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Abstract

energy.

The chemical processes of the tritium plasma graphene wall contacts must be investigated when building a Tokamak fusion reactor. The enormous
heat and energy of fusion reactions can alter how the reactors’ physical surfaces form. If graphene is chosen for the fusion reactor’s construction,
this happens when the atoms of the fusion tritium fuel enter the wall structures. Tritium plasma ions penetrate the graphene crystal’s surface in
this experiment. Tritium plasma ions with energies ranging from 5 to 35 keV can penetrate graphene crystal surfaces with the aid of molecular
dynamics, and the chemical reactions that result are examined using stochastic methods based on Shannon entropy parameters based on kinetic

Keywords: Chemical process of PMI; Tritium Plasma Graphene Interaction; Molecular Dynamics of PMI

Introduction

Because of its almost infinite fuel supply and low radiation
levels, fusion reactors are perfect for space technologies and
energy production. These reactors generate helium, neutrons,
and other particles through hydrogen fusion. The repulsive
force between positively charged nuclei, known as the Coulomb
barrier, must be overcome for fusion to occur, and this requires
incredibly high energy (400 keV for two protons, for example) [1-
2]. The process of nuclear fusion takes 100 million degrees. Due to
its infinite fuel supply, nuclear fusion is therefore the preferable
method for current and upcoming research. For example, transient

radioactive waste is produced during the operations of safe fusion
reactors [3-6]. Tritium and deuterium are used in the most well-
known fusion reaction. Turbine steam is created when water is
warmed by the 14 MeV neutron from this event. Moreover, 3.5 MeV
He is produced by this reaction. Under extreme heat, the fusion
product reactor’s generated helium serves as the input nuclei for
deuterium and tritium [7-11]. Plasma, a conductive ionized gas, is
controlled by magnetic confinement in fusion reactors. However,
a significant problem is plasma-wall interaction, which weakens
reactor walls through heat, particle impact, and gas absorption,
lowering lifespan and efficiency (Figure 1).
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Figure 1: WEST, the tokamak of the CEA [12]
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Tritium retention in materials that face plasma, like graphene,
is another crucial problem; studies in reactors like JET and TFTR
have shown retention rates of 40-51%. ITER may approach its
tritium limitin roughly 100 pulses, according to simulations, which
would degrade walls and reduce efficiency. Tritium bombardment
on graphene showed increased wall breakdown in molecular
dynamics simulations, underscoring the need for better materials.
Future studies will concentrate on improving reactor designs and
materials that face plasma in order to increase their longevity and
effectiveness for energy and space applications. While plasma-
wall damage, tritium retention, and material deterioration are
difficulties, clean, almost unlimited fuel is a key feature that makes
it perfect for high-power space missions [12]. Optimized reactor
designs and improved materials like graphene are needed for
solutions, and future research will focus on simulations and tests
to forecast and lessen degradation. According to new research
on the retention of tritium in graphene-based tokamak wall
designs, graphene coatings may offer several advantages over
more traditional materials like tungsten or carbon composites.
Compared to graphite, few-layer graphene can reduce tritium

retention by as much as 70% due to its high diffusion rates
and poor hydrogen isotope solubility, which encourage tritium
desorption [13-22]. Tritium ion plasma penetration on the
graphene crystal surfaces was modeled using molecular dynamics
simulations in order to investigate this. The interactions are
subjected to stochastic analysis from a chemical standpoint. The
findings indicated that tritium retention shortens reactor lifetime
by speeding up wall deterioration.

Method

The Python programming language was used to perform mo-
lecular dynamics simulations. This work was accomplished using
Spyder, a component of the Anaconda module, version 6.0.3. Cal-
culations were carried out using a Dell Precision 7680 running
Ubuntu 24.10 Linux and outfitted with an Intel Core i7 13th Gen-
eration processor. The Python compiler version used was 3.12.7.
In this work, a Python framework for molecular dynamics simula-
tions called the Atomic Simulation Environment (ASE [23]) is used
(Figure 2).
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Figure 2: Atomic Simulation Environment in Python language for Molecular Dynamics Simulation
) J

In the molecular dynamics simulation, a sizable portion of
graphene—roughly 1,200 carbon atoms—is simulated in order
to develop the kinetic energy-based Shannon Entropy. An analysis
of the tritium ion plasma penetration’s chemical consequences on
the graphene crystal is conducted. This analysis evaluates bonding,
process conditions, and atom boundary conditions. The results
hold significant ramifications for forthcoming investigations into
carbon-based materials and their multifarious uses in numerous
industries. It is assumed that graphene has a C hexagonal crystal
structure. Tritium is addressed with single hydrogen atoms
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for the sake of simplicity in the scale of the simulated material
molecular calculations. The tritium (hydrogen) atoms in (Figure
3) are shown as white in the molecular dynamics, whereas the
carbon atoms are represented as gray. To facilitate computations
and replace tritium, the block was exposed to hydrogen at energy
levels ranging from 5 to 35 keV using 3T magnetic induction.
According to the literature, the current simulations encompass
an appropriate range of collision energy, proving that the energy
levels chosen for the simulation were sufficient.
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Figure 3: 3D representation of tritium ions on the graphene surface

(N

The initialization of the molecular dynamics are given as
below:

e al =2.46 #Lattice constant for graphen (in Angstrom)

e 1=6.70 #Interlayer spacing for graphen (in Angstrom)

e num_hydrogen_atoms = 42

e timestep = 1.0 # femto second

e total_steps =200

e temperature = 300 K

e  bulk _cutoff = 5.0 (Distance cutoff for retention (Angstroms))

e hydrogen_mass = 1.00784* 1.66053906660e-27* units.kg
(Mass of hydrogen atom)

The Effective Medium Theory (EMT) potential specified in the
ASE Python framework serves as interatomic potential for the sim-
ulation configurations of the materials used in this investigation.
Averaging the various values of the constituents that directly com-
prise the composite materials in an electromagnetic environment
is how EMT is created given in the literature. The overall materi-
als’ effective permittivity is computed using reasonable approxi-
mations. Under controlled circumstances, thermal equilibrations
were carried out at 300K using leftover graphene. These were
carried out in considerable numbers. The microcanonical (NVE)
ensemble’s magnetic force impacts allowed the surface layers to
move freely for a single second. This facilitated the movement of
these layers. The mechanism that maintains the energy, volume,
and elements of the ensemble at consistent levels makes this pos-
sible. The heat produced by the bombardment was dispersed by
Langevin-thermostatizing the top four layers for one picosecond
following the NVE cycle.

A thermally regulated graphite block in a vacuum (~3 A) was
used to study the effects of hydrogen (5-35 keV) on graphene
using molecular dynamics simulations. Atoms were able to esca-
pe, but movement was restricted by periodic limits. The force field
is a set of energy functions that help us understand the energy
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involved in the interaction between atoms; it is usually the sum
of covalent and non-covalent interactions among the atoms and
molecules, or bonded and non-bonded terms. It is necessary to
first develop a precise understanding of the force field in order to
compute the forces acting on the atoms, which are the functional
form of potential energy.

The formulation of the force field is:
U(T) = Uponaed + Unon-bondea (1)

Bonded Interactions (Covelent terms): This item explains how
atoms made of chemical bonds interact with one another.

. Bond stretching (Harmonic oscillator approximation):
1
Ubond = Zbondsgkb(r - ro)z (2)

in (2); =bond force constant, r=instantaneous bond length,
=equilibrium bond length

. Torsional rotation (Dihedral potential)

Ugihearar = Lanearai ks (1 + cos(n® — &))* (3)

in (3); =dihedral force constant, n=periodicity (multiplicity),
=dihedral angle, =phase shift

. Angle bending (Harmonic potential)
1
Uaﬂgie = Zaﬂgies 3 ko (6 — 90)2 (4)

in (4); k_6=angle force constant, 6=instantenous bond angle,
6_0=equilibrium angle.

. Improper dihedrals (Out-of-plane bending)

1
Uimproper = Zimpropersgkw(w + %)2 (5)

in (5); is the improper angle (i.e. maintaining planarity in aro-
matic rings)

Non-Bonded Interactions (Non-Covelent Terms): These expla-
in how atoms that are not directly bound interact:

e  van der Waals (Lennard-Jones potential)
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Ty o5
Upaw = Tucy ey |G — (;;)6] (6)

Tij
in (6); =depth of the potential well, =distance at which U=0,
=distance between atoms i and j

e  Electrostatic (Coulomb potential)
95
Uelec = E],Cj ‘-1-]"[Egi'§}' (7)

in (7); , =partial atomic charges, =vacuum permittivity, =dis-
tance between charges

Complete Force Field Equation: When all terms are added
together, a typical force field (such as AMBER, CHARMM, or OPLS)
is represented as follows:

UG) = Tonas s koG — 102 + Zangtes ko (B0 — 00)? + Zamearais o (1 + cos(n® — 8)) + 8)

1 94, 94, 99,
Satrarat ko (1 + €051 = )+ Timprapers Sy W + o) 4Xuey ey [ (17 = E° e 0

The force constants (kb, k6, k¢, ki) and parameters (¢€,0, q)
are empirically or quantum mechanically computed for particular
force fields, whereas the non-bonded terms in (8) have the power
of intermolecular forces and long-range interactions. The bonded
terms in (8) preserve molecular structure. This approach enables
the Molecular Dynamic simulations to use Newton’s equations to
propagate atomic motions and calculate forces in (9).

&u
mr; = — - 9

To do this in (9) computation, the forces acting on the atoms
which are usually derived from a potential energy—need to be
known numerically for the entire geometrical set of 3N atomic
coordinates . The basic graphene layer remained at 300K after
absorbing motion. The top four layers evolved freely for a brief
period of time (NVE ensemble, 1 fs) prior to heat dissipation (1 ps
thermostating), while layers 2-8 were thermostated at 300K du-
ring bombardment. Faster thermostating was necessary because
van der Waals interactions were too slow. While capturing colli-
sion dynamics, femtosecond timesteps guaranteed computational
viability. This simulation uses the potential energy of the simula-

tion box to calculate the Shannon Entropy of the system’s atom
locations and the Shannon Entropy of the potential energy of the
retention of tritium plasma ions. Shannon states that p1, p2, p3,...,
pn are the set of probabilities that produce vagueness via (H) me-
asurement. When the atom locations and system potential energy
indicated in this system model are put into practice, the Shannon
Entropy is as follows [24]:

H =KX plog,p;

The transformation coefficient is K, and the Shannon Entropy
contains the following probabilities: p1, p2, p3,..., pn. In molecular
dynamics, equation (2) above provides the frequency of the simu-
lation box’s potential energy as well as the atom locations that are
seen inside the system configuration atom model. When thermal
equilibration was complete, post-impact analysis proceeded.

(10)

Results and Discussion

Through the use of a 3T magnetic induction, the simulation
bombards the graphene crystal with hydrogen ions at energies
between 5 and 35 keV. The next step of the process is to run si-
mulations of molecular dynamics. Thermostat integration is made
easier by the several layers of graphene fabrication. This sequence
illustrates the Shannon Entropy based on the results of three-di-
mensional molecular dynamics simulations and the molecular
configuration’s kinetic energy estimates. (Tables 1-4) display the
simulation length as well as the Shannon Entropy for tritium ba-
sed on kinetic energy using a 3T electromagnetic force and kine-
tic energies ranging from 5 keV to 35 keV. (Figures 4 -7) shows
the Shannon Energy based Kinetic Energy versus simulation time
graphs for the energies ranging from 5 keV to 35 keV. Since the
simulations involve kinetic energy (KE) distributions of tritium
ions impacting graphene, it can be related to the Shannon Entro-
py (H) of Kinetic Energy to system disorder and energy-dependent
reaction probabilities. The Shannon Entropy (10) was computed
for different KE bombardments (5-35 keV). The observed key pa-
rameters are: (Table 5)
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Figure 4: Shannon Entropy based on KE vs Time for 5 keV tritium plasma penetration
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Figure 6: Shannon Entropy based on KE vs Time for 25 keV tritium plasma penetration
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Figure 7: Shannon Entropy based on KE vs Time for 35 keV tritium plasma penetration
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Table 1: Kinetic energy-based Shannon Entropy values calculated by equation 10 for Tritium with SkeV bombardment with 3T on

Graphene Crystal.

Process Time (fs) Kinetic Energy Shannon Entropy of the total bulk surface

0 -4

25 4

50 5,8

75 6

100 5,75

125 5,65

150 5,7

175 5,9

200 5,95

Graphene Crystal

Table 2: Kinetic energy-based Shannon Entropy values calculated by equation 10 for Tritium with 15keV bombardment with 3T on

Process Time (fs)

Kinetic Energy Shannon Entropy of the total bulk surface

0 -4
25 4,95
50 58
75 5,98
100 6,1
125 6,3
150 6,5
175 6,45
200 6,55

Table 3: Kinetic energy-based Shannon Entropy values calculated by equations 10 for Tritium with 25keV bombardment with 3T

on Graphene Crystal

Process Time (fs) Kinetic Energy Shannon Entropy of the total bulk surface

0 -4

25 3,75

50 5

75 5,85

100 59

125 5,95

150 5,85

175 6,2

200 6,25

Table 4: Kinetic energy-based Shannon Entropy values calculated by equations 10 bombardment with 3T on Graphene Crystal.

Process Time (fs)

Kinetic Energy Shannon Entropy of the total bulk surface

0 -4
25 3,85
50 5,75
75 6
100 5,95
125 59
150 58
175 5,75
200 5,85
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Table 5: Observations of the key parameters for the Shannon Entropy based on Kinetic Energy

KE (keV) Initial H (0 fs) Peak H (fs) Final H (200 fs) Trend
5 4 6.00 (75 f5) 595 Rapid rise,ttil:;raln stabiliza-
15 -4 6.55 (200 fs) 6.55 Steady increase
25 -4 6.25 (200 fs) 6.25 Gradual rise
35 -4 6.00 (75 fs) 5.85 Rise, then slight decline

According to the main conclusions, the system first displays a
highly ordered state, as shown by the negative entropy (H = -4 at
0 fs), which is uncommon but feasible in systems with constraints
like pure graphene. Entropy evolution changes with ion energy
over time: a 5 keV bombardment causes stabilization (~5.95) af-
ter a quick entropy increase (H = 6 at 75 fs), whereas a 15 keV
bombardment causes continual disorder (H = 6.55 at 200 fs) be-
cause of deeper ion penetration. There are entropy peaks at high-
er energies (25-35 keV) with small reductions, which could be
caused by lattice recovery or ion reflection. Greater entropy and
reaction probability (k) are correlated with higher kinetic energy
(15-35 keV) as compared to Arrhenius behavior; however, non-
linear patterns imply saturation effects such as defect saturation.
According to transition state theory, the maximum reaction proba-
bility is represented by the peak entropy (H), and greater disorder
implies a lower effective activation energy (E,). In particular, the
lowest E, for defect production is suggested by a 15 keV bombard-
ment (H = 6.55). Force field approximations, finite timesteps, and
periodic boundary conditions all introduce uncertainty, therefore
additional validation using duplicated simulations with various
random seeds and DFT comparisons is required for more precise
E, calculation.

Conclusion

The tritium (H) retention activity that would take place inside
the graphene crystal structure in fusion reactor walls was better
understood as a conceptual research through the use of Shannon
Entropy of atom locations and Shannon Entropy calculated using
the kinetic energy data previously mentioned. Molecular dynam-
ics has helped us better grasp the forces, fusion conditions, and
energy that result in the atomic activities of material formations.
Due to the potential and kinetic energies of the various graphene
crystal structure layers in the established molecular dynamics,
the retention of the tritium plasma ion increases as its kinetic en-
ergy (5,15,25, and 35 keV) increases on the graphene wall’s sur-
face. Shannon Entropy analysis of tritium-graphene interactions
reveals an energy-dependent increase in disorder, with 15 keV
bombardment inducing the highest entropy, indicating optimal
conditions for defect formation. An Arrhenius-type analysis fur-
ther suggests a lower effective activation energy (EaEa) at higher
kinetic energies, though saturation effects become apparent be-
yond 25 keV. Future work will focus on extending simulations to
elevated temperatures (500-1000 K) to construct more compre-
hensive Arrhenius plots, while incorporating quantum corrections

7
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for improved Ea predictions. Additionally, experimental validation
through plasma-graphene interaction studies will be pursued to
verify computational findings and refine the theoretical frame-
work.
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