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Abstract

Total reflection coefficients and break-up patterns for incident atomic carbon, C2, CH, CH2, CH3, CH4, C2H, C2H2,
C2H3, C2H4, C2H5 and C2H6 from an amorphous hydrocarbon surface with a H:C ratio of 0.66 are calculated using
the HCParcas molecular dynamics code with an empirical Brenner potential. Incident molecules are separately equilibrated
at incident energies ranging from thermal up to the maximum energies at which the molecules can be structurally stabilized
to mimic the conditions in an equilibrium plasma.
� 2007 Elsevier B.V. All rights reserved.

PACS: 34.50.Dy; 52.40.Hf; 31.15.Qg; 34.50.�s

Keywords: Amorphous carbon; Co-deposition; Erosion and deposition; Hydrocarbons; Molecular dynamic simulations
1. Introduction

Hydrocarbon formation, transformation and
deposition is a crucial problem for fusion devices
[1]. The Co-deposited layers, referred to the carbon
and hydrocarbon layers deposited beyond the diver-
tor and not in direct contact with the plasma,
remain a serious issue due to hydrogen isotope
retention in these layers [2]. Co-deposited layers
with varying thickness have been observed in major
machine operations, such as JET [3], TEXTOR [4]
and ASDEX Upgrade [5–8]. Small-scale experi-
ments have been preformed to study the transport
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and deposition of hydrocarbons in a stationary
plasma. One such experimental device is PSI-2 in
which in situ measurements on film growth for
different plasma parameters [9,10] were performed.
The transport of injected gas molecules and the
growth rates of the CH-film in PSI-2 were simulated
with the 3D Monte Carlo code ERO [11] using three
different reaction rate coefficients [12–15]. However,
the observed deposition rates in the experiments [10]
are much higher than the values obtained by the
ERO code [16]. A possible explanation for this dis-
crepancy is the inaccuracy of the sticking coefficient
data used in the ERO modeling. Presumably the
energy dependence of the sticking coefficients plays
an important role in predicting the right deposition
rates.
.
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Fig. 1. Depth profile showing H to C ratio as a function of
distance into the surface. Z = 0; refers to the surface atoms. Bin
width = 1.532 Å.
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2. Modeling

The HCParcas molecular dynamics code with the
empirical Brenner potential [17] for hydrogen
carbon interaction was used in the present study.
Potential cutoff of 2.0 Å for carbon–carbon interac-
tion was used in the present calculation. High accu-
racy tight binding molecular dynamics simulations
to calculate the sticking of molecules are computa-
tionally expensive and only suited for smaller
systems [18].

An amorphous structure was prepared by start-
ing with a random arrangement of hydrogen and
carbon atoms (986 atoms in total) with a H:C-ratio
of 0.66 with periodic boundary conditions in three-
dimensions. We applied four cycles of heating up to
3000 K and subsequent cooling down to 200 K, to
avoid local minima in the initial configuration.
Switching to periodic boundary conditions only in
the x- and y-directions and slowly heating to
300 K was followed by very long runs (300 ns) for
relaxation in the z-direction. This allows for sample
preparation with a relaxed surface in the z-direction,
to avoid artificial sputtering of atoms and molecules
from the surface due to the relaxation of the surface
rather than due to impinging molecules/radicals.

The incident hydrocarbon molecules and radicals
studied in the present work are separately equili-
brated for energies of the incident particles up to a
maximum energy at which the molecule/radical
are structurally stable. The equilibrated energy is
the average kinetic energy of the incident molecules.
This procedure allows the molecules to have rota-
tional and vibrational degrees of freedom as they
approach the sample surface. This approach repre-
sents the true physical picture as there are no means
in the PSI-2 experiments to suppress the rotational–
vibrational excitations. It is also known that the
total energy gained by the molecules in the plasma
would have translational, rotational and vibrational
contributions [19–25]. Spectroscopic measurements
of the vibrational states have been in made in TEX-
TOR [19]. Also the distribution of the H2 molecules
within the many vibrational levels of the electronic
ground state has been studied theoretically [20,21]
and experimentally [22–25]. Equilibration of the
molecule/radical at the desired incident energy
poses the limit to which the molecules can be accel-
erated. We observe that at higher energies the
molecules/radicals become structurally unstable
and dissociate before approaching the surface. For
a non-rotating linear molecule, such as CH, with
translational freedom along the z-axis, vibrational
modes are excited along the translational direction
of motion. At higher energies, the vibrational ampli-
tude are high enough to knock-off the lower mass
hydrogen atom by the heavier carbon atom, thus
dissociating the molecule. Structural instability is
more pronounced in molecules such as C2H3 and
C2H5 where hydrogen atoms are known to be
‘floppy’ [26–28].

The starting position coordinates for the mole-
cules and radicals are sampled uniformly over the
surface and rotational freedom allows to sample
all possible interaction configurations. This is spe-
cially important for linear molecules such as CH,
C2H and C2H2 which otherwise would approach
the surface at fixed orientations.

Alaman and Ruzic have already performed a
similar molecular dynamics studies to calculate the
reflection and dissociation coefficients of hydrocar-
bons [29]. However, the surface used in their work
Ref. [29] was prepared by bombarding a graphite
lattice with hydrogen atoms, which leaves lattice
planes at every depth in the sample. Such surfaces
can be compared with plasma-exposed surfaces
[29], which are typical for carbon divertor target
plates. The hard and soft surface in Ref. [29] have
an average H to C ratio of 0.42 and 0.4 respectively,
which differs significantly from the H to C ratio of
0.66, used in the present work. This H to C ratio
represents a Co-deposited layer in fusion devices
and is much softer than the surface used in Ref.
[29]. Fig. 1 shows the hydrogen to carbon ratio of
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Fig. 2. Spread in reflection coefficient due to different orientation
of CH incidence.
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Fig. 3. Reflection coefficient for atomic carbon and carbon
dimer. For C2, the bond axis of the molecule is parallel to the
normal to the surface.
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the prepared sample as a function of the distance
from the surface into the sample.

3. Results and discussion

3.1. Reflection coefficients

The reflection coefficients for atomic carbon,
molecules/radicals such as C2, CH, CH2, CH3,
CH4, C2H, C2H2, C2H3, C2H4 C2H5 and C2H6 inci-
dent on the above described sample are reported in
this section. In the present work, the reflection coef-
ficient for a given species is defined as the ratio of
the number of reflected atoms or molecules of this
species to the number of incident molecules/radi-
cals. In case of C2Hx incidence, the total carbon
reflection coefficient is calculated by summing-up
the partial reflection coefficients of C2Hx0 reflected
species and one-half of the CHx reflection coeffi-
cients. For the sake of clarity, statistical uncertainty
in the calculated reflection coefficient is shown only
for selected species.

Here the influence of the rotational freedom of the
incident molecule on the reflection coefficient from
the amorphous hydrocarbon surface has to be con-
sidered. Non-rotating hetero-nuclear linear molecule
(e.g. CH) impinging on the surface can have many
possible orientations with respect to the normal of
the surface. Two extreme orientations for CH are
with C down (i.e. the bond axis for the molecule is
parallel to the normal to the surface and the molecule
approaches the surface with the carbon atom
towards and the hydrogen atom away from the sur-
face) and H down (i.e. the hydrogen atom is towards
the surface and the carbon atom is positioned away
from the surface). It can be seen from Fig. 2 that
the reflection coefficient for the case with C down is
lower (higher sticking) than the case with H down.
Higher carbon sticking is favoured due to open car-
bon bonded chains at the surface which act as trap
sites for carbon bonding. Also higher concentration
of hydrogen on the surface contributes to higher
reflection in the case of the H down orientation.
The region between the upper and lower curve gives
an estimate of the spread in the reflection coefficient
due to various possible orientations at the time of
molecule impact. The average reflection coefficient
of a rotating CH molecule incident on the surface
is expected to lie within the band with a possible devi-
ation due to statistical errors.

Fig. 3 shows the energy dependence of reflection
coefficients for atomic carbon and C2 incident on an
amorphous hydrocarbon surface for normal inci-
dence. Normal incidence was chosen as there is no
known angular dependence of the reflection coeffi-
cient as a function of incident energy [29]. The
calculated reflection coefficients of 0.43 at thermal
energies and 0.042 at 10 eV for atomic carbon reflec-
tion, compared with Ref. [29] are lower by 10–17%,
respectively, but show the same general trends. This
difference in the reflection coefficients is attributed
to the higher H to C ratio in the surface layer used
in the present calculations, which makes the surface
softer compared with the surface used in Ref. [29]. A
softer surface allows for deeper penetration into the
surface, thus increasing the sticking probability. The
probability of hydrogen release during C2 bombard-
ment from the surface increases from less than 1% at
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5 eV to 15% at 10 eV. The probability of complex
hydrocarbon release at 10 eV is less than 1%.

Similar to the above observation, the C2 reflec-
tion coefficient of 0.4 (Fig. 3) at thermal energy is
lower than the value of 0.5, and follows the same
decreasing trend as reported in Ref. [29]. However,
C2 shows a high probability for hydrogen capture
from the surface, thus strongly lowering its reflec-
tion probability as explained in more detail in
Section 3.4.
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Fig. 5. Reflection coefficient for C2Hx (x = 1–6) bombardment
on amorphous hydrocarbon surface.
3.2. Reflection coefficients for CHx (x = 1–4)

In Fig. 4, we present the reflection coefficients of
CH, CH2, CH3 and CH4 as a function of energy.
The general trend shows that the reflection coeffi-
cient decreases with increasing energy. CH4 shows
a 100% probability of reflection up to 0.75 eV. In
the energy range between 2 and 5 eV all molecules
show a decrease in reflection coefficients. This can
be explained by studying the break-up pattern of
these molecules, discussed in Section 3.4.
3.3. Reflection coefficients for C2Hx (x = 1–6)

Reflection coefficients for C2Hx (x = 1–6) pre-
sented in Fig. 5 show that they are higher for mole-
cules with an even number of hydrogen atoms
compared to those with an odd number. This is
expected, as hydrocarbons with an odd number of
hydrogen atoms are radicals and have higher reac-
tivity with surface atoms.

C2H2, C2H4 and C2H6 show 100% chance of
reflection from thermal to 0.5 eV energy range.
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Fig. 4. Reflection coefficient for CHx (x = 1–4) bombardment on
amorphous hydrocarbon surface.
The reflection of C2H2 decreases marginally to
92% at 1 eV. Beyond 1 eV the reflection of C2H6

and C2H4 rapidly decreases with increasing energy.
The decrease in the reflection coefficient can be
partly attributed to higher sticking. The other factor
responsible for the decrease is the reflection of the
incident molecule in modified hydrocarbon forms
due to hydrogen/carbon capture/dissociation. Rad-
icals, such as, C2H, C2H3 and C2H5 show a steep
drop of the reflection coefficient due to their higher
reactivity with the surface atoms. C2H3 is known to
have a ‘floppy’ structure with the hydrogen atoms
tunneling between two carbon atoms [26,27]. This
molecule has a low threshold for hydrogen dissocia-
tion and hence can not be stabilized at higher ener-
gies than 1.0 eV. The reflection probability for C2H3

decreases from 90% at thermal energy to 37% at
0.75 eV.
3.4. Break-up pattern

The decrease in the reflection coefficient of the
incident molecules/radicals as seen in Figs. 4 and 5
can be explained by studying the break-up pattern
in the hydrocarbon reflection process. As an exam-
ple, shown in Fig. 6, the reflection coefficient and
break-up pattern for C2H6 is discussed. The C2H6

molecule shows 100% reflection up to an energy of
1 eV with no secondary hydrocarbon sputtering.
H2 release observed over the entire energy range is
due to the release of weakly bonded hydrogen atoms
in the sample. Surface relaxation triggers the release
of such atoms and is not a consequence of direct
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Fig. 6. Break-up pattern for C2H6 bombardment on amorphous
hydrocarbon surface.
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chemical interaction. Secondary sputtering of H2

molecules will be different for other calculations,
as the surface prepared with different methods and
a different H to C ratio will relax differently. Above
1 eV energy, other than the incident C2H6 reflection,
the most probable mechanism is the reflection of
C2H5 where one H bond (CH bond energy 4.3 eV)
is likely to be broken with a probability of 2.5%.
At 5 eV, two hydrogen atoms are likely to be
stripped off the incident molecule, resulting in a
4.2% chance of C2H2 reflection. The carbon–carbon
bond dissociation (C–C bond energy in eth-
ane = 3.94 eV) has a probability of 9.2% which
results in the increased release of CH3 at 5 eV.

Atomic carbon, incident on the surface is either
purely reflected as atomic carbon or absorbed at
the surface. Above 5 eV incident energy, the energy
dumped by the incident atom/molecule supported
by higher H to C ratio in surface layer (Fig. 4)
favours sputtering of hydrogen atoms from the
surface.

Carbon dimer and CHx (x = 1–4) are purely
reflected below 0.75 eV. Around 1 eV, there is an
increased probability for C2, CH, CH2 and CH3 to
capture a hydrogen atom from the surface due to
the large number of available hydrogen atoms on
the surface layer. However, in case of CH4 inci-
dence, the probability to strip one hydrogen atom
from the incident molecule and reflect as CH3,
increases from 2.5% at 2 eV incident energy to
12.5% at 5 eV. Above 1 eV more complex hydrocar-
bons with two or three carbon atoms are released
from the surface. C2Hx (x = 1–6) show similar
distribution in reflected molecules. General trends
observed in the break-up pattern for C, C2, CHx
(x = 1–4) and C2Hx (x = 1–6) are presented in more
detail in Ref. [30].
4. Conclusion

The reflection coefficients of atomic carbon, C2,
CH, CH2, CH3, CH4, C2H, C2H2, C2H3 and C2H4

show a decreasing trend with increasing energy.
This trend in the reflection coefficient also holds
for surfaces with H to C different than 0.66 [29].
However, numerical values of the reflection coeffi-
cient and reflection break-up pattern is sensitive to
the hydrogen and carbon stacking in the sample
surface.

Reflection coefficient for CHx (x = 1–4) increases
with increasing number of hydrogen atoms. At ener-
gies above 1 eV these molecules have a higher prob-
ability to either capture a hydrogen atom from the
surface or to break a hydrogen bond from the
molecule. Above 2 eV carbon reflection is in the
form of complex hydrocarbon emission with two
or three carbon atoms. Also the reflection coefficient
increases as the hybridization changes from sp to
sp3. C2Hx (x = 1–6) have higher reflection coeffi-
cient for an even number of hydrogen atoms and
a lower reflection coefficient for odd number of
hydrogen atoms. Above 1 eV hydrogen capture or
break-up is dominant in the reflection pattern. With
increasing energy more than one hydrogen atom or
carbon–carbon bond break-up is observed. The
energy dependence of the reflection coefficient is
used in the ERO modeling of PSI-2 [10].
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