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Abstract

The simultaneous bombardment of a W surface by hydrogen isotopes and carbon impurities leads to synergistic
effects with significantly different plasma—wall interaction properties compared to the ones of pure hydrogen or pure
carbon bombardment. Simultaneous impact of carbon and hydrogen ions has been realised by irradiation of W targets
with CH7 radicals produced by a high current ion source. For comparison, the same experiment was also carried out
with C" ions. The measured evolution of the target weight as a function of irradiation fluence and the final amount of
deposited carbon are compared to a simple model of erosion-deposition balance. This allows one to derive the de-
pendence of the carbon sputtering yield on both the impacting ion species and the target temperature. © 2001 Elsevier

Science B.V. All rights reserved.

Keywords.: Erosion; Tungsten; Carbon; First wall materials

1. Introduction

For plasma-facing components of future fusion
devices it will likely be necessary to use several dif-
ferent materials. This is because there is, at present, no
known material, which can meet the necessary physi-
cal and technical requirements at all first wall and
divertor locations. A promising material combination
in divertor machines is carbon for the strike point
zones of the target plates, which alleviates the effect of
potential power excursions, and tungsten for the baffle
region at the divertor throat. Outside the divertor,
carbon-based materials might also be used as material
for start-up limiters. In such a configuration carbon
will migrate through the plasma and redeposit also at
the tungsten surfaces [1]. The simultaneous bombard-
ment of the W surface by hydrogen isotopes and
carbon impurities leads to synergistic effects with sig-
nificantly different plasma-wall interaction properties
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compared to the ones of pure hydrogen or pure car-
bon bombardment.

To study the underlying physical processes under
controlled conditions, the simultaneous impact of car-
bon and hydrogen ions has been realised by irradiation
of a W target with CHJ radicals produced by an ion
source. For comparison, the same experiment was also
carried out using C* ions. Earlier investigations have
shown that the experimental data for C* impact on
tungsten at room temperature are well reproduced by
TRIDYN simulations [2]. The simulations failed, how-
ever, to reproduce the experimental results for C* im-
pact at elevated target temperatures as well as the results
for CHJ impact. There have been attempts to explain
the results for C* impact at elevated temperatures by
including diffusion effects into the simulation [3]. It is
obvious, nevertheless, that the models for the basic
physical processes in the simulations are incomplete. In
this paper, therefore, a simple phenomenological model
is introduced to describe the particle balance between
erosion and deposition on the target by a set of material
parameters such as erosion yields and reflection coeffi-
cients. The model is compared to the experimental data
and used to obtain information on the interdependencies
of the included parameters.
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2. Experimental

Tungsten targets with temperatures ranging from
room temperature up to 800°C were irradiated with
CHJ radicals and C* ions, respectively. The energies of
the radical ion beam (3 keV) and of the pure carbon ion
beam (2.4 keV) were chosen such that the energy of the
impacting carbon atoms was always the same [2]. Dur-
ing the bombardment process, the weight change of the
tungsten samples was determined at different fluences
using an in situ microbalance with an accuracy of better
than 1 pg. At the end of the irradiation procedure the
amount of carbon in the surface layer of the samples was
determined simultaneously by nuclear reaction analysis
(NRA) using the reaction '>C(*He,p,)"*N and by
Rutherford back-scattering analysis (RBS) [2].

3. Model

Similar to the ansatz by Naujoks et al. [4,5] we de-
scribe the erosion of target material and the implanta-
tion and re-erosion of impacting ions by a set of rate
differential equations:
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where nc and ny are the eroded/implanted fluences of
carbon and tungsten from/to the target. I'c and I'y de-
note, respectively, the carbon and hydrogen flux im-
pacting at the target. R is the reflection coefficient of the
carbon ions at the pure tungsten surface and Y is the
sputtering yield of element x bombarded by element .
With increasing carbon concentration the reflection co-
efficient decreases to approximately zero for a pure
carbon surface. This is taken into account by multiply-
ing R by 1 — fc. Further, we assume that erosion and
deposition processes occur uniformly distributed in a
layer of constant thickness and density with, corre-
spondingly, constant area density 7 = 7ic + 7w of carbon
and tungsten atoms. fc = iic/n represents the carbon
concentration at the target surface, which is assumed to
be constant in the layer. 7 does not correspond to the
actual penetration depth of the impacting ions, which is
much smaller than the thickness of the model layer.
Within the frame of the model 7 in fact represents the
typical fluence scale of the system to reach stationary
conditions.

Since the thickness of the layer is a constant, the
addition or removal of particles at the surface must be
balanced by a corresponding particle source or sink at

Je=

the interface to the target bulk material. In case of net
deposition, dnc/dt+ dnw/dt >0, we define a sink
weighted with the concentration of the respective spe-

cies:
diic dnc dnc dnw
@@ e ( dr ) ' @)

Using this relation one obtains a non-linear differential
equation for fc(¢):

dfe  1dnc
dr @ odr
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One can solve the equation analytically and obtain:
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In case of net erosion, the corresponding particle source
consists only of tungsten and therefore

dflc o dl’lc
FTER T (5)

This leads to a linear differential equation for fc(¢):
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with the solution

;C__IZ (l—exp(—(YC—R)%)). (7)

Fig. 1 shows the solutions for the two cases of net ero-
sion and net deposition. It should be noted that cases of
initial net deposition can turn into net erosion at a cer-
tain fluence and vice versa.

Inserting Eqgs. (4) and (7) in (1), one can solve for
nc(t) and nw(¢). The weight change of the target is then
given by

Aw = mcnc + mynw, (8)

which can be compared with the measured evolution of
the weight change as a function of fluence. Furthermore,
the total amount of carbon measured after irradiation
corresponds to nc(fend)-
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Fig. 1. Time evolution of fc for a case with net deposition
(Yc = 0.5) and net erosion (Yo = 1.5).

4. Results and discussion
4.1. Weight change measurements

A set of targets was irradiated, with both C* and
CHJ species, at different temperatures, ranging from
room temperature up to 800°C. The particle energy was
2.4 keV for C* and 3 keV for CHJ . In the case of CHJ,
it is assumed that the energy is distributed according to
the atomic masses upon fragmentation in the target [2].
The resulting energy of the carbon ions is therefore the
same in both cases.

Fig. 2 shows the weight change as a function of flu-
ence for CH] and C' irradiation of targets at room
temperature. In both cases the probe initially loses
weight due to erosion of tungsten. Because of the en-
richment of carbon in the surface layer, the erosion de-
creases until, at a certain fluence, the weight gain due to
deposition of carbon prevails. In the case of CHY, the
maximum weight loss and the slope of the weight in-
crease after reaching equilibrium conditions is smaller
than in the case of C™.

The weight loss according to the model described in
Section 2 (Eq. (8)) was fitted to the experimental data by
assuming a tungsten reflection coefficient of R = 0.39 [6],
and a tungsten sputtering yield, for carbon impact, of
Y$ = 0.37 according to TRIM simulations [7]. The
carbon erosion rate, Yc, and the scaling fluence, 71, were
used as fit parameters. As can be seen in Fig. 2, there is a
very good agreement between the model and the ex-
perimental results. The resulting fit parameters are
Yo =034, 1=2.8x 10" cm~2 for C' irradiation. For
CH; irradiation one obtains Yc=0.68, 1=
2 x 10" ¢cm~2. The increase of the carbon erosion yield
due to the additional impact of hydrogen, taking also

100

e C

80 , o

2]
o
T

N B
o o
T L

o
i

weight change [ug cm?]

o
o
T
1

A
o

0.4 0.8 1.2
ion fluence [10"°cm™]

©
(=)

Fig. 2. Weight change of tungsten targets at room temperature
as a function of irradiation fluence. For C*, the experiments
were performed on two targets denoted by circles and squares.
In addition, the graph shows the weight change according to the
analytical model with parameters fitted to the experimental
results.

into account chemical erosion, is YiI'y/I'c =3Y ~
0.03 [7]. This value is too small to account for the
experimental difference between the C* and CHY
behaviour as an effect of a linear superposition of carbon
self-sputtering and erosion by hydrogen. One might
assume that the additional dilution of the near-surface
area by implanted hydrogen, which is not included in the
model discussed above, might lead to a slower growth of
the carbon deposition. TRIDYN simulations have
shown that the resulting effect is also much smaller than
necessary to explain the observations [2].

The weight change for irradiation of targets at 500°C
is shown in Fig. 3. At this temperature, the weight
change, as a function of irradiation fluence for C*
bombardment, shows a similar behaviour as for room
temperature. The slope of the weight gain due to carbon
deposition is, however, significantly smaller. For CHy
bombardment one finds a completely different beha-
viour. The weight loss as a function of irradiation flu-
ence is much steeper and there is no sign of a turn-over
to deposition within the range of fluences covered by the
experiment. This is also reflected by the parameters
obtained in fitting the modelled weight loss to the ex-
perimental data, where the erosion yield for the CH3+
bombardment, Y- = 1.61, now exceeds 1. For C* the
respective value is Yo = 0.67. It should be noted, how-
ever, that experimental uncertainties, in the case of net
erosion, are considerably larger because the experimen-
tal data cover only a limited fluence range. A minimum
with subsequent net deposition at even higher fluences,
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Fig. 3. Weight change of tungsten targets at 500°C as a func-
tion of irradiation fluence. For C*, the experiments were per-
formed on two targets denoted by circles and squares. The
weight change according to the analytical model with parame-
ters fitted to the experimental results is shown as in Fig. 2.
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Fig. 4. Erosion yields as a function of target temperature. In
addition results are shown for carbon self-sputtering yields [8].

would necessarily reduce the carbon erosion yield in the
model to a value below 1.

Fig. 4 shows the erosion yields as a function of target
temperature for both impacting species. All the values
above 1 reflect cases where the initial weight loss con-
tinued up to the highest experimental fluence. Even
taking into account the corresponding uncertainties,
there is a clear increase of the obtained carbon erosion

with increasing temperature. In addition, the values for
CHJ clearly exceed the yields for pure carbon bom-
bardment. As discussed above, the respective differences
cannot be explained by the additional carbon erosion of
the impacting hydrogen ions. The steep increase of the
erosion yield, above temperatures of =~ 600°C to values
exceeding measured carbon self-sputtering yields [8] (see
Fig. 4), indicates that additional processes must be in-
voked to explain the experimental results. Apart from
thermally enhanced erosion, a mechanism similar to
radiation enhanced sputtering, diffusion processes might
lead to an additional loss term of carbon from the target
surface into the bulk [9]. With such an additional loss
term, a correspondingly lower erosion yield would be
required to model the observed weight change.

4.2. Total carbon deposition

The final amount of carbon deposited on the tung-
sten targets, as obtained from ion beam analysis after
beam exposure, is shown in Fig. 5 for the different target
temperatures. Since the final irradiation fluence varied
from target to target, there is no systematic dependence
on temperature. It is more important, however, to
compare these measurements with the respective ana-
lytical model results, which were obtained using
the erosion yield and scaling fluence from the fits to the
weight change measurements. Except for one sample the
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Fig. 5. Total amount of deposited carbon at the end of the
irradiation measured by ion beam analysis. The corresponding
amount derived from the model by using the parameters from
the fit to the weight loss results is multiplied by a constant
factor of 1.6 to account for systematic errors in the calibration
of the ion beam current integration.
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results agree very well with the experimental findings.
The good agreement of the model with two independent
measurements, i.e., weight loss and carbon deposition, is
a good confirmation for the validity of the model as-
sumptions.

5. Conclusions

Tungsten targets were irradiated with CHJ radicals
and carbon ions at different target temperatures. The
measured weight change, as well as the final amount of
carbon deposited on the targets, can be successfully
described by a simple model. The model approximates
the complicated implantation and erosion processes by a
set of rate equations for the balance between erosion and
deposition in an interaction layer of constant thickness.

The carbon erosion yields, obtained by fitting the
model weight loss function to the experimental results,
increase with target temperature. For target tempera-
tures above = 600°C, the results indicate a transition
from net deposition to net erosion conditions. Thermally
enhanced erosion and diffusion processes possibly could
account for the increase of the carbon erosion yield at
these temperatures.

The erosion yields, in the case of CH; bombardment,
exceed the corresponding results for pure carbon bom-
bardment by an amount, which cannot be explained by
superposition of carbon self-sputtering and the addi-
tional erosion due to hydrogen impact.
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