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ABSTRACT
Gurung, Ashok. M.S. Department of Physics, Wright State University, 2018. Molecular
Dynamics Study of Hydrogen Trapping and Helium Clustering in Tungsten.

The field of plasma confinement and path toward achieving thermonuclear fusion
started with experimental devices like tokamak and has evolved into other more complex
variants of magnetic plasma confinement such as stellarator and spherical-tokamaks. As
the plasma confinement machines advance towards higher temperature and plasma density
(thermonuclear fusion conditions) the role and nature of plasma-wall interaction such as
possible edge plasma regimes, particle recycling at the walls and its consequence for
erosion, migration and re-deposition of wall material and impurity generation, transport
and radiation as well as issues of particle exhaust continues to be a dominant limiting factor
due to the close proximity of the wall. The selection of optimal wall-material for the
plasma-wall components is a complex process, and till date, it continues to be an important
and challenging area in the field of study of plasma-wall interaction. Various metals,
ceramics or graphites with desirable response to severe thermal loads and varying
mechanical properties towards elastic deformation, plastic deformation, fatigue, and
toughness have been proposed. Sputtering and wall-erosion which results in plasma
contamination is an important determining factor for wall-material selection.
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Tungsten is considered as a possible candidate for plasma facing material because
of its high thermal conductivity, low hydrogen retention, high atomic mass (high-Z), and,
high melting point. In both, limiter and divertor configurations there is substantial recycling
of particles on the wall due to continuous bombardment of wall material by both charged
and neutral particles. Experimental studies have shown that the light particle species such
as hydrogen and helium are able to penetrate into the tungsten wall and substantial trapping
of helium in tungsten has been observed. Among other issues, blistering, fuzz formation,
tritium retention, surface roughening, and intergranular embrittlement are major issues to
be addressed. Considerable effort is invested towards developing a better understanding of
the interactions of hydrogen, helium in tungsten matrix.
In the present study we use classical molecular dynamics (MD) approach to study
(a) hydrogen retention, (b) helium bubble formation in tungsten, and, (c) study the effect
of the presence of helium bubbles in tungsten matrix on hydrogen retention. The hydrogen
bombardment simulations span an energy range from 30 eV to 100 eV at three different
substrate temperatures - 500K, 1200K and 2000K. The variation of hydrogen trapping on
tungsten matrix surface orientation is examined by performing MD simulation for <100>
and <111> surface orientations. The growth of helium clusters in tungsten matrix as a
function of temperature and a varying number of helium atoms at the start of the simulation
is performed to study solute saturation effects. The trapping of hydrogen in the presence of
helium is studied through molecular dynamics study of the bombardment of hydrogen
atoms on tungsten substrate with helium cluster distributed throughout the tungsten matrix.
The results of this study show that the hydrogen trapping fraction grows almost
linearly over the intermediate bombarding energy range with the exception of low incident
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energy for which higher hydrogen trapping is observed. The effect of substrate temperature
for low energy hydrogen bombardment is found to be different from the high-energy
incidence indicating a complex dynamics of atomic diffusion within the tungsten matrix.
The surface orientation of the substrate also affects the trapping percentage of hydrogen.
The formation and growth of helium cluster are found to be dependent on the temperature
and the number of helium atoms per unit cell. In the presence of helium cluster, the trapping
percentage of hydrogen is significantly affected, especially at low energy.
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CHAPTER I
INTRODUCTION
Thermonuclear fusion energy has been seen for many decades as the next form of
cleaner, essentially inexhaustible and universally available source of energy to meet the
growing global energy demand. Fossil fuel, the current primary source of energy, is a nonrenewable source of energy derived from prehistoric fossils, is a limited resource. In
addition, fossil fuel produces combustion products such as greenhouse gas - carbon dioxide
– which is known to cause environmental damage. There have been enormous researches
ongoing within the scientific community to get the better option which can fulfill the
current and future energy needs. Renewable energy stands as alternative options to limit
the dependence on fossil fuels. However, these sources of energy are inconsistent in terms
of efficiency and low energy density.
To fulfill future energy demand, there has been extensive research going on to make
nuclear reaction as a possible source of energy. Nuclear fission and fusion reaction are
considered to meet that criteria in the future. Although nuclear fission reaction possesses a
good prospect in terms of energy density and efficiency, its radioactive residuals constrain
its feasibility. Nowadays, researchers are more interested in fusion reaction energy. The
characteristics such as a self-sustaining reactor, high energy density, low radioactive
1

residuals, no production of carbon dioxide make the fusion energy one of best option to be
considered as a future energy generator.
In the nuclear fusion reaction, hydrogen isotopes, deuterium and tritium nucleus
fuses to produce helium nucleus and an extra neutron which can be represented as [1]:
2

H + 3H → 4He(3.5MeV) + 1n (14.1MeV)

Energy released from one nuclear reaction is not of any practical interest. To
produce fusion energy for any commercial grade use, many millions of reactions must
happen simultaneously and continuously. This requires a sufficiently high density and high
temperature plasma confined in a container for sufficiently long period of time, which is
described by the Lawson criterion. Tokamak, a magnetic confinement fusion reactor, is
proof of scientific feasibility to obtain commercial grade thermonuclear fusion reactor in
terms of energy efficiency and its ability to bring continuous large-scale power supply
without making any negative impact to the environment. Beyond experimental level
plasma confinement devices, an effort has been made at international level via international
research collaboration to make commercially grade nuclear fusion plants in the form of
ITER (International Thermonuclear Energy Reactor), and DEMO (DEMOnstration Power
Station) as seen in Figure 1.1. 1

1.1 Plasma-Wall Interaction in Tokamaks
Magnetic confinement in tokamaks is achieved by a combination of toroidal and
poloidal magnetic fields. The magnetic fields near the center form a closed field loop
known as the closed flux surfaces, however, radially outward from the center of the
tokamak the field lines become open and terminate on the walls which results in plasmawall interaction in magnetic confinement devices. Divertor is one of the important
2

components of tokamak, where it extracts the heat and ashes produced by the fusion
reaction. It also minimizes the plasma contamination and protects the surrounding from the
thermal and neutronic loads[4]. As divertor is exposed to the mixture of high flux of low
energy helium (He), deuterium (D), tritium (T) ions and neutrons, extensive studies have
done on material that could be chosen in divertor which can be sustainable in a harsh
environment of the nuclear fusion reactor. Tungsten has been considered one of the strong
candidates to use in diverter because of its excellent properties such as high melting point,
high thermal conductivity, and low sputtering rate. As neutrons are charge less particle,
they generally don’t get affected by the magnetic field, and strike straight to the first wall
of divertor.

Figure 1.1. 1 Cross-sectional view of ITER. Pink and white color represents the
confinement of plasma with the help of a toroidal magnetic field. The bottom part of the
toroidal shape, with red color, represents the divertor of the tokamak.
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Figure 1.1. 2 Poloidal cross section of tokamak, showing the regions of the plasma and the
boundary walls, where the important plasma – surface interaction take place. The big circle
represents the divertor region [3].
However, energy of Helium nucleus decreased by the effect of magnetic field, and
its energy drops to 20-100 eV when it interacts with divertor wall. With this consideration,
there has been lots of research going on to study the behavior of hydrogen and helium
inside tungsten under such energy range [2].
Hydrogen retention is one of major issues in tokamak, which need to be analyzed
with the proper understanding of the factors that contributes trapping mechanism because
it greatly influences the fueling efficiency, plasma density control and density of neutral
Hydrogen in plasma boundary which ultimately affects particle and energy transport in
fusion reactor. In particularly, the impact of hydrogen energy and surface temperature on
hydrogen trapping is considered one of the important fields to study for possibly
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subsidizing hydrogen retention problem in nuclear fusion reactor. With this consideration,
MD simulations were performed with the range of hydrogen atom's energy at different
substrate's temperature with various crystal orientation and its results are discussed in
chapter III.
In plasma-wall interaction of divertor’s first-wall with helium, the presence of
densely distributed vacancies and interstitials in addition to the intense flux of helium and
hydrogen impinging on the plasma facing material, results in microscopic change inside
the material and lead to significant change in their properties, which in turn, ultimately
affects the durability and efficiency of the device. As helium atom is one of the main
element that interacts with the divertor of the fusion reactor, study has shown that its impact
cause swelling, intergranular embrittlement, roughening and surface blistering at metal
surface[5]–[7]. Thus, it is important to understand the behavior of helium atoms inside the
first-wall tungsten matrix. When helium atoms get trapped in divertor’s wall, they start to
make a cluster. These clusters are very dynamic and depend on the temperature. The better
understanding of helium bubble formation, and its growth process help to solve the major
issues of nuclear reactor such as the durability of the divertor and the performance of the
reactor. Chapter IV is devoted to understanding the growth of helium cluster formation as
a function of helium atoms and temperature.
Helium and hydrogen isotopes are one of the essential elements of nuclear fusion
reaction. Their combined effect in divertor wall is considered one of the active research
field in nuclear fusion reactor because it always exposed to intense flux of low energy
helium and hydrogen isotopes. It is desired to study the retention of hydrogen in the
presence of helium cluster. N. Juslin and B. D Wirth [8] have studied the behavior of
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hydrogen in the presence of helium cluster. In their work, the cavity was created at the
center of simulation box and mixture of helium and hydrogen atoms are randomly inserted
inside the cavity. They have concluded that hydrogen has tendency to attract on the surface
of helium cluster. In this work, different approach was adapted to see this behavior. The
hydrogen atoms are bombarded on the tungsten surface with already present helium cluster.
The results are discussed thoroughly in Chapter V.
In this thesis paper, the second chapter discuss the theory that was used to run MD
simulation. The chapter describe the brief idea about classical molecular dynamics and the
parameters that were chosen to do MD calculation. Chapter III, IV and V discuss about the
hydrogen retention in pure crystal, helium cluster distribution and hydrogen retention in
the presence of helium cluster respectively. Simulation methods for MD calculation are
discussed in corresponding chapters.

6

CHAPTER II
THEORY
2.1 Molecular Dynamics
Molecular dynamics is a method to track the movement of atoms at atomistic
resolution[9]. It is very helpful to observe the dynamics of the atomic phenomena in very
small-time scale under predefined conditions such as temperature, pressure, stress etc. In
MD simulation, Newtonian equation of motion is solved to compute the coordinates of the
atoms at particular time. As force is the negative gradient of the interatomic potential, and
force determines the interaction acted between atoms, which ultimately determine the new
position of atoms as the time changes. For a system of N atoms, the Newtonian equation
of motion in terms of potential energy function can be written as
𝜕𝑉

𝐹𝑖 = − ∑𝐽=1 𝜕𝑟 𝑖 𝑟̂
𝑖𝑗
𝑗≠𝑖

𝑖

(1)

where Force 𝐹𝑖 = 𝑚𝑖 ⃗⃗⃗
𝑎𝑖 is the force acted on ith atom due to N-1 number of atoms. Then
Newtonian equation of motion becomes
𝜕𝑉

𝑚𝑖 ⃗⃗⃗
𝑎𝑖 = − ∑𝐽=1 𝜕𝑟 𝑖 𝑟̂
𝑖𝑗
𝑗≠𝑖

𝑖
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(2)

since the acceleration of each particle is 𝑎𝑖 =

𝑑𝑣𝑖
𝑑𝑡

=

𝑑 2 𝑟𝑖
𝑑𝑡 2

, this gives sets of partial

differential equations. Under predefined condition implanted in our system of interest such
as boundary condition, lattice structure, ensemble, integration method and thermostat, the
solution of the above equations (2) can be determined. While finding the new position and
velocity of each atom, it is required to do time integration of equation (2). Velocity Verlet
algorithm was adopted to do time integration, which will be discussed in next section 2.2.
For this, the total time scale is divided into small time steps around the order of 10^-15
seconds. The force acting on each atom is calculated using the given potential energy. This
force, over that time step, drives the atoms into new position by updating its position and
velocities toward next time step. Repetition of this process produces a chain of snapshots,
which describes the entire trajectory of the system in phase space. The desired properties
of the system can be extracted by analyzing the trajectory. The schematic diagram to
perform MD calculation is shown below.
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Figure 2.1. 1 Schematic diagram of molecular dynamics algorithm [10]
MD simulation is performed with Atomistic ToolKit Virtual NanoLab program
developed by QuantumWise. It is one of the powerful tools for modeling and simulation
of materials at atomic level using inbuilt python script along with its unique graphical user
interface. This software also provides very comprehensive platform to run the calculations
such as first-principles (DFT) and fast semi-empirical methods. To perform MD
calculation, it is required to choose suitable sets of parameters such as time step size,
number of integration steps, interatomic potential, integration algorithm, statistical
ensemble, initial temperature, constraints etc. Some of them such as integration algorithm,
statistical ensemble, interatomic algorithm, are discussed in this section. The remaining
will be discussed in the simulation method.

9

2.2 Velocity Verlet Algorithm
Velocity Verlet Algorithm is a numerical method to integrate Newtonian equation
of motion. The advantage of using this algorithm is to calculate the position and velocity
at the same value of the variable, with more efficient and reliable than other Verlet
Algorithm. The following scheme represents the implementation of Velocity Verlet
Algorithm in MD calculation[11]:
a)

It starts with the following equations:
1

𝑟(𝑡 + ∆𝑡) = 𝑟(𝑡) + ∆𝑡 ∗ 𝑣(𝑡) + 2 ∗ ∆𝑡 2 ∗ 𝑎(𝑡) +……,
1

𝑣(𝑡 + ∆𝑡) = 𝑣(𝑡) + 2 ∗ ∆𝑡 ∗ [𝑎(𝑡) + 𝑎(𝑡 + ∆𝑡)]
b)

Let’s choose time step ∆𝑡

c)

Calculate the velocities at mid-step using:
∆𝑡

1

𝑣 (𝑡 + 2 ) = 𝑣(𝑡) + 2 ∗ ∆𝑡 ∗ 𝑎(𝑡);
∆𝑡

d)

Calculate 𝑟(𝑡 + ∆𝑡) = 𝑟(𝑡) + 𝑣 (𝑡 + 2 ) ∗ ∆𝑡

e)

Calculate 𝑎(𝑡 + ∆𝑡) from potential

f)

Apply suitable boundary condition such as constant temperature and

pressure as needed
g)

Update the velocity on using the new acceleration:
∆𝑡

1

𝑣(𝑡 + ∆𝑡) = 𝑣 (𝑡 + 2 ) + 2 𝑎(𝑡 + ∆𝑡) ∗ ∆𝑡
h)

Repeat the same process for next time step and increasing number of

iteration as we desired to get the final output of MD calculation.
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2.3 Ensemble
In molecular dynamics, the Newtonian equation of motion is solved. Meantime,
care should be taken regarding which parameters should be fixed while performing MD
calculation, so that it will provide more reliable results related to the actual problem.
Additionally, MD performance calculation at the atomistic level, the overall macroscopic
properties of the system can be extracted with the suitable choice of statistical ensemble.
Three kinds of statistical ensembles such as NVE, NVP, and NVT are available in VNL
software.
NVE ensemble is the statistical ensemble with macroscopic variables such as, fixed
number of total particles (N), Volume (V), and total Energy (E) of the system over the
course of the simulation. In other words, the number of particles, volume it occupies, and
the energy of the system are conserved during the entire MD calculation in this type of
ensemble. It is also called as the microcanonical ensemble where the system is completely
isolated. In practice, it is very hard to make our system completely isolated from the
surrounding, so it will not be convenient to choose NVE ensemble to extract the desired
thermodynamic properties of the system.
NVT ensemble is commonly known as the canonical ensemble, where Number of
particles (N), Volume of the system (V) and Temperature of System (T) are kept fixed.
This statistical ensemble represents the possible states of the mechanical system in thermal
equilibrium with an external heat bath at a fixed temperature. It is very hard to make the
temperature of the system constant in a real experiment. However, the system can be
adjusted in thermal equilibrium by applying suitable heat bath. Additionally, the
thermodynamic properties of the system obtained via NVT ensemble give more reliable
11

results. With this consideration, NVT ensemble was chosen for this thesis work. While
performing MD simulation in NVT ensemble, it is very important to control the
temperature of the system. For this purpose, a variety of thermostat methods are available
to add and remove heat from the boundaries of MD systems. In ATK with Virtual Nanolab
2016.4, mainly three types of thermostats are available:

NVT Berendsen
This thermostat implements the algorithm which effectively constraint the
temperature oscillation. While the deviation is small, it still doesn’t represent the perfect
canonical ensemble behavior. As a result, the physical observables (velocity distribution)
do not show the accurate distribution.

NVT Nose Hoover
Nose-Hover thermostat introduce some fictitious dynamical variable in equation of
motion, which function is same as of frictional force. This dynamical variable helps to slow
or accelerate the particle of system until desired temperature achieve. It is considered one
of the reliable thermostats. With this under consideration, NVT nose-hoover thermostat is
chosen to run MD simulation

Langevin
In this thermostat, the Langevin equation, which explicitly includes friction as well
as stochastic collision, is solved to mimic the interaction with particles of the heat bath. It
implements the algorithm such that each particle couple with the heat bath. While this

12

produce very tight coupling, the results produced via this thermostat suppress the
dynamical properties of the system in more pronounced way. Therefore, it will not be
convenient to use this thermostat to study the dynamical properties of our system.
NPT ensemble stands for fixed Number of particles(N), Pressure (P) and
Temperature of system (T). this is also known as isothermal-isobaric ensemble, which
plays important role in chemistry because most of the chemical reaction takes place under
the constant pressure. However, this ensemble is not favorable to study plasma surface
interaction.

2.3 Maxwell-Boltzmann Distribution Function
Maxwell-Boltzmann distribution function is a type of probability distribution
which is applicable to particle velocities in three dimensions. In particularly, on given
randomly selected speed distribution, it accounts for which speed are more likely and how
it falls within one range of speed than others. Let us consider a system of interest consist
of a large number of particles, then Maxwell-Boltzmann speed distribution function
centered on velocity vector of magnitude 𝑣 can be written as
3/2
𝑚𝑣 2
𝑚
−
𝑓(𝑣) = (
) 𝑒 2𝐾𝑇
2𝜋𝐾𝑇

where 𝑚, 𝐾 and 𝑇 represents the mass of the particle, Boltzmann’s constant and
temperature of the system respectively. In this work, Maxwell-Boltzmann distribution
generates a random distribution of velocities to equilibrate substrate surface in each trial at
a given temperature.
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2.4 Embedded Atom Model Potential
As MD solves the Newtonian equation of motion, choice of interatomic potential
determines the quality of the results produced by it. To get reliable results from MD
simulation, the chosen potential should be sufficiently accurate for the system at hand. In
addition, plasma surface interaction simulation requires the potential so-called reactive
potential, which allows the bonds among the atoms broken and formed during the
simulation process[9]. This kind of requirement is fulfilled by the Embedded Atom Model
(EAM2) potential developed by Bonny et al[12]. Their potential is applicable for largescale atomistic simulation in the ternary tungsten-hydrogen-helium (W-H-He) system,
mainly focused on the interaction of hydrogen, helium, and tungsten in a Nuclear fusion
reactor. The atomic interaction described by EAM is written as
1

𝑁
𝐸 = 2 ∑𝑁
𝑖,𝑗=1 𝑉𝑚𝑖 𝑚𝑗 (𝑟𝑖𝑗 ) + ∑𝑖=1 𝐹𝑚𝑖 (𝜌𝑖 )

(3)

𝑖 ≠𝑗

where 𝑁 represents the number of atoms, 𝑟𝑖𝑗 represents the distance between i and
j atoms, and 𝑚𝑖 represents type of chemical species. 𝜌𝑖 represents the local density around
atom i due to the contribution of its neighboring atoms, and it can be written as 𝜌𝑖 =
∑𝑁
𝑗=1, 𝜑𝑚𝑗 (𝑟𝑖𝑗 ), 𝜑 denotes the electron density function of the considered element,
𝑗≠𝑖

tungsten. This potential doesn’t take density function of H and He under consideration.
In above equation (3), 𝑉 represents the pairwise potential between different atoms.
𝐹𝑚 𝑖 (𝜌𝑖 ) is embedded energy function which is defined as the amount of energy 𝑚𝑖 th atom
in uniform electron gas relative to the atom separated from the electron gas[13]. This
function is dependent on the density of the host (Tungsten matrix) at position 𝑟𝑚 𝑖 in the
absence of atom 𝑚𝑖 . The pairwise potential is written as
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𝑁

𝑉(𝑟) = ∑ 𝑎𝐾 (𝑟𝑘 − 𝑟)3 𝐻(𝑟𝑘 − 𝑟)
𝐾=1

where N represents the total number of knots, 𝑟𝑘 the knots, 𝑎𝑘 is the fitting
parameters and H is the Heaviside unit step function. In this potential, the embedding
function for hydrogen is considered only, which can be written as[13];
𝐹(𝜌) = 𝐴√𝜌 + 𝐵𝜌2
In this simulation, the chance of occurring quantum effect is minimum. First of all,
the simulation is carried out under high temperature which minimizes the chance of
occurring quantum effect. However, there is still some probability of quantum effect
because the potential used for this calculation involves electron density.
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CHAPTER III
HYDROGEN RETENTION IN PURE
TUNGSTEN MATRIX.
In this chapter, the results of hydrogen retention in a pure crystal are discussed. The
chapter contains the simulation method and results and discussion of hydrogen retention
percentage on <100> surface orientation of tungsten substrate, for different energy at
various substrate temperatures. MD simulations are performed at four energies of hydrogen
such as 30 eV, 60 eV, 80 eV and 100 eV. The effect of surface temperature on hydrogen
trapping is studied at three temperatures: 300K, 400K, and 500K. To examine the
orientation effect on hydrogen retention, MD simulation is conducted with <111> surface
orientation as well.

3.1 Simulation Method
MD simulation is performed on computational domain of size 63.304 Å x 63.304 Å
x 300.0 Å, with three distinct regions, labeled as, a) Substrate b) Bottom c) Reservoir
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a) Substrate
The substrate contains a matrix of Tungsten atoms. Hydrogen atoms are bombarded
on the substrate. Before hydrogen atoms starts to bombard on the substrate, it is required
to be thermalized at desired temperature. Maxwell Boltzmann distribution is used to make
the substrate atoms thermally equilibrate. The periodic boundary condition was satisfied
along x and y axis, while the orientation along z-axis was set free.
b) Bottom
It is required to keep substrate structure fixed during the entire simulation. For this
purpose, ten atomic layer of tungsten atoms, below the substrate, are defined as bottom.
Purpose of this region is to keep substrate fixed during the simulation.
c) Reservoir
This region contains the atoms that should be deposited in the active surface in
simulation box. It also has the atoms that reflected from the substrate. In this work, 400
hydrogen atoms were chosen to deposit on substrate one at a time. All these hydrogen
atoms are kept in reservoir region. Each atom is then brought from the reservoir at a
constant interval to deposit on substrate surface. The reservoir part should be adjusted in
such a manner that the atoms of the reservoir do not interact with the active part of system
(substrate).
Figure 3.1. 1 helps to visualize different regions of the simulation box. Before
starting bombardment of hydrogen atoms on the substrate, the surface needs to be thermally
stabilized long enough to get reliable results. It is thus MD calculation performed to
thermally stabilize the active surface of the substrate by choosing suitable interatomic
potential. As mentioned above in chapter II, the potential developed by Bony et al is used
in this entire research work. NVT Noose Hoover thermostat is used to couple system with
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virtual heath bath to make the temperature of the system fixed. The number of thermostats,
which were invoked to exchange heat between thermostat and virtual bath, is chosen three.
The thermostat time scale, which determined the time taken by the system to acquire the
desired temperature is set to be at 100*femtosecond. Maxwell-Boltzmann distribution is
chosen to assign the initial velocities of substrate atoms at given temperature Figure 3.1. 2
represents the snapshots of thermally stabilized substrate surface at t=0fs and t=50ns
respectively. Time step, ∆𝑡 = 0.5 ∗ 𝑓𝑠, is chosen to compute the updated position and
velocities of the substrate’s atom, via velocity varlet algorithm. The substrate has to be
equilibrated thermally for enough time to mimic the experimental condition. Hence, total
100,000 MD steps are chosen to equilibrate substrate surface, keeping bottom and reservoir
region fixed. MD outputs are extracted on every 5000 MD steps. Once the simulation is
successfully run, the final output is analyzed through movie tool option available in
QuantumWise software. Figure 3.1. 2 (b) represents the final configuration of substrate
surface after 100000 MD steps.

18

Figure 3.1. 1 Snapshot of XZ plan view of simulation box with <100> surface orientation
labeling with different region of the box. A, B and C represents lattice vectors. The region
(blue dots) inside the large yellow line represents the active surface of the simulation box
which is thermally equilibrate at given temperature. The region (just below the active
surface) represents the bottom layer of the simulation box which keeps the box fixed during
the simulation. The white dots contained in bottom rectangular yellow box represent 400
hydrogen atoms
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Figure 3.1. 2 Simulation box of tungsten with the substrate temperature at 2000K.
(a)Snapshot at t = 0 fs b) Final Snapshot at t = 50 ps.
After the substrate surface is thermally stabilized, the final snapshot is sent for the
bombardment of hydrogen atoms. With the updated configuration of box, each atom in
reservoir is assigned with zero velocities. First hydrogen atom is brought from reservoir at
fixed height 15 Å below the cell ceiling with random lateral position x and y, and fixed
amount of energy is assigned to it. The velocity vector is re-aligned such that the atoms
always travel towards the substrate surface, and impact angle is always perpendicular to
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the surface. After first hydrogen atoms strike the substrate surface, next hydrogen atom is
brought at 15 Å below the cell ceiling with new x and y coordinates. The process is repeated
until four hundred atoms of reservoir strikes on the substrate surface. This whole process
is executed with the help of python script inbuilt in QuantumWise software. Figure 3.1. 3
represents the snapshot of MD calculation for bombardment of hydrogen atom with 100eV
energy at time t = 0 fs.

Figure 3.1. 3 First snapshot of bombardment of hydrogen atom to thermalized substrate
surface <100> (at 2000K). The hydrogen atom is brought at height 15 Å below the box
celling, which is 285 Å from origin, and assigned energy with 100 eV.
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As hydrogen atoms with different energies take different time to interact with the
substrate surface, it is thus required to measure the time taken by each hydrogen atom to
interact with the tungsten before starting actual simulation. For 100 eV, each hydrogen
atom takes 110 MD steps to interact with the substrate atom. This gives the idea about how
many MD steps required to make bombardment of 400 hydrogen atoms on given substrate,
which means total 44000 MD steps required to run the entire simulation. To make sure that
the last atom, which is 400th atom, has enough time to interact with the substrate atom, the
entire simulation is run for 44080 steps, and output results are analyzed with the help of
movie tool option available in VNL 2016.4. The probability to interact previous hydrogen
atoms with subsequent hydrogen atoms are very low because each new hydrogen atoms
are placed at random x and y- coordinates at every new deposition. The number of trapped
hydrogen atoms are calculated with the help of python script. The python script file is
written in such way it extracts all the z-coordinates of the hydrogen atom and counts the
number of hydrogen atoms inside the substrate region. Figure 3.1. 4 helps to visualize the
trapping of hydrogen at different time interval. In similar fashion, MD calculations are
performed for 80 eV, 60 eV, and 30 eV.
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a) t=0ps
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b) t= 5.5ps
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c) t= 13.75ps
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d) t = 22.05 ps

Figure 3.1. 4 MD Snapshots of 100 eV hydrogen atom bombardments to the substrate at
2000K at different instant of time. Some portion of tungsten matrix is removed to have
clear view about the trapped hydrogen.
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Figure 3.1. 5 Bulk structure of thermally equilibrated tungsten surface at <111> surface
orientation (left). XY plane view of thermally equilibrated crystal lattice (Right).
To see whether the trapping mechanism has anything to do with crystal surface
orientation, the simulation is also performed with <111> surface orientation. Simulation
box is created in same way as it did for <100> surface orientation, which can be seen on
Figure 3.1. 5. Simulation method are performed in same manner as it did for <100> surface
orientation.
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3.2 Results and Discussions
Table 3.2. 1 represents the tabulated values of results obtained for <100> surface
orientation, and Figure 3.2. 1 represents the plot of results.

Figure 3.2. 1 The plot of hydrogen absorption percentage vs. energy at three substrate's
temperatures: 500K (red), 1200K(black) and 2000K(magenta).
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Table 3.2. 1 Absorption Percentage of hydrogen bombarding with four different energy in
Tungsten matrix at three different temperature.
Energy of Bombarding Hydrogen
Temperature
30eV

60eV

80eV

100eV

21.83%

22.1%

25.5%

28.98%

500 K
± 2.14%
22.5%

± 1.67%
21.65%

± 2.21%

± 1.06%

25.3%

25.88%

1200K
± 1.87%

± 2.18%

± 1.94%

± 1.83%

24.8%
22.58%
2000K

25.75 ±

25.25%

± 2.29%
± 2.49%

± 1.69%

2.32%

For each energy and temperature, ten trials were performed to compute the average
of the desired quantities. For 100 eV, the hydrogen atoms are bombarded to the substrate
at three different temperatures such as 500K, 1200K and 2000K. The highest percentage
of absorption is found to be 28.95% at 500K. At high temperature, which are 1200K and
2000K, the trapping percentage are found to be nearly same, but it dropped as compared to
500K. At lower temperature, the substrate atoms have small thermal energy compared to
high temperature. This makes loss of momentum small and hydrogen atoms travel deep
inside the tungsten matrix compared to higher temperature and hence increased the
trapping percentage. However, the substrate’s temperature doesn’t have any effect on the
hydrogen trapping at 60eV and 80 eV. For 30 eV hydrogen atoms bombardment, the
absorption percentage increased with the increment substrate temperature. It is observed
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that the percentage of absorption is high at 2000K and goes decreasing on decreasing the
temperature. It may be the reason, at low energy, the substrate has high sticking coefficient
with incident atom when the surface is at high temperature. This increases the percentage
of trapping for hydrogen with low energy at high temperature.
It is also observed that the trapping percentage will be increased with increasing
the energy of impinging atom, except at 30 eV. At 500K, the trendline shows a direct
relationship between the percentage of absorption and energy of the bombarded atom.
Minimum absorption is found to be at 30 eV and starts increasing linearly on increasing
energy of hydrogen atom. At 1200K, the absorption percentage is nearly the same for 30
eV and 60 eV. It is then starting to increase with increasing energy. The result for 2000K
is slightly different than what it is found at 1200K. As it can be seen on trendline, the
absorption percentage is larger at 30 eV than 60eV. On increasing energy from 60 eV to
100 eV, the chance to accumulate hydrogen atoms becomes more.

Figure 3.2. 2 Depth distribution of implanted hydrogen atoms with 30 eV energy to
tungsten substrate (100) at 500K.
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Figure 3.2. 3 Depth distribution of implanted hydrogen atoms with 60 eV energy to
tungsten substrate (100) at 500K.

Figure 3.2. 4 Depth distribution of implanted hydrogen atoms with 80 eV energy to
tungsten substrate (100) at 500K.
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Figure 3.2. 5 Depth distribution of implanted hydrogen atoms with 100 eV energy to
tungsten substrate (100) at 500K.

(a)
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(b)

(c)
Figure 3.2. 6 Depth distribution of 30eV hydrogen bombarded to substrate at three
temperatures a) 500K b) 1200K c) 2000K.
The trend line indicates that the chance of hydrogen trapping will be high if the
hydrogen atoms bombarded with the higher energy. More energy the particle has, more
dipper it penetrates inside the tungsten matrix which can be seen in Figure 3.2. 2, Figure
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3.2. 3, Figure 3.2. 4 and Figure 3.2. 5. Within the range of uncertainties, it is very hard to
conclude the hydrogen retention is directly dependent on the substrate’s temperature.
However, it is also found that the percentage of absorption is high at low temperature. At
lower temperature, the substrate has relatively small thermal motion as compared to higher
temperature. The incoming atoms lose small momentum at low temperature when
interaction comes into play between surface atoms and incident atoms at first time. This
increase chance of hydrogen atom to go deep inside the tungsten matrix through successive
series of channeling effect and binary collision at low temperature compared to high
temperature. During this process, some of them immediately come out of the substrate,
while remaining diffuse into the material deep inside. This explains why the percentage of
absorption is relatively higher at small temperature compared to high temperature. The low
energy hydrogen atom shows the results contrary to high energy. The retention percentage
is found to be increased with the temperature for low energy hydrogen atom, 30 eV. As
seen in Figure 3.2. 6, the percentage of absorbed hydrogen 10 Å below the free surface is
found to be significantly higher at 2000K and decreases its value with decreasing the
substrate's temperature. The work by Yang, Xue et al [14] mentioned that the substrate’s
surface is relatively soft at high temperature compared to low temperature, which may
serve as a cushion for low energy hydrogen atom at high temperature. This might be the
reason that hydrogen atoms get stuck near substrate surface and increased hydrogen
trapping. However, this phenomenon is not effective at high energies.
To understand the orientation effect on trapping mechanism, MD simulation was
performed with <111> surface orientation. For this purpose, MD calculation was carried
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out under the same condition as before for <100> orientation. The results are tabulated in
Table 3.2. 2 and plotted in Figure 3.2. 7.
Table 3.2. 2 Absorption percentage for tungsten matrix in <111> surface orientation.
Energy of Bombarding Hydrogen
Temperature
30eV

60eV

80eV

100eV

23.95%

29.3%

37.3%

43.45%

500 K
± 3.23%
22.29

± 4.03%
27.6%

± 2.00%
34.65%

± 3.47%
41.4%

1200K
%± 2.78%

± 1.18%

± 3.72%

± 2.86%

25.15%
25.5%
2000K

29.75%

35.55%

± 2.28%
± 2.25%
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± 1.13%

± 2.16%

Figure 3.2. 7 Absorption Percentage vs Energy for <111> surface orientation at three
temperatures: 500K(red), 1200K(black) and 2000K(magenta)

Figure 3.2. 7 indicate that the percentage of hydrogen absorption in tungsten is
relatively higher when substrate temperature has a lower temperature, except at 30 eV.
When hydrogen atoms bombarded with 100eV to the substrate, the percentage of hydrogen
atoms to get trapped inside the tungsten matrix will be higher at 500K. It is then started to
decrease as the temperature of substrate atoms (tungsten) increased. The similar behaviors
of hydrogen trapping are seen for 80 eV and 60 eV hydrogen atom, where retention
percentage is maximum at low temperature and dropped value on increasing the
temperature. Substrate temperature effects thermal motion of atoms at its lattice. As
temperature increase, the atoms gain higher thermal energy. This makes the substrate atoms
vibrate more rapidly. At 500K, thermal motion of substrate atoms is relatively lower than
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that of 1200K, and 2000K. As a result, the percentage of absorption is higher at 500K,
which can be seen from Figure 3.2. 7. Once atom strikes the surface tungsten atoms, it will
lose its momentum through a chain of collision with the substrate atoms, and ultimately
stops after having successive collisions with tungsten atoms. The amount of momentum
loss depends on the thermal motion of substrate atoms. Loss of momentum will be higher
if the substrate temperature is set at a higher temperature, and vice versa. Although there
are uncertainties associated with the measured values, the average value gave the idea
about how the overall value changes as a function of energy and temperature.
Radial Distribution Function (g(r)) describes how atomic density varies as a
function of distance from the reference atom. It is a very useful tool to describe the structure
of the system. The radial distribution function of solid has large number of sharp peaks
whose separation and heights are characteristic of its lattice structure. To get more insight
into the thermal motion of substrate atoms (tungsten), the radial distribution function is
plotted for 500K, 1200K and 2000K on Figure 3.2. 8.

(b)

(a)
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(c)

(d)

Figure 3.2. 8 Radial Distribution function of thermally stabilized tungsten atoms (a) Perfect
crystal lattice of Tungsten (b) Average radial distribution for entire simulation at 500K (c)
Average radial distribution of thermally stabilized tungsten atoms at 1200K (d) Average
radial distribution of thermally stabilized tungsten atoms at 2000K. The x-axis represents
the distance of atoms from the reference atom and Y- represents the radial distribution
function g(r).
The radial function gives an idea about the periodicity of the crystal lattice. If the
crystal lattice is periodic, then its radial distribution has direct delta nature of curves, which
can be clearly seen on Figure 3.2. 8 (a). On increasing the temperature of the crystal lattice,
the atoms start to vibrate at their lattice, which ultimately changes the shape of curve
depending on the amount of temperature given to crystal lattice. This can be seen in Figure
3.2. 8 (a), (b) and (c), where the width of the curve changes according to the magnitude of
temperature respectively.
The absorption percentage has a linear relationship with bombarding energy, which
can be seen in Figure 3.2. 7, except at substrate temperature 2000K. Atoms with high
energy go deeper inside the tungsten matrix which results in high probability to get trapped.
Although there is a uniformly increasing trend line for 60 eV, 80 eV and 100 eV, the
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absorption percentage did not show the same mechanism for 30 eV. At lower energy range,
it behaves same as it found for <100> orientation. Hydrogen retention percentage is the
largest at 2000K among three temperatures.
From Figure 3.2. 1 and Figure 3.2. 7, it can be seen that the orientation affects the
trapping mechanism. The plots show that the trapping percentages of hydrogen with <111>
surface orientation is relatively higher than that of <100> orientation, except for 30eV,
where surface orientation doesn’t have significant contribution like as for higher energies.
Tungsten has a body center cubic lattice with the lattice constant value, a = 3.1652
Angstrom. The surface is cleaved along two directions: <100> and < 111>. As a result, the
number of atoms in a particular surface is different depending on its orientation.

Figure 3.2. 9 Body-Centered Cubic Structure for Tungsten atoms
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a

√2a

Figure 3.2. 10 Atomic plane (100) at right and Atomic plane (111) at left.
The planer atomic density for given plane can be defined as the number of atoms centered
on a given plane divided by the area of the plane.
For (100) plane, Planar density =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐴𝑡𝑜𝑚𝑠 𝑐𝑒𝑛𝑡𝑒𝑟𝑒𝑑 𝑜𝑛 𝑔𝑖𝑣𝑒𝑛 𝑝𝑙𝑎𝑛𝑒
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑔𝑖𝑣𝑒𝑛 𝑃𝑙𝑎𝑛𝑒
1

Number of atoms centered on (100) plane = 4 ∗ 4 = 1 𝑎𝑡𝑜𝑚
Area of given plane = 𝑎2 = (3.1652 Å)
Planar density (100)=

2

1
(3.1652Å)

2

For (100) plane, Planar density =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐴𝑡𝑜𝑚𝑠 𝑐𝑒𝑛𝑡𝑒𝑟𝑒𝑑 𝑜𝑛 𝑔𝑖𝑣𝑒𝑛 𝑝𝑙𝑎𝑛𝑒
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑔𝑖𝑣𝑒𝑛 𝑃𝑙𝑎𝑛𝑒
1

1

Number of atoms centered on (111) plane = 3 ∗ 6 = 2 𝑎𝑡𝑜𝑚
Area of given equilateral triangular plane =

√3 (√2∗𝑎)
4
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2

=

√3 (𝑎)2
2

Planar density (111)=

1
√3𝑎2
2(
)
2

=

1
√3∗𝑎^2

Therefore, the ratio of planar density for two planes can be written as,
𝑃𝑙𝑎𝑛𝑎𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦(100)
𝑝𝑙𝑎𝑛𝑎𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦(111)

= √3

This indicates that tungsten matrix with (100) surface cleave has more atomic
density than (111) surface cleave. This directly affects the absorption (trapping) of
bombarded hydrogen atoms.

Figure 3.2. 11 Depth distribution of implanted hydrogen atoms with 100 eV to tungsten
substrate (100) at 500K.

41

Figure 3.2. 12 Depth distribution of implanted hydrogen atoms with 100 eV energy to
tungsten substrate (111) at 500K.
From Figure 3.2. 11 and Figure 3.2. 12, it can be clearly seen that percentage of
absorbed hydrogen atoms with (111) surface is comparatively higher than (100) surface
because planer atomic density of surface (100) is 1.73 times larger than that of (111)
surface. This makes that there is higher chance to reflect atoms from (100) surface than
that of (111) plane. As a result, the percentage of retention (absorption) is low in <100>
surface orientation.
Physical sputtering is defined as phenomena in which atoms of target are ejected
out due to bombardment of target by energetic particle. Since the energy used for this
simulation is in low energy range, hydrogen atoms within these energy range doesn’t
produce any physical sputtering. The energy transferred to tungsten atom by incident atom,
can be calculated by the formula given below[15]:

𝐸𝑝 =

(4∗𝑀1 ∗𝑀2 ∗𝐸)
(𝑀1 +𝑀2 )2
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where, 𝑀1 , 𝑀2 𝑎𝑛𝑑 𝐸 are the mass of the incident atom, mass of target atom and energy of
incident atom respectively. The displacement threshold energy is the amount of energy
needed to displace the atom from its crystal lattice site which is found to be 40 eV for
tungsten atoms. The energy of hydrogen needed for displacement production damage is
calculated to be 1833.07 eV, using the above equation. Thus, no physical sputtering effect
will be expected for low energy hydrogen bombardment to tungsten surface.
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CHAPTER IV
DISTRIBUTION OF HELIUM
CLUSTERS AT DIFFERENT
TEMPERATURE
In this section, the results of helium cluster formation and distribution at three
temperatures; namely, 500K, 1200K, and 2000K are discussed to understand the initial
stages of helium clustering and bubble growth. To see the effect of increasing number of
helium atoms in tungsten matrix, five sets of helium numbers are chosen such as 100, 200,
300, 400, and 500 helium atoms. The clusters are categorized based on the number of atoms
it contained. They are mainly divided into three categories: small cluster, medium cluster
and large cluster. Cluster with 3 -7 atoms are defined as small cluster, which are very
mobile in nature. Clusters containing 8 – 50 atoms are considered as medium-size cluster
and cluster having more than 50 atoms are called as big cluster. For convenience, medium
and large cluster are further sub-divided into small bins based on the number of helium
atoms contained in cluster. Medium cluster is sub-categorized as 8 – 15, 16 – 25, and 26 –
50 helium atoms; whereas large cluster are sub-classified into 51 – 75, 76 – 100 atoms
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clusters, and more than 100 helium atoms. One and two helium atoms are not considered
as clusters. Five simulation trails were performed to compute the average values.

4.1 Simulation Method
Tungsten bulk crystal was built which is body-centered cubic lattice(bcc) structure
with lattice constant 3.1652 Angstrom. The size of simulation box of tungsten matrix is
25.3216 Å x 25.3216 Å x 25.3216 Å, as shown in Figure 4.1. 1. The unit cell of the tungsten
matrix with a random distribution of 100 helium atoms is shown in Figure 4.1. 2 at time t
= 0 fs. This figure represents the initial set up to run cluster formation at temperature 500K.
Time step 0.5 fs was chosen to integrate Newtonian equation of motion through velocity
varlet algorithm. The system is coupled with virtual heat bath to control the temperature of
the system at a desired level by means of NVT Noose Hoover thermostat. Three
thermostats are invoked to control the temperature of the system, and thermostat timescale
is adjusted to be 100fs, which determines how fast system reach the desired temperature.
Each output is collected at the interval of 100fs, and the whole simulation is performed for
150 ps.
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Figure 4.1. 1 Bulk structure of tungsten matrix with dimension 25. 3216 Å X 25. 3216
Å X 25. 3216 Å.
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Figure 4.1. 2 Random Distribution of 100 Helium atoms in tungsten matrix at time t
= 0 fs.
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a) t=0 fs

b) t=4 ps

c) t= 30 ps

d) t= 150 ps

Figure 4.1. 3 MD Snapshots of cluster formation of 100 helium atoms inside the tungsten
matrix at temperature 500K at different time.

Tungsten is made invisible on this snapshot to have clear view about how helium
cluster is formed during entire simulation.
A similar procedure is followed to run MD simulation for different number of
helium distribution at various temperatures.
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4.2 Results and Discussions
Helium atoms have high tendency to form clusters even in the absence of traps and
vacancies. In pure tungsten matrix, randomly distributed helium starts to form cluster once
the simulation started. As its size gets bigger, the strain will be created in tungsten matrix,
which will be released by the ejection of one or more tungsten atoms from their lattices.
As result vacancies and interstitial atoms are created, which further help to trap more
helium atoms via self-trapping mechanism because binding energy of He atoms with the
vacancies is large. This mechanism enhances trapping of more helium atoms which is
called trap mutation (TM) or loop punching.
Figure 4.2. 1 (a) illustrates the clusters distribution for the different number of
Helium atoms at 500K. Small size clusters are relatively large in number for all five
distribution of helium atoms at this temperature. For 100 He atoms, all the clusters
containing less than 25 helium atoms are found. As helium atoms are increased to 200,
some number of clusters containing 26-50 helium atoms are observed. For 300He, there
are significant number of clusters with more than 26 atoms are found, which is relatively
higher than that of 200 He atoms. From the results of MD calculation for 400 He atoms,
the number of clusters containing helium atoms between 25 – 50 is higher than that of 300
He atoms. There are a few numbers of cluster with more than 50 atoms found. When helium
atoms are increased to 500, the cluster size is found to be increased. Helium clusters with
more than 26 atoms are found to be highest for 500 He atoms.
To see the mechanism of bubble formation at higher temperature, the simulations
were performed at 1200K and 2000K.
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(a)

(b)

50

(c)
Figure 4.2. 1 Distribution of Helium Clusters at (a) 500K (b) 1200K (c) 2000K. Error bar
represents the standard deviation of five trials.
Figure 4.2. 1 (b) represents the distribution of Helium clusters at 1200K, it is found
that the average number of small clusters are found to be less than at 500 K, except for 300
He atoms. For 100 helium atoms, majority of clusters fall under small size cluster. The
average number of clusters decreases with the increment on their size. Some clusters
containing more than 26 atoms are found at this temperature, which is absent at 500K. This
may explain the effect of temperature to enhance the cluster growth. When 200 helium
atoms distributed in tungsten matrix, the graph nature looks like same as it found for 100
helium atoms. Small size clusters are dominant in numbers than large clusters. The average
number of clusters decreases upon increasing the size of cluster. It is also found that there
are some numbers of clusters having more than 50 atoms, which is absent at 500K. This
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also provides the evidence for the cluster growth due to effect of temperature. As the
distribution of helium atoms increased to 300, the average number of small clusters and 815 helium atoms are nearly same, but higher size clusters number gets decreasing. Very
few clusters with more than 75 atoms are observed at this temperature, which was absent
at 500K. On further increasing helium number to 400, small size clusters are profound in
number as in Figure 4.2. 1 (a). Cluster containing helium atoms between 8 and 15 are
second highest in numbers, however, the average number of clusters with 16- 25 and 26 50 helium atoms are nearly same. For 500 Helium atoms, clusters with 8 – 15 helium atoms
are more in number. The distribution of cluster size containing 3 – 7 atoms, 16 – 25 atoms
and 26 – 50 atoms are nearly the same.
At 2000K, histograms show the same trendline as found at 500K and 1200K, for
100 He atoms, 200 He atoms, 300 He atoms, and 400 He atoms. Majority of clusters are
small size clusters, and the average number of clusters gets decreasing on increasing the
size of cluster. However, for 500 He atoms, the distribution of helium clusters is nearly
same, except for cluster with more than 51 atoms. There is small number of medium
clusters containing 51 – 75 atoms are observed for 500 He atoms as compared to the case
at 1200K.
From Figure 4.2. 1 (a), (b) and (c), it can be seen that tendency of forming large
cluster increased with increasing the distribution of helium atoms. It is particularly found
for tungsten matrix with 400 and 500 helium atoms, where small clusters are not dominant
as it is found for 100, 200 and 300 helium atoms. If there is presence of more helium atoms,
the chance of occurrence of trap mutation will be high. As a result, the number of large size
cluster will be increased. The temperature also plays its part on cluster growth process. The
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height of histogram for small size cluster gets reduce on increasing the temperature. This
indicates the presences of small clusters are relatively high in number at low temperature
and starts to decrease in number as increasing the temperature. It can be interpreted that
temperature enhances nucleation of helium cluster. MD simulation run for this calculation
is only for 150 ps. If the simulation was carried out for long enough, the existing cluster
size would get bigger due to small cluster (2-7 helium atoms) because small clusters are
very mobile compared to large size clusters. However, the medium clusters couldn’t turn
into single big cluster. This is because medium and large clusters are found to be rest at
their position and doesn’t move during the entire MD simulation.
The results that are shown on above graph are the average value of five trials, and
the error bar represent the standard deviation of measured data.

4.3 Cluster Size Analysis
This section covers cluster size analysis of 300 helium atoms in tungsten matrix at
temperature 2000K. Size of unit cell is chosen to be 25.3216 Å x 25.3216 Å x 25.3216 Å
with periodic boundary condition in all direction. The lattice constant of the tungsten
crystal is 3.1652 Å.
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Table 4.3. 1 Size of helium cluster of 300 helium atoms distributed in Tungsten matrix at
2000K.
Helium Cluster Size

Cluster Radius (Å)

Standard Deviation

3-7

0.9130

0.0301

8-15

1.1851

0.0186

16-25

1.3504

0.0158

26-50

1.4763

0.0353

51-75

1.7262

0.0613
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Radius of Cluster (Å)

Radius vs Helium Atoms
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Figure 4.3. 1 The average radius of helium clusters formed when 300 helium atoms are
distributed in tungsten matrix at 2000K.
From Figure 4.3. 1 and Table 4.3. 1, the average radius size of 3 – 7 helium atom’s
cluster is 0.9130 (Å) . Radius of medium size cluster are distributed as follows: 8 – 15 is
1.1851 (Å), 16 – 25 is 1.3504 (Å) , 26 – 50 is 1.4763 (Å) and 51 – 75 is 1.7262 (Å). Among
these clusters, only large size cluster (8 – 15) has its diameter (3.4524 (Å)) greater than the
lattice constant 3.1652 (Å). The error bar represents the standard deviation of 5 trials.
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CHAPTER V
HYDROGEN RETENTION IN THE
PRESENCE OF HELIUM
In this chapter, the retention of hydrogen in the presence of helium atoms are
discussed. MD simulations are performed at four different hydrogen energies: 30eV, 60
eV, 80 eV and 100eV. The substrate temperatures are kept at three temperature such as 500
K, 1200K and 2000 K. Number of helium atoms were chosen to be 100 and 500 to see the
effect on trapping phenomena due to increment of helium atoms. The surface orientations
are set at <100> and <111>, which is the same as in Chapter III. Procedure to run the MD
calculation is elaborated more in simulation method.

5.1 Simulation Method
Simulation box of size 63.304 Å x 63.304 Å x 300.0 Å with <100> surface
orientation was created, which is the same as described in chapter III. Different parts of
the simulation box are labeled with different region as it done in chapter III. It is thus
recommended to refer simulation method of chapter III to get idea about how simulation
is set up. Only difference in this MD simulation is the presence of helium atoms inside the
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tungsten matrix. The simulation box of <100> surface orientation with random placement
of 100 helium atoms in the substrate at 2000K is shown in Figure 5.1. 1 a). Substrate are
heated at desired temperature thorough Noose- Hoover thermostat. Total 100000 MD steps
with time step 0.5 fs is chosen to equilibrate the substrate surface. Once the substrate is
done with thermal equilibration, final snapshot is sent for making the bombardment of
hydrogen on it. There is periodic boundary condition along x and y-direction, however, zdirection is set free. Total 400 hydrogen atoms are chosen in bombarding process. The
simulation technique for bombardment of hydrogen atom is quite similar as it done for pure
crystal. So, it is recommended to refer section named “simulation method” in chapter III.
Figure 5.1. 2 and Figure 5.1. 3 illustrate hydrogen bombardment on tungsten
surface in the presence of different number of helium distribution.

57

b) t = 50ps

a) t = 0ps

Figure 5.1. 1 a) simulation box with <100> surface orientation in the presence of time t=0ps
b) Thermally equilibrate helium cluster at time t = 50 ps at temperature T =2000 K
(tungsten atoms are making invisible, red colors are representing the helium cluster, white
represents the hydrogen atom).
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b) t=8.25 ps

a) t = 0 ps
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c) t = 16.5 ps

d) t = 22.05 ps

Figure 5.1. 2 Snapshots of 100 eV hydrogen bombardment on tungsten surface with <100>
surface orientation in the presence of 100 helium atoms at 2000K at different time interval.
White dots represent hydrogen atoms, blue represent the tungsten atoms and red represent
helium atoms.
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a) t = 0 ps

b) t = 8.25 ps
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c) t = 16.5 ps

d) t = 22.04 ps

Figure 5.1. 3 Snapshots of 100 eV hydrogen bombardment on <100> surface orientation
in the presence of 500 helium atoms at 2000K. White dot represents hydrogen atoms; blue
represents the tungsten atoms and red represent helium atoms.
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5.2 Results and Discussion
Table 5.2.1 Percentage of hydrogen absorption in the presence of different number of
helium atoms at substrate’s temperature 1200K.
Number of

Energy of Bombarding Hydrogen

Helium Atoms
presence in
30eV

60eV

80eV

100eV

22.9% ±

21.35%

24.85%

24.75%

Tungsten
Matrix
No Helium
(Pure
± 3.05%

1.94%

± 1.78%

± 1.7%

Hydrogen)
23.18%

100 Helium
Atom

± 2.05%
24.9% ±

500 Helium
Atom

1.62%

21.95%
± 2.08%
23.08%
±2.29%

24.68%
± 3.06%
23.45%
± 1.85%
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26.65%
± 1.93%
26.75%
± 2.42%

Figure 5.2. 1 Absorption percentage of hydrogen in the presence of different helium
number for surface <100> orientation at 1200K. Error bar represents the standard deviation
of ten trails.
At 30eV energy, trendlines in Figure 5.2. 1 shows the absorption percentage of
hydrogen with 500 helium is high compared to 100 helium and no helium atoms. However,
the percentage of absorption with no helium and 100 helium are nearly same, with 100
helium is little bit larger than no helium atoms. Similar nature of results is obtained for 60
eV, where retention is higher for 500 helium atoms and decrease with decreasing the
number of helium atoms. At 80 eV, the results show that absorption percentages are nearly
same at no helium atoms and 100 helium atoms, which is comparatively higher than 500
helium atoms. It is seen that percentage of absorption is maximum at 100 eV in the presence
of helium atoms. Although the distribution of helium number is different, the trapping
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percentage is nearly same for 100 and 500 helium atoms and found to be significantly
greater than without presence of helium atoms at this energy.
The trend line indicates the retention of hydrogen in the presence of helium is found
to be increased especially at 30 eV, 60 eV and 100 eV. It has been shown in other studies
that hydrogen tends to aggregate on the surface of helium bubbles [16]. Hydrogen atoms
with low energy i.e. 30 eV have less momentum after it penetrates through the substrate
surface, they are attracted towards the already present vacancy and cluster which supports
them to get trap inside the matrix. Tungsten substrate with 500 helium atoms has large
number of helium bubbles and size compared to 100 helium atoms, which was discussed
in chapter IV. As the bubble number and size increased, the hydrogen gets more surface to
attach and more vacancy sites to get trapped. This may be the reason that the hydrogen has
high percentage of trapping when the distribution of helium number is 500 compared to
low energy. It is expected to observe similar phenomena for high energy. However, the
trapping chance is found to be nearly same for both 100 helium atom and 500 helium atoms
at high energy. It may be the reason that the interaction time comes to play for high energy.
The momentum of the particle might be factor for high energy where the interaction is very
fast, the contribution of number of helium atoms is ineffective.
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Table 5.2 2 Trapping percentage of Hydrogen at different substrate temperature with
<100> orientation at 30 eV and 100 eV.
Energy(eV)

Temperature
500K

No helium

21.83% ±

Atoms

2.14%

100 helium

1200K

2000K

22.5% ± 1.87%

24.8% ± 2.29%

21.98% ±

23.18% ±

24.55% ±

atoms

0.94%

2.05%

1.15%

500 helium

25.68% ±

24.9% ± 1.62%

26.88% ±

atoms

1.74%

No helium

28.98% ±

30eV

2.32%
25.88% ±
25.75 ± 2.32%

atoms

1.06%

1.83%

100 helium

28.08% ±

26.65% ±
26.1% ± 2.76%

100 eV
atoms

1.87%

1.93%

500 helium

26.53% ±

26.75% ±

24.98% ±

atoms

2.52%

2.41%

2.19%
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(a)

(b)
Figure 5.2. 2 a) Trapping percentage of hydrogen as effect of helium number at 30eV b)
Trapping percentage of hydrogen as effect of helium number at 100 eV.
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The results of the effect of substrate temperature on hydrogen trapping due to
helium atoms in tungsten matrix are plotted on Figure 5.2. 2(a) and Figure 5.2. 2(b). At 30
eV, it is shown in Figure 5.2. 2(a) that hydrogen trapping is high in the presence of 500
helium atoms than compared to 100 helium atoms and no helium atoms. It is also seen that
the trapping percentage of hydrogen in the presence of 100 helium atom is nearly same as
tungsten with no helium atoms. The trend line for 500 helium atoms indicates that the
trapping percentage is 26.68% at 500K and drops to 24.9% at 1200K and become highest
at 2000K, which is 26.88%. However, the trendlines for 100 helium atoms and no atoms
are different than what it observed for 500 helium atoms. To see the effect on trapping
mechanism at high energy value as a function of substrate temperature, the simulations
also performed at 100 eV. It is shown that in Figure 5.2. 2 (b), the percentage of trapping
is found to be maximum at no helium atoms and minimum at 500 helium atoms at
temperature 500K. When temperature is increased to 1200K, the trapping percentage with
100 helium atoms and 500 helium atoms are found to be nearly same. However, the
trapping percentage with no helium atom is lowest at this temperature. On further
increasing the temperature i.e. at 2000K, it is observed that trapping percentage with no
helium atoms and 100 helium atoms are nearly same, 100 helium atoms has little bit larger
trapping percentage than no helium atoms. However, the tungsten with 500 helium atom
has lowest trapping percentage.
The presence of large clusters is higher at higher temperature comparative to small
temperature for 500 helium atoms. This might serve trapping site of hydrogen atoms as it
explained before. The maximum trapping is found to be at 2000K which also provides the
evidence of trapping because chance of getting large size cluster is high at high
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temperature. With 100 helium atoms in tungsten’s substrate, there is not enough vacant site
and cluster surface to enhance the trapping percentage as compared to 500 helium atoms.
At 100 eV, the cluster distributions are not found to be responsible for increment trapping
both at lower and higher temperature. In contrary, they found to reduce the trapping
percentage, which is not well understood, and further work is needed to understand this
mechanism.

Table 5.2 3 Trapped percentage of hydrogen in the presence of different helium atoms as
a function of energy at surface temperature 1200K at <111> surface orientation.
Number

Energy of Bombarding Hydrogen

of Helium

30eV

60eV

80eV

100Ev

Atoms presence
in Tungsten
Matrix
No Helium

22.29 %±

(Pure

2.78%

27.6% ± 1.18%

34.65% ±

41.4% ± 2.86%

3.72%

Hydrogen)
100 Helium

26.05% ±

26.9% ± 1.22%

33.4% ± 1.66%

41.5% ± 0.64%

Atom

1.56%

500 Helium

25.05% ±2.21

26.55% ±

33.00% ±

37.95% ±

Atom

%

1.68%

3.20%

1.73%
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Figure 5.2. 3 Trapping percentage of hydrogen as a function of energy in the presence of
different number of helium atoms at 1200K for <111> surface orientation.

The absorption percentage as a function of energy at three different number of
helium atoms at 1200K substrate temperature, for <111> surface orientation, is plotted on
Figure 5.2. 3. According to the graph, the trapping percentage of hydrogen with 100
Helium atoms and 500 helium atoms are relatively higher compared to no helium atom for
30 eV hydrogen, with 100 helium atoms is a little bit larger than 500 helium atoms. As
energy increased to 60eV, the trapping percentages are found to be nearly the same in all
three cases. The same result is observed to be at 80 eV, the trapping percentage with no
helium atoms is a little bit greater than 100 helium and 500 helium atoms. The percentages
of trapping of hydrogen atoms are nearly same for no helium and 100 helium atoms at 100
eV which is greater than 500 helium atoms.
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Although there is an increment in trapping percentage in the presence of helium
atoms at low energy, the behavior at high temperature is found to be different. At higher
energy, the percentage of trapping is reduced in the presence of high number of helium
which is completely different than what it observed for <100> surface orientation. This
might be because of surface orientation effect, but it is not certain why there is reduction
in trapping percentage. This work doesn't involve in-depth analysis of hydrogen atom
around helium bubbles. The more time will be needed to understand the trajectory of
hydrogen atom and its binding energy with helium bubble.
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Table 5.2 4 Trapped percentage of hydrogen in tungsten matrix with <111> surface
orientation at different temperature.
Energy(eV)

Temperature
500K

1200K

No helium

23.95% ±

22.29 %±

Atoms

3.23%

2.78%

100 helium

25.2% ± 2.80%

26.5% ± 1.55%

2000K
25.15% ± 2.28%

27.65% ±

30eV
atoms

2.24%

500 helium

24.25% ±

25.05% ±

26.35% ±

atoms

2.80%

2.21%

1.42%

No helium

43.45% ±
41.4% ± 2.86%

35.55 ± 2.16%

atoms

3.47%
35.65% ±

100 helium
45.8% ± 0.89%

100 eV

41.5% ± 0.64%

atoms

1.42%

500 helium

37.95% ±

35.85% ±

1.73%

3.09%

44.3% ± 0.96%
atoms
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(a)

(b)
Figure 5.2. 4 (a) Trapped percentage of hydrogen as a function of temperature in the
presence of different helium atoms at 30eV. (b) Trapped percentage of hydrogen as a
function of temperature in the presence of different helium atoms at 100eV.
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The effect of substrate temperature on hydrogen trapping due to helium atoms are
plotted on Figure 5.2. 4 a) and Figure 5.2. 4 b). From Figure 5.2. 4 a) it is seen that the
trapping percentage of hydrogen is highest for 100 helium atom and linearly increasing as
the temperature increasing at 30 eV. A similar result is obtained for 500 helium, but the
trapping percentage is less as compared to 100 helium atoms. However, the trendline for
pure tungsten (no helium atom) indicates that trapping percentage starts high at 500K,
drops at 1200K and finally becomes maximum at 2000K. The result for 100 eV hydrogen
energy is plotted on Figure 5.2. 4 (b). The effect of helium on hydrogen trapping is seen at
small temperature, where high absorption is found for 100 helium atoms. The second
highest is found for 500 helium atoms, and minimum trapping percentage is found with no
helium atoms in tungsten matrix. On increasing the temperature to 1200K, there is
significant drop in retention with 500 helium atoms compared to 100 helium atoms.
However, presence of helium doesn’t seem to have any effect at 2000K.
In Figure 5.2. 4 (a), the effect of temperature on hydrogen trapping is seen in the
presence of helium atoms at low energy. The results for <111> surface orientation are
different than <100>, where the trapping with 500 helium atom has high retention than 100
helium. At high helium atoms distribution in tungsten matrix, the chance of having big size
cluster and the vacancy created inside the tungsten will be large in number. However,
trapping percentage in the presence of helium atoms at different orientation has different
results. At 100 eV, the percentage of trapping is found to be increased in the presence of
helium atoms at low temperature, which is contrary to <100> surface orientation’s result.
The effect of helium clusters at 2000K is observed to have no effect on hydrogen trapping.
This might be the orientation effect. It is because the orientation affects the cluster size,
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number of cluster formation and vacant sites. This might be one of the possible reasons
that the results for <100> surface and <111> surface orientation is different. Further
analysis needs to be done to understand how high energy hydrogen behaves with vacancy
site and helium cluster for <111> crystal lattice orientation.

5.3 Statistical Test
The results of hydrogen trapping in the presence of helium are examined at different
trails numbers to check whether error size reduces with increasing trial numbers.
Simulation box at <100> surface orientation with 100 helium in the tungsten substrate at
2000K was chosen for the calculation.

Figure 5.3. 1 Plot of absorption percentage vs Number of simulation Trails at <100>
orientation. The simulation was carried out with bombarding 100 eV hydrogen to the
substrate surface at 2000K. The error bar represents the standard deviation of the trials.

In Figure 5.3. 1, Absorption Percentage for different number of trials are plotted.
The size of error bar with 10 trials is found to be largest. As increasing the number of trials,
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the error bar size reduced a little bit but remains relatively the same with the increment on
trial numbers. This concludes that the number of trials is not the factor for the size of the
error bar.
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CHAPTER VI
CONCLUSION
In chapter III, the trapping percentage is found to be dependent on the energy of
incident hydrogen atoms for both <100> and <111> surface orientation. For <100> surface
orientation, the trapping percentage increases with increasing the energy of hydrogen atom,
except for 30 eV incident energy. The substrate's temperatures don't have a significant
impact on hydrogen trapping at 60 eV and 80 eV, but its effect is seen at 30 eV and 100
eV. At lower energy i.e. 30 eV, the trapping percentage is relatively higher at high
temperature compared to low temperature. However, the result is different at 100 eV,
where trapping percentage is highest at 500K. At this energy, the higher substrate
temperature doesn’t have an effect on hydrogen trapping. As a result of this, the trapping
percentage is nearly same at 1200K and 2000K. For the <111> surface orientation, the
trapping percentage is found to be linearly increasing with increasing the energy of
hydrogen atom at all three substrate’s temperature, except for 2000K where trapping
percentage is nearly same at 30 eV and 60 eV. The substrate’s temperature has direct
impact on hydrogen trapping, excluding low energy hydrogen. High percentage of
hydrogen atom is found to be trapped at low substrate’s temperature and decreased with
increasing substrate temperature. For low energy hydrogen i.e. 30 eV, the trapping
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percentage at three substrate temperature is approximately the same, but relatively highest
at 2000K. In addition, crystal surface orientation has significant effects on the trapping
mechanism because planar atomic density of (100) surface is 1.73 times greater than (111)
surface. This reduces hydrogen trapping percentage for (100) surface orientation as
compared to (111).
In chapter IV, it is observed the increment on helium distribution makes cluster
growth through self-trapping and trap mutation process. It is also found that temperature
plays a significant role in the cluster growth process. At higher temperature, the size of
cluster relatively larger than at small temperature.
In chapter V, the study of helium's effect on hydrogen trapping mechanism is made.
Helium seems to contribute hydrogen trapping process for both (111) and (100) surfaces.
With (100) surface, trapping of hydrogen at substrate’s temperature 1200K is significantly
higher with 500 helium atoms for 30 eV and 60 eV than compared to 100 helium atoms
and no helium atom in tungsten matrix. However, at 80 eV energy, the trapping is found to
be reduced in the presence of 500 helium atoms compare to no helium atom and 100 helium
atoms. At high energy 100 eV, the trapping of hydrogen in the presence of helium is
significantly higher as compared to the case where helium atoms are absent. The effect of
substrate temperature on hydrogen trapping in the presence of helium atoms is also
observed. At 30 eV, the trapping percentage doesn’t change linearly with increasing the
substrate temperature for 500 helium atoms but found maximum at 2000K. While at 100
eV, retention percentage is found to be dropped its value in the presence of helium atoms
as compared to no helium atoms at 500K and found increased at 1200K. At high
temperature i.e. 2000K, the retention percentage is found to be minimum in the presence
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of 500 helium atoms and trapping increases when 100 helium atoms are present in tungsten
matrix. From the plot of percentage absorption as function of energy at substrate
temperature 1200K for surface (111), retention of hydrogen is increased at 30 eV in the
presence of helium atom but decrease for higher energy except at 100 eV. There is
significant drop in hydrogen retention with 500 helium atoms, but the percentage of
retention remains nearly same for no helium and 100 helium atoms case at 100 eV. When
plotting absorption percentage as a function of substrate temperature at 30 eV, linearly
increasing trendline is observed in the presence of helium atoms and absorption percentage
is higher as compared to no helium atoms. However, the result is different at 100 eV. The
trapping percentage is linearly decreasing as a function of substrate's temperature in the
presence of helium atom. The retention of hydrogen due to the presence of helium atom is
found to be increased at 500K and founds no effect of helium at 2000K. There is a
significant drop in retention in the presence of 500 helium atoms at substrate temperature
1200K. The results of hydrogen trapping for (111) and (100) are opposite as effect of
helium contribution. Orientation effect might be the major contributing factor for such
discrepancies.

6.1 Future Work
It was expected that the numbers of simulation trial were major cause for large size
error bar. However, the calculation in section 5.3 shows that the size of error bar cannot be
reduced with increasing trail numbers. The further work is needed to minimize the error
bar size. Instead of pure crystal, same calculation can be run in the presence of defects,
grain boundaries and impurities to see the trapping percentage. This is one of the current
filed of interest in the field of tokamak. At low energy range, the trapping of hydrogen as
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a function of substrate in tungsten matrix is different than at high energy. It would be
worthy to study trapping of low energy hydrogen at different substrate temperature by
analyzing the trajectory of the hydrogen in tungsten matrix. Study of growth rate of helium
cluster can be done for future work. The role of helium cluster to trap hydrogen atom is
still not clearly understood, it needs to do in-depth analysis about the trajectory of hydrogen
around helium cluster and binding energy of helium with hydrogen. The simulation should
run for long enough in nanosecond range to get more reliable results because this research
work is done in the range of picosecond.
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