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a b s t r a c t

We present state-of-the-art molecular dynamics (MD) simulations of high-density plasma-bombardment
of carbon, mimicking plasma–wall interactions at the fusion reactor first wall. Bare and hydrogenated
amorphous carbon surfaces with temperatures in the range of 300–800 K are bombarded by a distribu-
tion of neutral hydrogen molecules representing well-defined center-of-mass and rovibrational temper-
atures. The MD simulations are benchmarked against experiments in which a heated carbon surface is
irradiated with hydrogen molecules from a plasma source. Comparisons between simulations and exper-
iment are presented for the rovibrational distributions upon reflection and the rotational and vibrational
accommodation coefficients.

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

Since plasma-boundary physics encompasses some of the most
important unresolved issues in future energy production for fusion
reactors, there is a strong interest in the fusion community for bet-
ter understanding and characterization of plasma–surface interac-
tions. These interactions lead to surface erosion and particle
deposition, which degrades fusion performance and produce
long-term particle retention.

Motivated by this need, we have recently undertaken a series
of large-scale classical molecular dynamics (MD) simulations of
particle–surface interactions involving carbon surfaces. Our previ-
ous calculations were focused on modeling chemical sputtering,
implantation, reflections and dissociation processes of hydroge-
nated carbon from well-defined low-intensity ion beam experi-
ments [1–3]. In this work we extend our previous approach to
model a high-density plasma-bombardment environment. Our
simulation results are directly compared with carefully designed
plasma irradiation experiments performed at the University of
California (San Diego) [4–8]. In Section 2 we describe our MD
simulations of the plasma-facing surfaces. In Section 3 we de-
scribe the experimental setup in some detail. Both experimental
and theoretical results and our discussion are presented in Sec-
tion 4.
ll rights reserved.
2. Theory

Details of our classical MD approach, as well as of the bond or-
der REBO potential, can be found in previous publications (see [1–
3] and references therein). Here we describe only the new aspects
needed to model plasma experiments, i.e. the randomization of the
simulated impact parameters to represent a plasma. Our previous
studies have shown [1–3] that the best agreement with experi-
ments [3] is reached when the surfaces are prepared by bombard-
ment, closely mimicking the experiments, until a ‘steady-state
surface’ is reached. Applying this prescription to a surface irradi-
ated by plasma requires that the impact particles have the proper
distributions of energy, angle, position, angular momentum, during
both the preparation of the surfaces and the calculation of the par-
ticle emission yields.

2.1. Sampling initial conditions for H2 molecules in the plasma

Clearly, to sample initial conditions one can separate the
internal degrees of freedom (relative position and momentum
~r;~p) and the translational center-of-mass (c.m.) degrees of freedom
ð~rcm;~pcmÞ of the diatomic molecule. Initial conditions can be sam-
pled from a probability density

qcmð~rcm;~pcmÞqintð~r;~pÞ

The phase space coordinates have to be sampled through distri-
butions that depend only on the constants of motion of the system
in order to obtain a stationary distribution. In our case these are
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~pcm; Hint; ~L, where Hint is the Hamiltonian of rovibrational
motion and L is the angular momentum. For the c.m. coordinates,
sampling is relatively simple and one can use qcmð~rcm;~pcmÞ ¼
dðzcm � z0ÞUðxcmÞUðycmÞqMax

Ttv0
ð~pcmÞ, where z0 is the initial z position

of the c.m. along the surface normal, xcm and, ycm are sampled uni-
formly, and~pcm is sampled from a shifted Maxwell–Boltzmann dis-
tribution qMax

Ttv0
ð~pcmÞ with mean velocity v0 and translational

temperature Tt, and U(x) is a uniform distribution in x. For the
internal degrees of freedom, a stationary distribution is qintð~r;~pÞ
¼ qintðHint;~LÞ ¼ qvibðHintÞqrotðLÞUðL̂Þ, where UðL̂Þ is a uniform distri-
bution for the direction of the angular momentum of the molecule
(in the unit sphere), and qvibðHintÞ;qrotðLÞ are Boltzmann distribu-
tions for the ‘vibrational’ and ‘rotational’ degrees of freedom. We
first sample L from qrotðLÞ, use the chosen L value into qvibðHintÞ
to get ðr; prÞ and then calculate p? ¼ L=r. In order to mimic the
experiment, we use a Maxwell distributions with center-of-mass
temperature of Tt = 800 K, while the internal temperatures distri-
butions were chosen with 3000 K for rovibrational motion (i.e.
5000 K for vibrational temperatures) and 1000 K for rotational
motion. This lack of equilibrium between rotational and vibra-
tional temperatures is the best estimate of the experimental condi-
tions in the considered non-equilibrium plasma with short
confinement times.
2.2. Preparation of the target surface

The target surfaces in our MD simulations are bare and hydro-
genated amorphous carbon (a-C:H). This reflects the fact that the
graphite divertor target in the experiment was polycrystalline
POCA graphite surface, without a well-defined direction of the ba-
sal plane. The experiment implies long plasma exposure times and
therefore a possibility of hydrogenation of the surface. Although
the bulk material is known to have a H:C ratio of 0.4 at saturation
level, simulations have shown that at low impact energies this ra-
tio can be substantially elevated at the interface [1–3]. Since the le-
vel of hydrogenation in the experiment is not known, we use both
bare (non-hydrogenated) surfaces as well as a-C:H surfaces ex-
posed to varying levels of fluence with a 1 eV beam. Building
hydrogenated surfaces for all possible plasma parameters would
have involved a bigger effort. However, the approach we undertook
gave us a clear answer on the role of the hydrogenation. In order to
speed up the hydrogenation the surfaces were prepared by cumu-
lative bombardment of an initial surface of 1750 carbon atoms and
700 hydrogen atoms, with carbon density of 2 g/cm3 and at 300 K,
homogeneously hydrogenated at a H:C ratio of 0.4. These were
then equilibrated at various temperatures (300, 400, 600 and
800 K), using a Langevin thermostat. Five surfaces were prepared
at fluences of 100, 200, 400, 800 and 1200 impacts of H2 molecules
on a surface cell with dimensions of 10 ÅA

0

� (26.5 Å)2, which reflect
various levels of hydrogenations at the surface. The two higher flu-
ences are enough that the surface has entered a steady-state re-
gime, and surface composition changes little with subsequent
impacts.
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Fig. 1. Close-up of graphite tube mounted in side port.
2.3. Simulation procedure

For each surface, defining a hydrogenation level, and for each
surface temperature, the irradiation is repeated for 1000 random
independent trajectories. The c.m., rotational, rovibrational and
vibrational energies and corresponding kinetic temperatures were
determined for each reflected H2 molecule, and averaged over all
trajectories. The number of trajectories for each surface was satis-
factorily large, resulting in less than 5% statistical uncertainty (one
standard deviation) of the calculated averages.
3. Experiment

The PISCES-A reflex-arc plasma discharge [4] is used to create
rovibrationally excited hydrogen molecules which fill a vacuum
chamber. These H2 neutrals travel down a stainless steel side port
and then enter a small graphite tube mounted in the side port. An
electron beam is aimed down the hollow graphite tube to electron-
ically excite a small fraction of the hydrogen molecules inside the
tube. The resulting line emission is then measured at 4 positions in
the tube. The local H2 ground electronic state vibrational and rota-
tional temperatures Tvib and Trot at each fiber location can then be
calculated with measured line ratios of H2 Fulcher band emission
[5,6]. Additionally, the H2 kinetic temperature Tkin and density
nH2 can be obtained from line broadening and line intensity,
respectively.

A detail of the graphite tube arrangement is shown in Fig. 1 (for
simplicity, the adjacent plasma discharge is not shown here). Col-
limator lenses are used to increase the amount of light gathered
into the four fibers. Heater wire wrapped around the graphite tube
is used for heating. The graphite tube temperature (assumed to be
uniform) is measured with a thermocouple at the end of the tube.
The graphite tube is made of E-294 graphite from Electro-Tech
Machining with density q ¼ 1:80 g=cm3 and average grain size of
0.10 mm. The tube dimensions are: length L = 10 cm, diameter
D = 3.8 cm, and thickness t = 0.64 cm. Prior to taking data, the
graphite was baked out for 4 h at 1000 �C to remove stored water.
The graphite was not exposed to plasma prior to the experiments,
so hydrogen in the walls arrives as neutrals, not as embedded ions.

The electron beam is created using a D = 1.2 mm Ta disk cath-
ode emitter. Typical beam energies are 70 eV; this is chosen to
be well above the threshold for H2 electronic excitation (�10 eV)
so that signal brightness is not sensitive to small changes in beam
energy. Beam currents (�1 mA) are small and heating of H2 in the
tube due to the beam is found to be negligible.

4. Results and discussion

Typical for all calculations performed here is that the results for
hydrogenated surfaces are different from the results with the bare
carbon surface. Fig. 2 shows the average temperatures of various
modes of motion for H2 after reflection from the surface. The ini-
tially similar values of rotational and c.m. temperatures (1000 K
and 800 K) lead to very similar values of the final temperatures
(the results for hydrogenated surfaces lie within the same depicted
shaded area). However, the reflected H2 is typically ‘hotter’ both
rotationally and translationally for the hotter surfaces, and hotter
for the bare than for the hydrogenated surfaces, becoming cooler
with increased hydrogenation (arrow in Fig. 2). On the other hand,
the vibrational temperature is significantly decreased in the colli-
sion, though no clear trend is found with the hydrogenation level.
These observations imply that the reflection at the surface is
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Fig. 2. Post-collisional temperatures of reflected H2 as a function of the surface
temperature. The curves for hydrogenated surfaces are shown by shaded areas
between dashed lines, while the bare surface results are displayed by the thick solid
lines with open symbols. The center-of-mass translational temperature is given by
the short dashed line with solid squares. The thin doted lines represent temper-
atures of the impacting H2 molecules. The arrows indicate the direction in which
the results change with increasing level of hydrogenation.
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Fig. 4. The rovibrational accommodation coefficient for bare and hydrogenated
surfaces, at various surface temperatures. The description of the lines is the same as
in Fig 2.
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accompanied by the conversion of part of the vibrational (and
surface) energy into translational and rotational energy. The mole-
cule is also cooled down rovibrationally in the collision, and this
effect increases with hydrogenation, similarly to the rotational
temperature.

Fig. 3 shows the change in energy of the various modes of H2 in
the collision with the surface, consistent with the discussion in
Fig. 2. The positive sign of the energy change for the rotational
and c.m. energy is consistent with a negative accommodation coef-
ficient for these modes of motion in the simulated system, which is
not confirmed by our experiment, as illustrated in Fig. 5. Quite pos-
sible is that the coupling (mixing) of vibrational and rotational
modes of motion, obtained here classically, is quantum-mechani-
cally suppressed due to a large energy difference of the vibrational
energy levels and the low level of vibrational excitation. Therefore,
our simulation results should be accepted with reserve when con-
sidering separate rotational and vibrational modes, and considered
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Fig. 3. Energy transfer of the different modes of motion from H2 molecules in a
collision with bare (solid thick line with symbols) and hydrogenated surfaces of
various temperatures.
mainly for the conclusions on their sum, the rovibrational energy,
which is here, unlike separate rotational and vibrational energies, a
conserved quantity. The accommodation coefficient arovib ¼
ðTf � TiÞ=ðTs � TiÞ, for rovibrational motion upon collision of H2

with the surface is shown in Fig. 4. Tf,i are final and initial rovibra-
tional temperatures of the molecule, while Ts is the surface temper-
ature. It shows a trend of increase with the level of hydrogenation,
consistent with higher energy transfers in collisions with lighter
particles. Due to the large difference between the vibrational and
rotational temperatures, arovib is dominated by the largest temper-
ature (vibrational). Interestingly, calculated accommodation coeffi-
cients are within the uncertainty margins of the experimental
results below.

To interpret the measurements, Monte Carlo modeling of H2

neutral trajectories is used [7]. The free parameters in the modeling
are the temperatures Tvib;0 and Trot;0 at the tube entrance and the
accommodation coefficients arot and avib. Wall collisions are as-
sumed to be diffuse. The kinetic temperature is assumed to be al-
ways equal to the rotational temperature, Tkin ¼ Trot , as is seen in
the experiments. Because Tvib is found to be much larger (factor
of 5-10) than Trot , direct mixing between Trot and Tvib in wall colli-
sions is assumed to be small and is neglected. Neutral–neutral col-
lisions and rovibrational energy transfer between vibrational
energy and kinetic/rotational energy in these collisions is included
in the Monte-Carlo modeling. Neutral density is obtained from the
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Fig. 5. Monte-Carlo fits (lines) of experimental data (symbols) for (a) Trot vs axial
position and (b) Tvib vs axial position (see text for a description of the lines).
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brightness of the H2 lines; this is found to depend dominantly on
the temperature of the graphite tube. The standard definition of
the accommodation coefficient is used [8], i.e. after a wall collision
the new rotational temperature is T 0rot ¼ Trot � arotðTrot � TsÞ, where
Ts is the surface temperature. An analogous definition is used for
avib .

Fig. 5 gives an example of Monte-Carlo fits to the measured Trot

and Tvib. The experiment shown here was for room-temperature
graphite. The free parameters Trot;0, Tvib;0, arot , and avib were varied
to obtain a best fit shown by the solid lines. The error in the accom-
modation coefficients was estimated by finding the highest and
lowest values of arot , and avib which would still fit the data within
the error bars; these extreme fits are shown by the dashed curves
in Fig. 5. Error bars on Trot and Tvib data are estimated from the
quality of the single-temperature Boltzmann fits to the line
populations.

Fig. 6 shows the values of the accommodation coefficients arot

and avib obtained from various experimental runs (e.g. each point
in Fig. 6 corresponds to a fit such as shown in Fig. 5). Overall, the
rotational accommodation arot can be seen to be somewhat
2� 10� larger than the vibrational accommodation avib. Within
the scatter of the data, D2 accommodation (white symbols) is sim-
ilar to H2 accommodation (shaded symbols). A slight increase in
accommodation with increasing surface temperature is suggested
by the data.
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