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By means of molecular dynamics simulations using bond-order potential, we have investigated the
behavior of atomic carbon on both bcc tungsten (001) surface, and amorphous tungsten surface that is
formed by a simulated annealing process, at finite temperature (T = 300 K) with incident energy ranging
from 0.5 eV to 200 eV. The particle and energy reflection coefficients as well as mean range distribution as
a function of incident energy at normal incidence have been calculated and the channeling effect in the
energy range above 100 eV has also been discussed. The results are compared with those calculated by
Eckstein using binary collision (BC) Code TRIM.SP in the energy range from 55 eV to 200 eV.

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

Tungsten (W) and its alloys have been considered as candidate
plasma-facing materials (PFMs) for ITER [1], future DEMO reactors
[2,3] and EAST [4]. As long as both elements, tungsten and carbon,
are introduced in the main chamber of a fusion device, mixing with
carbon on the tungsten material surface will be unavoidable be-
cause carbon based material is easy to be eroded and the carbon
atoms will generally migrate to other locations due to long-range
plasma transport processes and interact with the tungsten surface
[1,5,6]. Therefore, it is necessary to understand and predict the
tungsten surface properties and performance in the presence of C
impurities.

The existing experimental data were completely limited in the
energy range of keV for carbon projectiles interacting with tung-
sten surface [7–9] and simulations were mainly based on the bin-
ary collision approximation and adopted amorphous target
materials [7,10]. In the lower incident energy range, which is more
important in a fusion device, experimental data are absent. When
the mean free path of ions at low incident energies approaches
the average atomic spacing in the target, BC model breaks down
and many-body nature has a dramatic effect on the interaction be-
tween projectiles and target atoms, requiring molecular dynamics
(MD) for accurate simulation. In this work, the particle and energy
reflection coefficients as well as mean range distributions of inci-
dent atomic carbon on tungsten surface have been calculated using
classical MD simulations, and an analytical bond-order potential
ll rights reserved.
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for modeling non-equilibrium processes in the ternary W–C–H sys-
tem [11]. Due to the scarcity of experimental results, we will com-
pare our simulation results to Eckstein’s data in Ref. [12] where
gives a collection of sputtering, reflection and range values calcu-
lated by a Monte Carlo (MC) program TRIM.SP [13] in the energy
range from 55 eV to 40,000 eV at normal incidence.
2. Simulation method

The initial computational cell with the tungsten (001) plane
normal to the incidence direction, had a dimension of 63.31 Å �
63.31 Å � 31.65 Å, consisting of 8000 atoms in 20 conventional
bcc unit cells in three Cartesian directions. Periodic boundary con-
ditions were imposed in the x- and y-directions in the cell. To form
a surface, non-periodic boundary conditions were applied in the
z-direction and the atoms in the lowest three atomic layers were
kept fixed at their original positions all times. Temperature was
controlled using velocity scaling method for the atoms in the three
atomic layers both above the fixed layers and at the four side walls.
Other tungsten atoms and incident carbon atoms were excluded
from temperature control. The analytical bond-order potential
[11] was used to describe the W–W and W–C interactions and
the cut-off distance was chosen to be 1 nm for all atoms. Each
MD step represented 0.1 fs. This value has been chosen in order
to obtain total energy conservation even in the case of high-energy
impacts.

Atomic carbon projectiles with a series of kinetic energies from
0.5 eV to 200 eV were used in this study. The projectiles were
placed at 4 Å above the top surface atoms in z-direction, greater
than the potential cut-off radius of 3.0 Å, and the initial x- and
y-coordinates were randomly selected within no temperature
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Fig. 2. (a) Particle, and (b) energy reflection coefficients of normal incident carbon
atoms on two types of tungsten surfaces, bcc tungsten (001) surface and
amorphous tungsten surface, as a function of incident energy. Eckstein’s results
[12] calculated by TRIM.SP are also displayed. The statistical uncertainties are
covered by the graphical markers.
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control area above the cell. Once an incident carbon atom was pro-
jected onto the tungsten (001) surface, the MD simulation was
performed until thermal equilibrium was reached after the inci-
dent atom was backscattered far from the surface or stuck on the
surface. Then the next projectile in the same z-position but with
random x- and y-coordinates was shot for the next run. Overall
200 runs were performed for a given incident energy.

We also used a simulated annealing process to prepare an
amorphous tungsten cell. The initial structure was a random cell
consisting of 8000 W atoms, corresponding to a density of
19.25 g/cm3. Periodic boundary conditions were applied along
the three directions. Each MD step represented 1 fs. The system
was first heated to 4000 K. Once molten, the sample was equili-
brated at 4000 K for 200 ps. The liquid sample was then cooled
to 300 K with a linear cooling rate of 40 K ps�1. Finally, the system
was equilibrated at 300 K for an additional 50 ps to anneal away
any transient structures.

The W–W pair distribution function g(r) for the simulated
amorphous cell is shown in Fig. 1 in comparison with the crystal-
line sample. Typical characteristic of the amorphous structure can
be seen from Fig. 1. The first-neighbor peak is corresponding to the
first-neighbor peak in the crystalline tungsten cell indicating the
short-range order in the amorphous cell. The second peak shifts
along the distance and more high-order peaks become broader
and less well defined with increasing distance meaning the ab-
sence of long-range order.

3. Results and discussion

By using MD simulations, the particle reflection coefficient of
carbon atoms was calculated for normal incidence on tungsten sur-
face. Fig. 2(a) shows the calculated results in this work. Two types
of surfaces were adopted: bcc tungsten (001) surface and amor-
phous tungsten surface. In addition, the results calculated by Eck-
stein [12] are also displayed. A particle reflection of unity means
that 100% of particles incident on a surface are reflected. At
10 eV incident energy, the reflection coefficient has a largest value
near to unity. When the incident energy is above 10 eV, the reflec-
tion coefficient decreases monotonically with increasing incident
energy because the energetic projectile has larger probability to
be implanted into the tungsten bulk. In this work, the largest inci-
dent energy is 200 eV. Compared to Eckstein’s results, the MD re-
sults in our simulations are systematically higher within the
same energy range. The difference may be attributed to the inher-
ent limitations of TRIM which is based on a randomized target
structure and the binary collision approximation irrespective of
the many-body nature of carbon–tungsten interactions in the
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Fig. 1. Tungsten–tungsten pair distribution functions for: (a) the as-created
amorphous cell, and (b) bcc crystalline tungsten.
low energy range. In Ref. [12], the lowest energy adopted is
55 eV. Below this energy, there are neither experimental results
nor any simulation results to date. Using MD simulations in this
work, the reflection coefficient and mean range can also be calcu-
lated in the energy range below 55 eV. We found that below 10 eV,
the reflection coefficient decreases with the decrease in the inci-
dent energy and the projectiles have a larger probability to stick
on the tungsten surface.

In TRIM simulations, amorphous structure is adopted instead of
crystalline one. For comparison, we also calculated the particle
reflection coefficient on amorphous tungsten surface in the range
of 5–200 eV at normal incidence. Similar to the crystalline cell,
the particle reflection coefficient reaches a maximum near 10 eV
and decreases monotonically with increasing the incident energy.
The values are systematically lower by a factor between 6% and
16% than for the crystalline cell. It is worth noting that in the en-
ergy range of 55–200 eV, the results for the amorphous cell are
more close to Eckstein’s. This means that the surface structure
has a pronounced effect on the projectiles’ back-scattering behav-
ior. Two types of reflection processes have been observed in this
work: (1) direct reflection for the projectiles directly back-scat-
tered after interacting with only a few atoms in the first or second
layer; (2) delayed reflection for the projectiles with relatively high
kinetic energies that penetrate deep into the bulk, and still flee to
the surface, following a temporary residence time [14]. As for the
amorphous cell, the random network may act as a labyrinth for
the projectiles intruding into it. Following the real-space trajecto-
ries of the carbon atoms in delayed reflections, the residence time
in the amorphous cell is longer than in the crystalline one, and also,
the projectiles in the amorphous structure have much high proba-
bility to be trapped.
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Also shown in Fig. 2(b) are energy reflection coefficients of the
carbon atoms on both of the crystalline and amorphous tungsten
surfaces at normal incidence. For comparison, the results calcu-
lated by Eckstein are also presented. Energy reflection coefficient
is defined as the ratio of reflected energy to total energy incident
on the surface. As shown in Fig. 2(b), the energy reflection upon
incident energy has a similar trend to the particle reflection. An
interesting feature is that in our simulations in low energy range
from 0.5 eV to 1 eV, the energy reflection coefficient is very close
to the particle reflection coefficient, which means that the scat-
tered particles almost do not lose the kinetic energy after reflec-
tion. From the reflected energy distribution for 0.5 eV and 1 eV
carbon atoms incident on tungsten surface, we also found that
the reflected particles may have energy slightly higher than the
incident energy attributed perhaps to the lattice phonon absorp-
tion [14].

Fig. 3 shows the average depth (mean range) of the atomic car-
bons implanted into the crystalline tungsten at normal incidence
on (001) tungsten surface with different incident energy. Also
shown are the results calculated by adopting the simulated amor-
phous cell and by Eckstein using TRIM.SP code. The mean projected
range represents the most probable location for ion to come to rest.
The mean ranges for both crystalline and amorphous surfaces
using MD simulations are systematically lower than the results cal-
culated by Eckstein. In low energy range below 10 eV, the un-scat-
tered carbon atoms are absorbed on the top surface layer and
cannot penetrate into the bulk, which needs further investigation.
With increasing the incident energy above 10 eV, the mean range
increases as well as the range straggling. Around the energy of
50 eV, the mean range for the crystalline surface exceeds the result
for the amorphous surface which may be attributed to the channel-
ing effect.

In the range of relatively high incident energy of 50–200 eV, we
have found the channeling occurs along the h001i crystallographic
axis. To analyze the effect, the normal incident carbon atoms were
initially placed above the bridge site of tungsten atoms on the top
layer. Fig. 4 shows the trajectory of a carbon atom at Ein = 150 eV in
the tungsten bulk. It can reach the 24th layer below the surface and
in the end come to rest in the bulk. Fig. 5 shows the time depen-
dence of the kinetic energy of the channeled carbon atom in
Fig. 4 as well as the projected range in tungsten bulk. Before
50 fs, the atom does not make close-impact collisions with lattice
atoms and has a very low rate of kinetic energy loss, dE/dx, and
slight vibration with small amplitude. When the ion penetrates be-
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Fig. 3. Average depth (mean range) of atomic carbons implanted in crystalline
tungsten at normal incidence on (001) tungsten surface and amorphous cell surface
as a function of incident energy. The results calculated by Eckstein using TRIM.SP
code [12] are also shown.
yond 20th atomic layers after 50 fs, the incident ion is subjected to
intense nuclear stopping. The kinetic energy decreases dramati-
cally and starts to vibrate with great amplitude through successive
collisions with lattice atoms and in the end the ion comes to rest in
the bulk.

4. Conclusions

To study the interaction between low energy atomic carbons
with tungsten surface, MD simulations were performed using a
bond-order interatomic potential. Two types of surfaces, namely,
bcc (001) and amorphous tungsten surfaces, are irradiated with
the atomic carbons in the energy range from 0.5 eV to 200 eV at
a fixed incidence angle (a = 0�) and a substrate temperature
(T = 300 K). Both particle and energy reflection coefficients increase
with increasing the incident energy in the range from 0.5 eV to
10 eV and reach a maximum at 10 eV. Beyond 10 eV, the coeffi-
Fig. 4. The channeled trajectory of carbon atom at Ein = 150 eV in the tungsten bulk.
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Fig. 5. Time variation of the kinetic energy of the channeled projectile in Fig. 4 as
well as the projected range in tungsten bulk.
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cients decrease monotonically with increasing the incident energy,
in accordance with the results calculated by Eckstein using
TRIM.SP code. Also discussed is the mean range of carbon with dif-
ferent incident energy on tungsten surface. In the low energy range
below 10 eV, the un-scattered carbon atoms are absorbed on the
top tungsten surface layer. With increasing the incident energy
above 10 eV, the mean range increases and the range straggling
also, attributed probably to the channeling effect.
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