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When an ion or atom is injected into a target material, the incident energy increases the temperature around
the injection point. Owing to the energy transfer to the surrounding atoms, the temperature of the material
recovers to the initial temperature in the real system because heat is transferred to the bulk of material which
consists of an almost infinite number of atoms. However, if we simulate the system by the molecular dynamics
(MD) method, it is difficult to prepare a sufficiently large system to calculate the process of heat transfer to the
bulk. Therefore, in this study, we develop an MD simulation model which includes the effect of heat transfer
to the bulk by solving heat conduction equation. The simulation result shows that the process of heat removal
proceeds on a time scale of approximately 1000 times slower than the time scale of the incident energy transfer

from the incident atom to the target material.
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1. Introduction

The carbon divertor is bombarded by energetic hydro-
gen plasma in Large Helical Device (LHD) in National In-
stitute for Fusion Science, Japan. When hydrogen ions ir-
radiated divertor plates, some hydrogen atoms reflect back
to the plasma, while other hydrogen atoms retain in the
divertor. Investigating the recycling of hydrogen ions at
the divertor is an important issue because these recycled
hydrogen atoms or molecules affect [1] plasma parame-
ters by charge exchange recombination and dissociative
recombination. Information on recycled hydrogen atoms
and molecules can be used for neutral-transport simula-
tion [2, 3].

Molecular dynamics (MD) simulation allows simu-
lating the particle injection process on an atomic scale.
Our group plans to perform an MD simulation of a hy-
drogen atom injection into carbon materials to investigate
the energy distribution of recycled atoms and molecules
[4,5]. Material temperature considerably affects the emis-
sion process of hydrogen atoms and molecules. Therefore,
for this MD simulation, it is necessary to consider the pro-
cess of heat transfer from the incident atom toward the sur-
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rounding atoms. Because thermal energy propagates to the
surrounding atoms one after another, if the MD calculation
with a sufficiently large number of atoms is performed, the
elevation of the system temperature owing to the injection
of one atom is not significant after the system reaches ther-
mal equilibrium. However, owing to the computation cost,
it is difficult to prepare a sufficiently large system to calcu-
late the process of heat transfer to the bulk which is caused
by the kinetic energy entering the target material with in-
jected atoms. To avoid this problem, it is necessary to de-
velop a calculation method that allows heat to escape from
the MD system that consists of limited number of atoms.
When it is necessary to keep the temperature in the
system constant, MD simulation, in most cases, is per-
formed under the NVT ensemble, in which the number of
particles (N), volume (V), and temperature (7') are con-
served. However, the NVT ensemble is not applicable in
our simulation because the collision process between inci-
dent and target atoms is a nonequilibrium process. There-
fore, in this study, we propose a method to solve the ther-
mal process of heat escaping outside the MD system by
connecting the MD system to the heat conduction (HC)
equation. In this method, the MD system is embedded in
a larger system where HC is solved. The incident energy
carried to the MD system by the injection of atoms is con-
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verted into thermal energy by collision with the surround-
ing atoms in the MD system and transferred outside the
MD system.

2. Simulation Model and Method
2.1 MD simulation model

As shown in Fig. 1, 240 A x 40 A x 33.3 A hydrogen-
contained amorphous carbon material is prepared as the
target material. The target material consists of 3872 car-
bon and 2080 hydrogen atoms. The density of the carbon
atoms is determined by MD simulation [6] by depositing
the carbon atoms on a diamond substrate. The hydrogen
concentration H/C is determined in the range of values ob-
tained in the experiment [7].

An incident hydrogen atom is placed at a height of
10 A from the surface of the target material. The x- and
y-coordinates of the starting position of the incident hydro-
gen atom are set to the center of the target material. The
incident energy is set to 100 eV. The incident angle is set
to be parallel to the z-axis. For this incident energy, the in-
cident atom reaches the surface of the target material 7.2 fs
after the simulation started. The simulation time is set to
200 ps. The initial temperature of the target material is set
to 300 K.

For atomic interactions, a modified reactive empirical
bond order (REBO) potential [8] is employed as the poten-
tial function U. A carbon atom has four valence electrons
and consequently, four (or fewer) covalent bonds. The po-
tential function strongly depends on the bonding state of
the carbon atom. The REBO potential is defined as fol-
lows:

U= 3 [Visrp) = Bt €1, 6P D Vi )]
i,7>i

(D

where r;; is the distance between the i-th and the j-th
atoms. Functions ng] and V[’?j] represent repulsion and at-
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Fig. 1 System of the MD region. Red and black balls denote
carbon and hydrogen atoms, respectively.

traction, respectively. Function b;; generates a multi-body
force. The bond angle H?ik is an angle between the vector
from the i-th atom to the j-th atom and the vector from
the i-th atom to the k-th atom. The dihedral angle 6" is
the angle between the plane passing through the k-th, i-th,
and j-th atoms and the plane passing through the i-th, j-th,
and [-th atoms. Moreover, the parameters {r}, {#®}, {6°H}
denote the sets of r;;, H?ik, 0}32, respectively.

The motion of atoms (except in the connection cells,
which will be explained later) is calculated under NVE en-
semble, in which the number of particles (), volume (V),
and total energy (T) are conserved. A periodic boundary
condition is used in the x- and y-directions. A second-order
symplectic integration [9] is used to execute the time inte-
gration of the equation of motion. The time step Atz of the
integration is set to 0.02 fs.

In this study, the average kinetic energy 7 of a certain
region expressed in the unit of temperature is defined as the

following equation:

T = [i %miv%]/(ngN) R )

where m; and v; are the mass and velocity of i-th atom,
respectively. N is the number of atoms in the region. kg
is the Boltzmann constant. 7* expresses the temperature
of the region when the atoms in the region are in thermal
equilibrium.

2.2 Connection of MD simulation and HC
equation

Because the incident hydrogen atom brings its kinetic
energy into the target material, the thermal energy of tar-
get material increases at the injection. In a real system, the
thermal energy gradually decreases by heat transfer toward
the surrounding atoms. However, because of its long com-
putation time, it is difficult to prepare an MD system that
is sufficiently large to calculate the process of heat transfer
to the bulk. To consider this heat transfer, we developed
an MD-HC hybrid simulation, which is connects the MD
method to the HC equation and expresses the heat transfer
to the bulk.

Figure 2 shows the schematic diagram of the MD-
HC hybrid simulation. Our system consists of both the
molecular dynamics calculation region (MD region) and
the heat conduction calculation region (HC region). To cal-
culate the heat transfer flowing out from the MD region,
the MD region is embedded in the HC region. The en-
tire system, include the MD and HC region, is divided into
6.67 A x 6.67 A x 6.67 A cells. The total number of cells
is set to 26 X 26 x 26. As shown in Fig. 3, the MD and HC
region are connected by the connection cells. Connection
cells are also shown as hatched cells in Fig.2. The num-
ber of cells in the MD region, including connection cells,
is6X6XS5.

To calculate the HC equation, each cell stores the
value of T, which is the temperature of the cell. The
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Fig. 2 Cross-sectional schematic diagram in the (a) x-y and (b)
x-z planes of the system of the MD-HC hybrid simula-
tion, which consists of the MD and HC regions.

Connection cells

Fig. 3 Atoms in the connection cells. The red and black balls
denote carbon and hydrogen atoms, respectively.

value of T, in the MD region is calculated using Eq. (2)
although it is not possible to assume that some cells in the
MD region are in thermal equilibrium. The time evolution
of T is solved using the following HC equation:

aTcell
ot
where « is the thermal diffusivity. The cells shown in dark

gray in Fig.2 are used for the Dirichlet boundary condi-
tion by fixing the temperature 7 to the bulk temperature

= aV*Teen, 3)

300 K. The cells shown in black in Fig. 2 are used for the
Neumann boundary condition by copying the T value of
the cell located one cell below in the z-axis direction.

The time step At of the integration is set to 0.02fs,
which is the same value used in the MD simulation. Of
note, the time scale of most HC phenomena is slower than
that of atomic motion in the MD system. Therefore, it is
possible to use a longer time step for HC calculation than
for MD calculation. However, because of the computation
cost for HC calculation is negligibly small compared with
the computation cost for the MD system, the same value is
used for the time step of the MD and the HC calculation in
our simulation.

The time evolution of the system is calculated using
the following procedure:

1. The momentums of atoms in the MD region are deter-
mined to follow the Maxwell-Boltzmann distribution
with an initial temperature of 300 K.

2. Teep for all cells is set to 300 K.

3. The momentums of atoms in the MD region are pro-
ceeded by Az/2.

4. The positions of atoms in the MD region are pro-
ceeded by Az/2.

5. The force acting on all atoms in the MD region is up-
dated.

6. The T* values of each cell in the MD region, includ-

ing connection cells, are calculated by Eq. (2).

. The T.ep values of each cell in MD region, including
connection cells, are overwritten with the calculated
value of T*.

8. The T,y values of cells in the HC region and connec-
tion cells are proceed by Atf. (The T,y of other cells
in the MD region do not have to be proceeded.)

9. The momentums p of atoms in the MD region are up-
dated to p’ using the velocity scaling method:

p’i =D \[Tcell,i/Ti*’

where p; is the momentum of the i-th atom before the
update. T, and T} are the values of T and 7 of
the cell to which the i-th atom belongs.

10. Repeat steps 3 to 9.

3

2.3 Determination of thermal diffusivity «
To obtain the thermal diffusivity « of the target ma-
terial shown in Fig. 1, another MD simulation shown in
Fig. 4 (a) is performed. In the MD simulation, a 10 A x
10 A x 200 A hydrogen-containing amorphous carbon ma-
terial is prepared in the simulation box. The densities of
hydrogen and carbon atoms in this simulation are set to the
same density of the target material used for the injection
simulation shown in Fig. 1. Then, the time evolution of
HC is investigated by heating one end. A periodic bound-
ary condition is used in the direction perpendicular to the
depth direction while open boundary is applied in the depth
direction. To heat one end, the initial velocities of atoms
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within 10 A from the edge of the material are set to fol-
low the Maxwell-Boltzmann distribution of temperature
Tyx. The initial velocities of other atoms are zero. The
velocities of atoms within 10 A from the edge are reset at
every step by the velocity scaling method to keep 7* = Ty.
Figure 4 (b) shows the simulation results obtained by using
the HC equation for the system with the same configuration
as that of the MD simulation. Thermal diffusivity « is esti-
mated by comparing the time evolution of the depth profile
of the temperature solved by the MD method to the profile
solved by the HC equation with a different @. The lines
shown in Fig.5 denote the results using the HC equation
with @ = 3.93 x 1077 m?/s. The marks denote the results
obtained by the MD simulation. Even though Ty is dif-
ferent, the depth profile obtained by the HC equation with
constant @ = 3.93 x 107" m?/s shows a good agreement
with the result of the MD simulation.

Thermal diffusivity @ can be converted to thermal
conductivity A by multiplying pc = (3/2)kgn where p
is the mass density, c¢ is the specific heat, n is the num-
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Fig. 4 Simulation of heat conduction using the (a) MD method
and (b) HC equation.
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Fig. 5 Depth profile of temperature using the MD method and
HC equation. The results obtained by solving the HC
equation are the case where @ = 3.93 x 1077 m?/s.

ber density, and kg is the Boltzmann constant. From
the relation, the value of A in our simulation is obtained
to be 1.34 W/(m - K). The value is in good agreement
with the literature value of amorphous carbon, which is
1.5W/(m - K) at 273 K [10].

3. Validation and Verification of the
Model

3.1 Cell size dependence

To investigate the cell size dependence of the MD-HC
hybrid simulation, we calculated the depth profile of the
Tcen of the system shown in Fig. 4 by the MD-HC hybrid
simulation. To apply the hybrid simulation for the system,
the material shown in Fig. 4 (a) is cut at a depth of 50 A.
After some treatment stabilize of the material, the HC re-
gion with a different cell size L is connected to the material.
The thickness of the connection cells is set to 10 A. Fig-
ure 6 shows the cell size dependence of the depth profile
of the T of the system using by the hybrid simulation. A
depth lower than 50 A is calculated by MD, and the deeper
region is solved by the HC equation. When the cell size
L is larger than 2.5 A, almost the same depth profile is ob-
tained. In these cases, the depth profile at the interface
between the MD region and the HC region is smoothly
connected. However, when the cell size L is 1.25 A, the
profile does not smoothly connect at the interface because
the fluctuation of 7* in each cell is large when the number
of atoms in a cell is small. Therefore, the cell size L must
be larger than 2.5 A for the hybrid simulation.

3.2 MD region size dependence

To confirm the reliability of the MD-HC hybrid sim-
ulation, the time evolution of the radial distribution of T*
of the target material is compared by changing the size of
the MD region without changing the size of the entire sys-
tem composed of the HC region and the MD region. For
the comparison, a larger material is prepared by repeating
the structure of the original target material twice in the x-
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Fig. 6 Cell size dependence of the depth profile of T calcu-
lated by the MD-HC hybrid simulation applied to the one-
dimensional system shown in Fig.4. Ty is set to 600 K.
The profile is the value at the time of 10 ps.
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and y-directions in addition to the original target material
whose size is 40 A x 40 A x 33.3 A. The size of the MD
region of a larger case is 80 A x 80 A x 33.3A. The cell
size of both the original and larger MD region case is set
to 6.67 A. The number of cells in the original and larger
MD region case is 6 X 6 X 5 and 12 x 12 x 5, respectively.
The HC region is attached around the MD region. The total
number of cells, including both the HC and MD regions is
26 % 26 x 26 for both original and larger MD region cases.

To calculate of the radial distribution of 7*, cylinders,
which have the incident axis as its axis, are considered (as
shown in Fig. 7). The radial distribution of T* is calculated
for every region between the cylinders whose radii are r

. Incident
* hydrogen atom
oS B

33.3

Fig. 7 Configuration of the cylinder for the calculation of the
radial profile of 7~ of the target material.
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Fig. 8 Time evolution of the radial profile of T of the target
material in the case where the size of the MD region is
(@) 40A x40 A x 30 A and (b) 80 A x 80 A x 30 A.

and r + Ar. The value of Aris setto I A.

Figure 8 shows the time evolution of the radial profile
of T* of the target material in the MD region for origi-
nal and larger case. It is observed that the incident energy
propagated toward the radial direction. Although it has al-
ready been shown in Fig. 11, after approximately 2 ps, the
incident energy reached r = 20 A where the connection
cells are located in the original case. A decrease in the val-
ues of T* near the center (i.e. r < 10A) is observed in
both cases especially after 2 ps. Although the radial distri-
butions of 7* in both cases are similar, we observe that the
values of 7™ near the center in the original case are slightly
larger than those in the larger case when the time is more
than 4 ps. It appears that this difference occurs because a
part of the heat flow reaching the connection cells returns
to the MD region through the periodic boundary. This re-
turning energy can be reduced by increasing the size of
the MD region. Therefore, it is necessary to determine the
size of the MD region by considering the balance between
computation cost and the amount of allowable returning
energy.

3.3 Validation of thermal equilibrium in the
connection cells
The process in which the incident atom collides with

the surrounding atom in the target material and the incident
energy is transferred to the surrounding atom is expected
to be a non-equilibrium process. However, to connect the
heat flow flowing out of the MD region to the HC equa-
tion, the atoms in the connection cells must be in a thermal
equilibrium state. To validate the thermal equilibrium in
the connection cells, the distributions of the kinetic ener-
gies of atoms in Cell-A and Cell-B, shown in Fig.9, are
investigated. Cell-A is located at the center of the target
material where the incident atom penetrates. Cell-B is lo-
cated in the connection cells which are shown as hatched
cells in Fig. 9. Cell-A and Cell-B contain 41 and 44 atoms,
respectively. To secure a sufficient sample size, the kinetic
energy values for each atom in 100 steps (2 fs) is used for
each plot. Therefore, the sample size for each plot is 4100

(@) (b)

I-B [CEIIA

Fig. 9 (a) Atoms in Cell-A and Cell-B. (b) Positions of Cell-A
and Cell-B.
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and 4400 for Cell-A and Cell-B, respectively.

Figure 10 shows the time evolution of the distribu-
tion of kinetic energies of atoms in Cell-A and Cell-B. The
solid red line shows the Maxwell-Boltzmann distribution
where temperature T is equal to 7 of Cell-A or Cell-B.
The energy distribution of Cell-A follows the Maxwell-
Boltzmann distribution after 0.02 ps because the incident
atom does not reach Cell-A yet. However, the distribu-
tion considerably deviates from the Maxwell-Boltzmann
distribution after 0.04 ps because the incident atom col-
lides with atoms in Cell-A. As time elapses, energy re-
laxation proceeds. After 1ps, the distribution follows
the Maxwell-Boltzmann distribution again even though
T* is still higher than the initial temperature. Compared
with Cell-A, the distribution of Cell-B always follows the
Maxwell-Boltzmann distribution even though 7* at 1 ps is
higher than the initial temperature. Therefore, we conclude
that the atoms in the connection cells are in a thermal equi-

(a) Cell-A (b) Cell-B
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Fig. 10 Distribution of kinetic energies of atoms in (a) Cell-A and
(b) Cell-B. Solid red line shows the maxwell distribution
when the temperature is 7" of the cell.

librium state.

4. Simulation Results and Discussion

Figure 11 shows the time evolution of the value of T
of each cell. Instead of temperature, the value of T* is used
for the cells in the MD region. After 7.2fs, the incident
atom is impacted at the center of the surface of the target
material. Therefore, an increase in 7™ is observed at the
center after 0.1 ps. After 2 ps, the high energy area in the
MD region expands. An increase in the temperature of the
cells in the HC region adjacent to the MD region is also
observed. After 10 ps, the area with an increased temper-
ature in the HC region near the MD region expands. The
values of T* in the MD region gradually decreases. After
50 ps passed, the values of T almost recover to the initial
state.

Figure 12 shows the time evolution of the average ki-
netic energy T* of the target material in the MD region.
“The target material” includes all atoms in the MD re-
gion, excluding the incident atom. The dots are plotted

g 400 T T
= 380é \
2 360 b MD(NVE)
£ 3401 [,  MD-HC hybrid simulation
£ 320} e
B 300F——
. Initial temperature

280 ' ‘ '

0 50 100 150 200
Time [ps]

Fig. 12 Time evolution of the average kinetic energy 7" of the
target material in the MD region. The black dots denote
the results of the MD-HC hybrid simulation. The gray
dots denote the results of the MD simulaitin under the
NVE ensemble.

H400

MD region
T M
=
ﬁ 200 §
= :
H

0.0 0.1 0.5

: : —
2.0 10.0

Fig. 11 Time evolution of the value of T at each cell. Upper and lower figures show the cross-sectional schematic diagrams in x-y and
x-z planes of the system of the MD-HC hybrid simulation, respectively.
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Fig. 13 Time evolution of energies in the MD region. The green
line shows the kinetic energy of the incident atom. The
red line shows the summation of kinetic energies of all
atoms in the MD system except for the incident atom.
The blue line shows the potential energy of all atoms in
the MD system. The orange line shows the total energy
removed from the MD system when energy is flowing out
from the MD system.

every 2fs. The black dots are calculated by the MD-HC
hybrid simulation. The values increase to approximately
380K from an initial temperature of 300 K when the in-
cident atom enters the target material. Then, the values
gradually decrease to recover the initial temperature ow-
ing to the heat flow from the MD region to the HC region.
For the comparison, the result of a regular MD simulation
under the NV E ensemble, which does not include the con-
nection to the HC equation, is plotted as gray dots. In a
regular MD simulation, the temperature does not return to
the initial value. Of note, the computation times for 200 ps
for the MD-HC hybrid simulation and regular MD sim-
ulation are 36349 s and 33721 s, respectively. Therefore,
computation time increases by 7.8 %.

Figure 13 shows the time evolution of the kinetic en-
ergy of the incident atom, thermal energy of material, po-
tential energy, and total thermal energy flowed out to the
HC region. The dots are plotted every 0.02fs when the
time is less than 200 fs and every 2 fs when time is larger
than 200 fs. The thermal energy of the material is calcu-
lated by adding the kinetic energies of all atoms in the tar-
get material. The total thermal energy flowed out to the
HC region is calculated by summing up kinetic energies
removed from the atoms in the connection cells using the
velocity scaling method (i.e., step 9 explained in Sec. 2.2).
Owing to the energy conservation law, the summation of
all energies is conserved. After the impact, the kinetic en-
ergy of the incident atom gradually decreases by colliding
with target atoms. Conversely, the thermal energy of target
atoms and the potential energy increase with a decrease in

102 - T T - T T
Ty Kinetic energy

_ 101 L ofincident atom
> 1k .
L,
83107
L:Jé 102F T EEE

103F T" of MD regioi

10-4 I |

00T 0T 1 10100
mpact Time [ps]

Fig. 14 Time evolution of kinetic energy of the incident atom (red
line) and the average kinetic energy 7™ of the MD region
(green line).

the kinetic energy of the incident atom because the incident
energy is transferred to the surrounding atoms in the target
material. The energy absorption process occurs on a time
scale of less than 0.1 ps. After 1 ps, the thermal energy of
material and potential energy gradually decrease when the
total thermal energy flowed out to the HC region increases.
The heat removal process proceeds on a time scale of ap-
proximately 1000 times slower than the process of energy
absorption process.

Figure 14 shows the time evolution of the kinetic en-
ergy of the incident atom and the average kinetic energy
T* of the target material in the MD region. For compar-
ison, the value of T is plotted in the eV unit. Figure 14
clearly shows that the incident atom has the same energy
as the surrounding atoms in the target material after ap-
proximately 1 ps.

5. Summary

A new calculation method is developed for the MD
simulation of a system in which an atom is injected into
a target material. In the new method, the boundary of the
MD system is connected to the HC equation to consider
the process of heat transfer of incident energy from the in-
jection points to the bulk of the material. By applying the
proposed method to the system of hydrogen atom injection
into carbon material, we successfully simulated the process
in which the incident energy propagated from the incident
point to the surrounding atoms and recovered to the ini-
tial temperature with a small MD system. The simulation
result shows that the process of heat removal proceeds on
a time scale of approximately 1000 times slower than the
time scale of when the incident energy transfers from the
incident atom to the target material.
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