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Abstract

Amorphous hydrogenated carbon films have found various applications due to the unique combination of properties of
this material. In tokamak-like fusion reactors, this material is subject to bombardment primarily by H, but also to smaller
amounts of noble gas ions. The effect of these low energy noble gas ions on the erosion of carbon is however not known. In
this work, both cumulative and non-cumulative bombardment simulations were performed of hydrogen, helium, neon, and
argon ions impinging onto a-C:H surfaces at energies ranging from 2 to 10 eV, employing a reactive hydrocarbon potential
model. At noble gas/hydrogen ratios of 1/10 we saw no significant difference between the sputtering yields obtained from
the bombardment simulations of different noble gas ions. A marked difference in the surface morphology was, however,
observed between the final simulation cells from the 5 eV and the 10 eV ion bombardment simulations.
� 2006 Elsevier B.V. All rights reserved.

PACS: 82.20.Wt; 79.20.Ap; 34.50.Dy; 52.40.Hf
1. Introduction

The interest in amorphous hydrogenated carbon
(a-C:H) layers has been continuously increasing
during the last decades. One of the most technically
and scientifically challenging applications of these
materials is the use of carbon-based coatings as a
protective surface for the first wall structures in
tokamak fusion devices. Due to the excellent plasma
facing properties, carbon-based materials are prom-
ising candidates for coating the divertor plates, and
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hydrogenated carbon-based materials will most
probably be produced at the surface in ITER
through interaction with the boundary plasma [1].
The main drawback of using carbon as a first wall
material has, however, proven to be the co-deposi-
tion of tritium and the chemical erosion caused by
the impacts of low-energy (1–100 eV) hydrogen ions
and neutrals escaping from the core plasma. This is
an important application of energetic particle-
surface interaction theory in the prediction of the
erosion of tokamak fusion reactor walls.

The erosion mechanisms of carbon at low plasma
temperatures, that is, low ion impact energies, can
principally be classified as chemical sputtering. This
denotes the ejection of molecular species from the
.
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surface as a result of formation and breaking of
chemical bonds. Carbon based plasma facing com-
ponents are also very efficiently eroded by oxygen
with the formation of carbon oxides. With a selec-
tion of good gettering materials in the first wall,
the effect of oxygen can, however, be suppressed,
in contrast to the intense flux of low-energy hydro-
gen which always is present.

Another major issue to be dealt with in the design
of plasma facing components is the erosion of car-
bon surfaces by impurity ions, i.e., ions which are
not the main plasma constituents, hydrogen, deute-
rium or tritium. These ions, the most important
ones being argon, neon and helium, will not only
erode the carbon surface but also penetrate it.
Mixed layers which are formed with different car-
bon/ion ratios could be re-eroded by incoming
hydrogen ions. Therefore, the erosion behavior of
these layers should be studied during the deposition
of hydrogen.

The aim of the current work is to obtain an
understanding of whether and how the noble gas
ions affect the buildup of hydrogen and carbon ero-
sion from a-C:H plasma facing materials.

In our previous works of hydrogen bombardment
onto a-C:H surfaces [2–5], we have shown that car-
bon molecules can erode from a-C:H by the swift
chemical sputtering mechanism, where low-energy
(P2 eV) hydrogen ions penetrate between two car-
bon atoms, which can cause chemical bonds to break
and thus lead to erosion of hydrocarbon molecules.
In simulations of prolonged H bombardment, the
predominant hydrogen erosion mechanism for low
H fluences was ion reflection from the surface [4,5].
When the dose increased, the ion reflection decreased
and the sputtering of hydrogen molecules became
more and more frequent. The number of hydrogen
atoms in the a-C:H cell increased rapidly during
the first 500–1000 impact events, and eventually
reached a steady-state. Due to replacement colli-
sions, driving surface hydrogen deeper into the cell,
small increments occurred after �2000 impact
events. Since the H/C ratios in the simulation cells
were clearly higher than the bulk saturation value
of �0.4, the concentration due to the high-flux bom-
bardment was designated the term supersaturated.
The high hydrogen content lead to the shielding of
carbon atoms from new incoming hydrogen ions,
and thus a decrease of roughly an order of magni-
tude in the carbon erosion yield.

Reduced carbon erosion yields at extremely high
flux densities (�1022–1023 m�2 s�1) have been
reported both in tokamaks [6–9] and in plasma sim-
ulators [10]. The data for the flux dependence were
recently reviewed by Roth et al. [11]. The assump-
tion that the carbon erosion yield YC is dependent
on the ion flux density C as YC = C�a, has given a
values of �0.4–1.25. Since the ion fluxes onto the
divertor plates in ITER are estimated to be as high
as 1024 m�2 s�1 this effect could be favorable to the
use of carbon in these plates. The supersaturated
hydrogen concentration at the surface is a reason-
able explanation for this flux dependence of the C
erosion yield in tokamak and plasma simulator
experiments.

2. Simulation method

The bombardment of hydrogen and noble gas
ions onto a-C:H surfaces was performed by means
of MD simulations. We employed the reactive
bond-order potential energy function due to Bren-
ner–Beardmore in its second parameterization [12]
in order to model the hydrogen and carbon interac-
tions in our simulations. This potential provides a
reasonable description of the bulk phases of carbon
and the changes in atomic hybridization due to
chemical reactions. Many studies involving interac-
tions of hydrocarbons with carbon surfaces have
therefore been carried out using this potential
[13–17]. Moreover, a large advantage in using an
empirical force model such as this one is that it is
computationally much more efficient than quantum
mechanical force models. This enables us to deal
with system sizes and time scales relevant in the
present study. Although this model is not as accu-
rate as quantum-mechanical methods, it retains
the essential characteristics of the chemical bond.
In our simulations the equations of motion were
solved using a fifth-order predictor–corrector Gear
algorithm, and the scaling methods of Berendsen
et al. [18] were used for the temperature and pres-
sure control.

The creation of a-C:H cells to be used in our
bombardment simulations consisted basically of
four different phases: construction of random cells,
annealing of the cells in order to find stable struc-
tures, attaining desired carbon coordination frac-
tions, and creation of surfaces. A total of 4
simulation cell samples with slightly different
compositions were created in order to improve the
statistical significance of our results.

In the initial sample manufacturing phase 1000
atoms were randomly distributed in a box with the
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dimensions 15 · 15 · 30 Å. In order to match the
experimentally observed saturation value at 300 K
[20,19] the hydrogen–carbon ratio was aimed to be
about 0.4. We ensured that the minimum separation
was at least 1.5 Å between the carbon atoms, and
1.1 Å between carbon and hydrogen atoms. After
this, annealing of the cell was done in order to find
a stable structure. Periodic boundary conditions
were applied in all directions, and the cell was equil-
ibrated at temperatures of �4000 K. By quenching
the cell to 0 K, the lowest possible energy configura-
tion for the structure was achieved. In order to over-
come possible potential barriers a few more runs at
lower temperatures �1000 K were done. The
desired sp2 and sp3 bonding fractions for the carbon
atoms were then achieved by placing the cells under
high pressures of �10–1000 kbar. After this, the
samples were relaxed once more at zero pressure
and temperature. Removal of the periodic boundary
conditions in one direction was done in order to cre-
ate a free surface, and atoms within a distance of
2 Å of the bottom of the cell were fixed in order
to imitate a bulk layer underneath. The cell was
eventually equilibrated at 300 K for 50 ps so that
artificially broken bonds could be cured. After this
procedure physically sensible sp2–sp3 ratios and a
stable surface was obtained. The calculated values
for the final densities of the different cells were
�2.4 g/cm3 and the fraction of the three- and
four-fold coordinated carbon atoms ranged between
60%–70% and 25%–40%, respectively. One of the
original surfaces is depicted in Fig. 1(a).

The bombardment simulations were commenced
by placing a noble gas or hydrogen atom above the
cell surface, at a distance larger than the cutoff
Fig. 1. Snapshots over the original surface (a), and surfaces after 3000
impinging hydrogen ions.
radius of the model. The atom was assigned a speed
equivalent to 2, 3, 4, 5 or 10 eV, and aimed at the
surface at a normal angle of incidence. The surface
was uniformly sampled and the point of impact was
chosen randomly.

In this study we performed two main sets of ion
bombardment simulation runs: cumulative and non-

cumulative. In the cumulative bombardment simula-
tions the cell from a previous run was used in every
new simulation run. This line of action allowed us to
mimic a-C:H layers being bombarded several times
and to investigate the hydrogen build-up at the sur-
face. Species that had been sputtered, that is species
not bound to the surface with covalent bonds in the
end of the simulation, were removed and the cell
was relaxed at a temperature of 300 K before the
next ion was launched toward the surface. Cumula-
tive simulation runs were carried out for ions with
energies of 5 and 10 eV in the following cases:
90% H + 10% Ar, 90% H + 10% Ne, 90%
H + 10% He, 100% Ar, 100% Ne and 100% He.
Additionally pure H bombardment simulations
were performed for the ion energies 2, 3, 4, 5 and
10 eV. We employed various initial boxes for each
combination of ion energy and species in order to
obtain statistically significant results.

In our non-cumulative runs the same initial cell
was used for every incident ion. As target cells, we
employed a-C:H cells obtained after 0 (the original,
unsaturated cell), 500 and 2000 cumulative bom-
bardment simulations of both pure H and H +
10% Ar ion impacts. These target surfaces were then
used in non-cumulative simulations of 100% H and
H + 10% Ar ion bombardment simulations, where
the ions were given energies of 5 and 10 eV.
cumulative bombardment simulations of 5 eV (b) and 10 eV (c)
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Fig. 2. Carbon sputtering yields obtained from cumulative
bombardment simulations with hydrogen. The energies of inci-
dent particles were distributed according to a Maxwell–Boltz-
mann distribution.
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Fig. 3. Evolution of carbon and hydrogen atoms in the samples
during cumulative bombardment simulations with hydrogen. The
energies of incident particles were distributed according to a
Maxwell–Boltzmann distribution.
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The simulation runs consisted of up to 10000 ion
impacts, and each ion bombardment was simulated
for 5 ps. In the cumulative bombardment simula-
tions the cell was additionally relaxed for 5 ps
between every simulation run. We employed
mono-energetic irradiation in all simulations with
5 and 10 eV ions. A Maxwell–Boltzmann energy
distribution was additionally used to set the energy
of hydrogen ions in the pure hydrogen cumulative
bombardment simulations, where the ions had ener-
gies of 2, 3, 4, 5 and 10 eV, in order to investigate
the differences between these two energy distribu-
tions. Detailed analyses of the evolution of hydro-
gen and carbon atoms in the cell as well as the
types and the numbers of the sputtered species were
performed at the end.

3. Results

3.1. Co-bombardment with noble gases

The carbon erosion yields obtained from our
10 eV hydrogen and noble gas cumulative ion bom-
bardment simulations ranged from (36 ± 5) · 10�3

to (30 ± 5) · 10�3 for pure hydrogen and hydrogen
co-bombardment with helium, neon and argon, see
Table 1. Calculated carbon sputtering yields in the
5 eV ion bombardments ranged from (6 ± 2) ·
10�3 to (8 ± 2) · 10�3. Within the statistical uncer-
tainties, the erosion yield does not differ for different
noble gas ions.

In the simulations with 100% H impinging at ener-
gies of 2, 3, 4, 5, and 10 eV the erosion yield
approached zero when the ion energy was decreasing
(see Figs. 2 and 3). In these simulations the energy
was set by means of a Maxwell–Boltzmann energy
distribution. By comparing the erosion yield at 5 eV
(8 ± 2) · 10�3 to the erosion yield obtained from
the 5 eV simulations with mono-energetic irradia-
tion, (7 ± 2) · 10�3, we can state that these values
do not differ within the statistical uncertainties.
Table 1
Carbon sputtering yields obtained from cumulative bombard-
ment simulations of 5 and 10 eV pure hydrogen and hydrogen
co-bombardment with different noble gases

Ions Carbon sputtering yields

5 eV (10�3) 10 eV (10�3)

100% H 7 ± 2 36 ± 5
H + 10% He 7 ± 2 34 ± 5
H + 10% Ne 8 ± 2 31 ± 5
H + 10% Ar 6 ± 2 30 ± 5
The evolution of the number of carbon and
hydrogen atoms in the samples during bombard-
ment of only hydrogen as well as hydrogen in
combination with argon, neon and helium at ions
energies of 5 and 10 eV, is depicted in Figs. 4 and
5. After �2500 events we see that the number of
hydrogen atoms starts to decrease in all simulations
where the ion energy is 10 eV. Overall, cells with
smaller hydrogen content in the beginning of the
simulation were seen to reach a saturated state later
than cells with a large initial hydrogen content.

The predominant hydrogen erosion mechanism
at the start of the cumulative simulations was ion
reflection from the surface [3,5]. When the buildup
increased, the reflection of the incoming hydrogen
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Fig. 4. Evolution of carbon and hydrogen atoms in the samples
during cumulative bombardment simulations with hydrogen, as
well as hydrogen in combination with noble gas atoms. The
energy of an incident particle was 5 eV (mono-energetic
irradiation).
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ions decreased and the sputtering of hydrogen mol-
ecules became more and more frequent. The ion flux
was high enough to result in saturation of hydrogen
at the surface.

The hydrogen erosion begins when no additional
hydrogen supersaturation can take place and the
erosion of carbon starts to become significant. In
the 5 eV cumulative ion bombardment simulations
the number of hydrogen atoms in the cell remains
on a constant level. The 5 eV ions do not penetrate
deep into the sample which means that a dense sur-
face layer which is hard to erode will be formed. The
10 eV ions, however, penetrate deeper, leading to
the formation of loosely bound hydrocarbons. In
Fig. 1 the uppermost part (surface) of the simulation
box is depicted from snapshots of the original sim-
ulation cell, and the simulation cell after 3000 cumu-
lative bombardment simulations of 5 eV and 10 eV
impinging hydrogen ions.

In the non-cumulative simulations we also
obtained higher hydrogen and carbon erosion yields
from the simulations with higher ion energies. Since
one single surface is used in one set of simulation
runs in these simulations, the result will be highly
dependent on what the surface configuration of this
selected cell happens to be, and one could expect the
result to differ a lot between different simulation
runs. This is why we considered the cumulative sim-
ulations more reliable for obtaining a sputtering
yield than the non-cumulative.

3.2. 100% noble gas bombardment

Since no difference was observed between the
cumulative bombardment simulations with 0 and
10% noble gas co-bombardment, we also examined
the case of 100% noble gas bombardment, where
one would certainly expect a large difference to the
other cases. As expected, when no hydrogen was
introduced into the cell, the surface hydrogen con-
tent steadily decreased under the bombardment sim-
ulations of 100% Ar, He and Ne (see Fig. 6). Also
here a significant dependence on the ion energy
was observed. No carbon erosion was observed in
these cases, which is natural since these ions are
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larger than hydrogen and interact almost purely
repulsively with carbon. Hence they are very unli-
kely to enter between two carbon atoms in a way
which could lead to swift chemical sputtering.

3.3. Analysis of sputtered species

Even though we stated a clear difference in the
hydrogen build-up and carbon erosion yields
between the 5 and the 10 eV ion bombardment sim-
ulation runs, we noticed that the C2Hx species was
the dominating sputtered species in all our simula-
tions, both cumulative and non-cumulative runs.
This is visualised in Fig. 7, where the number of
different kinds of sputtered hydrocarbon molecules
during different periods of the cumulative simula-
tion runs are depicted. The analysis were done for
the first 500 and the last 5000 (3000–8000) cumula-
tive bombardment events. Under the first 500 bom-
bardment events we saw no sputtering of larger
molecules (CxHy with x > 4). The largest sputtered
carbon species, C18Hx, were seen in the 10 eV pure
H, as well as H + 10% Ar cumulative ion bombard-
ment simulations. Generally larger molecules were
sputtered when the ion energy was larger.
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4. Discussion

In all the 10 eV cumulative simulation runs the
number of hydrogen atoms is seen to start to
decrease after �2500 events, while for 5 eV the num-
ber of hydrogen atoms in the cell remains on a
constant level. The hydrogen erosion begins when
no additional hydrogen supersaturation takes place
and the erosion of carbon starts to become signifi-
cant (thus removing hydrogen also in the eroded
hydrocarbon molecules). This reveals that the
erosion depends surprisingly strongly on the ion
energy. The 5 eV ions can not penetrate deep into
the sample and will hence form a dense surface layer
which is hard to erode. The 10 eV ions will however
penetrate deeper into the cell forming more loosely
bound hydrocarbons (see Fig. 1(c)) which can cause
the erosion of large molecules.

In our simulations the carbon erosion of the cell
does not, within the statistical uncertainties, differ
when different approaches are used for the energy
determination. The erosion yield obtained in the
5 eV cumulative bombardment simulations where
the energy was set by means of a Maxwell–Boltz-
mann energy distribution is calculated to be
 atoms in molecule
0 5 10 15 20
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lower subfigure), and the last 5000 frames (upper subfigure) of
ions mixed with 10% He, 10% Ne, and 10% Ar ions. The energies
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(8 ± 2) · 10�3 whereas the yield from the simula-
tions with mono-energetic irradiation is (7 ± 2) ·
10�3.

The large differences between the hydrogen and
carbon erosion yields obtained at ion energies of
5 eV and 10 eV seen in all our simulation runs, indi-
cate that the chemical erosion of carbon in fusion
reactors may be even more sensitive to the edge
plasma temperature than thought previously.

By comparing the erosion yields obtained from
the hydrogen and noble gas ion bombardment sim-
ulations, (see Figs. 4 and 5), we can state that there
are no differences in the erosion yields from the sim-
ulations with different noble gases when the noble
gas/hydrogen ratio is 0.1. Our results indicate that
there is not a reason to worry that the low concen-
trations (<10%) of noble gases present in the diver-
tor region would significantly alter the carbon
erosion from the case with no noble gases, at least
if the H and noble gas energies are the same. This
can be understood to be due to the very low proba-
bility of the noble gas ions to cause swift chemical
sputtering. This mechanism, which dominates the
erosion in our simulations, requires penetration of
a C–C bond by an incoming ion [2,4]. This penetra-
tion is easily possible for H/D/T ions, but much
less likely to occur for the larger He atoms and
very unlikely for heavier ions [21]. Hence the noble
gas ions will not affect the erosion appreciably at
low energies where physical sputtering is not
possible.

In investigations of the combined interaction of
energetic argon ions and thermal hydrogen atoms
with plasma-deposited hydrogen layers in the low-
energy region, an enhanced erosion yield (compared
with the sum of the individual processes; physical
sputtering due to ion bombardment and chemical
erosion due to hydrogen atoms) was seen [22–24].
However, this case differs from ours in that they
used thermal hydrogen, while in our case both the
hydrogen and noble gases has energies in the range
1–10 eV.

By analyzing of the cumulative simulation runs, it
was concluded that on average the C2Hx species
dominate the erosion of the cell. An important
observation is that there occurred no erosion of
larger carbon species (CxHy, where x > 4) in the first
500 cumulative bombardment events, compared
with the findings from the analysis of the last 5000
bombardments in which a large amount of high-
molecular weight carbon CxHy species (the largest
being C18Hx species) were observed. This is reason-
able, since the cell is less dense towards the end of
the cumulative simulation runs than in the begin-
ning, before the cell reaches a saturated state (see
Fig. 1). Larger hydrocarbon chains, which are
formed on the surface as the cumulative runs
proceed beyond the saturation point, may interact
with incoming ions, leading to chemical sputtering
of hydrocarbon molecules when the ion induces the
breaking of the bonds between the molecule and
the surface.

5. Conclusions

We have performed molecular dynamics simula-
tions of ion bombardment of amorphous hydroge-
nated carbon surfaces by employing an empirical
hydrocarbon potential model. Cumulative simula-
tions were run for a noble gas/hydrogen ratio of
1/10, and at ion energies of 5 and 10 eV, employing
different original boxes. Within the statistical uncer-
tainties, we do not observe any differences in the
erosion yields in the simulations with different noble
gases when the noble gas/hydrogen ratio is 0.1.
Thus our simulations indicate that the low concen-
trations (<10%) of noble gases present in the diver-
tor region would significantly alter the carbon
erosion from the case with no noble gases.

On the other hand, we do observe a marked dif-
ference in the surface morphology when the ions are
having different energies, leading to a large differ-
ence in the carbon erosion. This indicates that the
chemical erosion of carbon in fusion reactors may
be even more sensitive to the edge plasma tempera-
ture than previously assumed.
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