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Abstract: Sputtering properties of graphite and amorphous carbon substrates by hydrogen (H), deuterium (D), 
and tritium (T) at low incident energies have been studied with the use of classical molecular dynamics (MD) 
simulations. The sputtering simulations used here are accumulative in the sense that the surface modification due 
to impinging species are self-consistently taken into consideration. The simulation results indicate that a high 
level of H/D/T dose accumulation on the top surface is prerequisite for the formation of relatively large-sized 
sputtered hydrocarbon products. Especially significant isotopic dependence of sputtering yields has been 
observed at the accumulation dose over 1016 cm-2, which is qualitatively consistent with some of the earlier 
experimental results.  

 

1. Introduction 

Low energy ion impact (with the injection energy being typically less than 50 eV or so) on the 
wall materials of a magnetic confinement fusion device such as a tokamak can generate a 
significant amount of sputtered species that may grow into dust particles through agglomeration in 
the gas phase or contaminate the hot core plasma. In this work, we have studied sputtering 
properties of graphite and amorphous carbon substrates due to hydrogen (H), deuterium (D), or 
tritium (T) ion bombardment at low energies using classical molecular dynamics (MD) 
simulations [1-4].  

2. Molecular Dynamics Simulations for Plasma Surface Interaction 

In classical MD simulations, the motion of each atom is followed as a function of time by the 
integration of the equation of motion. The classical interatomic potentials that we used in this 
work are Brenner-type multi-body potential functions [6] with weak Van der Waals interactions. 
The interatomic potential functions for H, D, and T are assumed to be the same and therefore, in 
our MD simulations, the only factor that differentiates them is their masses.  

For the application of MD simulations to the study of plasma surface interaction, a special care to 
emulate the realistic system using limited simulation resources is in order. In our simulations, the 
substrate is represented by a collection of model atoms arranged in a rectangular parallelepiped 
with typically a few nm in each side and maintained at thermal equilibrium at a given temperature. 
For example, in the case of graphite used in our simulations, the model substrate consists of 
several graphene sheets thermalized at 300K, as shown in Fig. 1(a). The typical surface area of a 
model substrate that we used in this work is 2.0×2.1nm2. The graphene sheets are bound via Van 
der Waals interactions. The periodic boundary conditions are imposed in the horizontal directions 
of the model substrate, so that the simulation cell represents an infinitely large flat surface and its 
subsurface region. The bottom layer of the model substrate is fixed in time, meaning that they do 
not move during the simulation and serve as an anchor for the model substrate. Without the anchor 
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Shown in Fig. 1 is the surface topography of the graphite substrate after 1.19 ×1017/cm2 fluence of 
H atom injections with the incident energy of 25eV (b) or 50eV (b). It is clearly seen that the 
substrate surface is significantly hydrogenated and the thickness of the hydrogen rich layer is 
about 2 nm in the case of 25eV and about 4nm in the case of 50eV. In Fig. 1 (b), among injected 

     (a)                  (b)                  (c)          

Fig.1: Surface morphologies obtained from atomic hydrogen (H) injection simulations for a graphite 
substrate. (a) The initial substrate of 1.72 x 2.13 nm2 in area. (b) The substrate after 1.36 x 1017/cm2 
fluence of 25eV H injections. (c) The substrate after 1.36 x 1017/cm2 fluence of 50eV H injections. The 
white and green spheres represent C and H atoms. The solid horizontal lines indicate the position of the 
initial top surface.  

layer, the model substrate would move downward as a whole when it is subject to ion 
bombardment. 

In the simulations presented in this article, H, D, or T atoms were injected into the top surface of 
the substrate. Injected ions are represented by the corresponding charge neutral atoms in the 
simulations for the sake of simplicity. Before each cycle of injection, the excess thermal energy of 
the system provided by the previous atomic injection is removed and the substrate is set in thermal 
equilibrium at 300K again. Resulting sputtering phenomena following each injection are recorded 
for later analysis. In our simulations, typically 5000 atoms are injected into the model substrate, 
which corresponds to 1.2×1017/cm2 in terms of fluence, i.e., accumulated dose, for a substrate of 
2.0×2.1nm2 in area.  

Unlike earlier MD simulation studies on similar sputtering phenomena reported in Refs. 3 and 4, 
the simulation presented here is accumulative, in the sense that incident species that do not 
naturally leave the substrate remain in the simulation cell and therefore the substrate surface is 
self-consistently modified as the simulation evolves [5].  

3. Simulation Results 



 
 

         (a)                 (b)                  (c)  

Fig. 2: Surface morphologies of tritium (T) injection simulations for a graphite substrate. (a) The initial 
substrate of 1.97 x 2.13 nm2 in area. (b) The substrate after 1.19 x 1017/cm2 fluence of 25eV T injections. 
(c) The substarate after 1.19 x 1017/cm2 fluence of 50eV T injections. The solid horizontal lines indicate 
the position of the initial top surface.  

5000 H atoms, 405 H atoms (8.1%) remain in the substrate whereas, in Fig. 1(c), 588 H atoms (11. 
8%) remain in the substrate. The rest of injected H atoms are either reflected or desorbed from the 
surface. Note that, as the incident kinetic energy increases, the hydrogen rich layer tends to be 
formed below the top surface as fast H atoms tend to pass through the very top substrate layers 
without being trapped. Since we ignore various thermal processes in our MD simulations, 
including atomic diffusion in the substrate, hydrogen atoms in Fig. 1 may stay in the original trap 
sites more persistently than they should in reality.  

Shown in Fig. 2 is the surface topography of the graphite substrate after 1.25×1017/cm2 fluence of 
T atom injections when the incident kinetic energy is 25eV (b) or 50eV(c). As in Fig. 1(a), Fig. 
2(a) shows the initial substrate. Since a T atom is three times heavier than a H atom, its incident 
velocity is lower than that of a H atom for a given incident energy. Therefore T atoms are more 

se the “net erosion yield, ” which we define as the SYB – IB, where SYB denotes the 

likely to be trapped near the top surface, resulting in the formation of a T rich layer closer to the 
top surface, as shown in Fig. 2(b) and (c). This also enhances the sputtering yield of substrate 
carbon atoms. The number of T atoms remaining in the substrate is similar to that in the case of H 
atom injections. In the figures shown in Fig. 2, 330 T atoms (6.6%) out of 5000 injected T atoms 
remain in the substrate at 25eV injections (b) whereas 669 (13.4%) remain in the substrate at 50eV 
injections.  

The sputtering yield for a specific species A means the number of A atoms removed from the 
surface for a single injection of incident species, which we denote SYA in this article. For species 
that are also used as incident species (i.e., H, D, or T in this study), however, it may be more 
convenient to u
sputtering yield of species B and IB denotes the number of B atoms supplied by a single injection. 
For example, in the case of H atom injections in our simulations, we have IH=1, so that we have 
the relation YH = SYH –1. If the net erosion yield is negative, the denoted species is being 
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                      (a)                                   (b) 
Fig.3: Net erosion yields YC, YH, and YT for C, H, and T atoms, respectively, when H atoms (a) or T 
atoms (b) injected into the graphite substrate at incident kinetic energy of 25eV. The incident beam is 
normal to the surface. The horizontal axis represents the fluence (dose) of incident atoms.  

                    (a)                                     (b) 
Fig.4: Sputtering yields of major sputtered species in the case of 25eV injections of H (a) or T (b) atoms 
into the graphite substrate. Yields of H, H2, T, and T2 include those reflected from the surface. It is shown 
that C2T2 is the most abundant sputtered carbon-containing products at 25eV T injections.  
 

accumulated in the substrate. In our simulations, clearly the sputtering yield and the net erosion 
yield for carbon have the same value as no carbon is injected during the process.   

Figure 3 shows the dose (i.e., fluence) dependence of the net erosion yields evaluated as averaged 
values of instantaneous net erosion yields over 200 injections around the dose indicated in the 
figure. The cases of injecting H (a) and T (b) into the graphite surface at 25eV are given in the 
figure. In the case of 25eV H injections, it is seen that the graphite substrate is har
hydrogen atoms are still being accumulated up to the dose of about 1.3 x 1017 /cm2. The carbon 
sputtering yield YC averaged over the dose from 0.82 x 1017 to 1.36 x 1017 /cm2 given in Fig. 3(a) 
is 2.5 x 10-3. On the other hand, for heavier T injections with the same kinetic energy, the graphite 
substrate is etched to a much larger extent and T accumulation reaches steady state, i.e., the net 
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act. The fact that a T atom is three times heavier than a H atom makes 

      (a)                  (b)                 (c)          

Fig.5: Surface morphologies obtained from atomic hydrogen (H) injection simulations for the amorphous 
substrate. (a) The initial substrate of 2.00 x 2.00 nm2 in area.. (b) The substrate after 1.25 x 1017/cm2 
fluence of 25eV H injections. (c) The substrate after 1.25 x 1017/cm2 fluence of 50eV H injections. The 
solid horizontal lines indicate the position of the initial top surface.  

erosion yield YT ≈ 0, after the sufficient number of injections. The carbon sputtering yield YC 
averaged over the dose from 0.72 x 1017 to 1.19 x 1017 /cm2 given in Fig. 3(b) is 0.164. 

Figure 4 shows the sputtering yield of each atomic or molecular species CxHy (a) or CxTy (b) 
obtained from MD simulations. The yield data are averaged over 2000 injections, i.e., from 0.82 x 
1017 to 1.36 x 1017 /cm2 for (a) and from 0.72 x 1017 to 1.19 x 1017 /cm2 for (b). The injected 
species is H (a) or T (b) and the kinetic energy is 25e  in both cases. The substrate is g
Fig. 4(a) a very few hydrocarbon clusters are shown to be sputtered from the surface. On the other 
hand, in Fig. 4(b), a relatively large carbon-containing species are desorbed from the substrate 
surface. Indeed C2T2 is found to be the most abundant sputtered carbon-containing products under 
the conditions given here. . 

The difference in the sputtering characteristics shown in Figs. 3 and 4 seems to arise from the fact 
that, under the same incident energy, T atoms tend to accumulate closer to the top surface and 
break up the carbon-carbon bonds more completely, making the substrate more amenable to 
sputtering under strong imp
the momentum of the incident T atom is larger than that of the incident H atom under the same 
incident energy, which may also contribute to the increase of sputtering for heavier species.  
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                       (a)                                 (b) 
Fig.6: Net erosion yields YC, YH, and YT for C, H, and T atoms, respectively, when H atoms (a) or T 
atoms (b) injected into the amorphous substrate at incident kinetic energy of 25eV. The incident beam is 
normal to the surface. The horizontal axis represents the fluence (dose) of incident atoms.  

                         (a)                                (b) 
Fig.7: Sputtering yields of major sputtered species in the case of 25eV injections of H (a) or T (b) atoms 
into the amorphous substrate. Yields of H, H2, T, and T2 include those reflected from the surface. It is 
shown that C2T2 is the most abundant sputtered carbon-containing products at 25eV T injections. 

We now examine similar effects for different substrates. Figure 5 shows the surface topogra
of the amorphous carbon substrate in the initial state (a), after 1.25 ×1017/cm2 fluenof the amorphous carbon substrate in the initial state (a), after 1.25 ×1017/cm2 fluen

ph
ce of H at

injections at 25eV (b) and 1.25 ×1017/cm2 fluence of H atom injections at 50eV (c). As in Fig. 1, it
is clearly seen that the substrate surface is significantly hydrogenated and thick hydrogen rich 

ce of H at
injections at 25eV (b) and 1.25 ×1017/cm2 fluence of H atom injections at 50eV (c). As in Fig. 1, it
is clearly seen that the substrate surface is significantly hydrogenated and thick hydrogen rich 
layers are formed. In the case of Fig. 5(b), among 5000 injected H atoms, 550 H atoms (11.0%) 
remain in the substrate whereas, in the case of Fig. 5(c), among 5000 injected H atoms, 843 H 
atoms (16.7%) remain in the substrate. When heavier hydrogen isotopes, i.e., D or T, are inje

layers are formed. In the case of Fig. 5(b), among 5000 injected H atoms, 550 H atoms (11.0%) 
remain in the substrate whereas, in the case of Fig. 5(c), among 5000 injected H atoms, 843 H 
atoms (16.7%) remain in the substrate. When heavier hydrogen isotopes, i.e., D or T, are inje
on the other hand, such isotope species tend to be trapped closer to the top surface, similar to the 
case of Fig. 2.  
on the other hand, such isotope species tend to be trapped closer to the top surface, similar to the 
case of Fig. 2.  
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sputtered carbon-containing products under the conditions given here. 

                      (a)                                       (b) 
Fig. 8: Isotopic effects of sputtering yields for injection energies of 25eV (open circles) and 50 eV (closed 
circles), obtained from MD simulations. The vertical axis represents the number of C atoms removed 
from the surface per injection of H, D, or T atom. The substrates used for the simulations are (a) graphite 
and (b) amorphous carbon.  

Fi
at
ov
ha  the same kinetic energy, the amorphous substrate is clearly
etched and T accumulation reaches steady state, i.e., the net erosion yield YT ≈ 0, after th
sufficient number of injections, as in the case of the graphite substrate given in Fig. 3. The car

Y  averaged over the dose from 0.75 x 1017 to 1.25 x 1017 /cm2 given in Fig. 6(b) 

gure 6 shows the dose (i.e., fluence) dependence of the net erosion yields when H (a) or T (b) 
oms are injected into the amorphous substrate at 25eV. The carbon sputtering yield YC averag
er the dose from 0.75 x 1017 to 1.25 x 1017 /cm2 given in Fig. 6(a) is 9.0 x 10-3. On the ot
nd, for heavier T injections with

sputtering yield 
is 0.182. 

Figure 7 shows the sputtering yield of each atomic or molecular species CxHy (a) or CxTy (b) when 
the amorphous carbon substrate is subject to H (a) or T (b) bombardment at 25eV kinetic energy. 
The yields are averaged over the dose from 0.75 x 1017 to 1.25 x 1017 /cm2 (i.e., over 2000 
injections in MD simulations). As in the case of Fig. 4, a very few hydrocarbon clusters are shown 
to be sputtered from the amorphous surface when it is subject to 25eV H injections. On the other 
hand, in the case of 25eV T injections, a relatively large carbon-containing species are desorbed 
from the substrate surface and, as in the case of the graphite substrate, C T  is found to be the most 
abundant 

Figure 8 summaries the dependence of the total C sputtering yield (i.e., the total number of C 
atoms removed from the surface per injection) on the mass of the injected hydrogen isotopes. The 
yields shown here are the averaged yields when the systems are considered to be in steady state, as 
in the cases shown in Fig. 4 and 7. The model substrate used for the simulations given here are the 
graphite (a) and amorphous carbon (b). It is seen that, while H atoms hardly etch either graphite or 
amorphous carbon substrates at energies lower than 50eV examined here, there is strong 
dependence of the C sputtering yield on the energy for heavier isotopes. Isotope effects of the 
sputtering is also clearly shown in Fig. 8 

 



 
 

 

also been observed. The large difference between H and 
D sputtering yields observed in our simulations is qualitatively consistent with experimental 

reakup of substrate bonds by accumulated D or T near the top 
t for the strong isotropic effects as well as relatively larger 
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4. Discussion and Conclusions 

MD simulation for plasma surface interactions for graphite and amorphous carbon substrates 
have shown that accumulation of D or T near the top surface significantly increases the total 
carbon sputtering yields especially at low incident energies. The significant increase of D or T 
sputtering yields have been observed at accumulation dose over 1016/cm2 in the simulations. 
Isotopic effects of sputtering yields have 

observations given in Ref. [7]. B
surface is considered to accoun
sputtering products observed in the cases of D or T injections. 
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