition from
erosion to deposition results from the same reason as
for C:2.0%. For C:5.2%, the different trend occurs.
The near target shows the excursion (Fig. 3(e)), whereas
the far target shows deposition only, but its amount is
changed (Fig. 3(f)). The reason for the deposition only
is simply that the deposited C is thick enough not to
be eroded.

A relationship of the erosion/deposition of the two
targets with the C impurity concentration and the target
temperature is summarized in Fig. 4. For the near target,
the critical C impurity concentration at which a transi-
tion from erosion to deposition occurs decreases with
increasing target temperature. For the far target, the
same trend occurs, but the critical C impurity concentra-
tion is lower. The difference in the critical C impurity
concentration between the two targets causes the near—
far asymmetry in the erosion/deposition, which means
erosion of the near target and deposition on the far tar-
get, at the (b) region delimited by the black and gray
curves in Fig. 4. For example, even at C:2.0%, the
near—far asymmetry is found to occur if the target tem-
perature is high. The results in the (b) region qualitatively
reproduce the TEXTOR-94 experimental data [2], which
occur depending on the plasma parameters, the C impu-
rity concentration and the target temperature.

4. Conclusion

Radial penetration of CD and C* generated through
the reaction chains of CD,4 C;D4 and C3;Dg chemically
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eroded from C targets and generated through those of
C° emitted from the C targets have been simulated.
The results reproduce the CD and CII emission distribu-
tions measured in TEXTOR-94. For CD, there is the
strong contribution of C,D4 near the target. For CII,
the contributions of C,D,4 and C;Dg are weak. If the
plasma density increases to ~10'* cm™3, however, there
is little contribution of the higher hydrocarbons to the
CD and C* penetration, which is dominated by the con-
tribution of CD, and C°.

By changing the C impurity concentration and the
target temperature, erosion/deposition of W targets ex-
posed near and far from the LCFS due to the material
mixing has been simulated. The results show that the
erosion and deposition alternate with increasing target
temperature, and that the C impurity concentration
changes the target temperature dependence of erosion/
deposition. The critical C impurity concentration is also
shown to decrease with increasing target temperature.
The near—far asymmetry observed in TEXTOR-94 (ero-
sion of the near target and deposition on the far target)
is qualitatively reproduced depending on the plasma
parameters, the C impurity concentration and the target
temperature.
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