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ABSTRACT 

Results of hydrogen diffusion in copper are obtained based on molecular 

dynamics simulations. Temperature dependent diffusion coefficient values obtained 

here from the simulations agree well with experimental reports in the literature over a 

wide range spanning 300 K to 1330 K. Simulations with and without a grain boundary 

have also been carried out to probe their role on hydrogen outgassing from copper, a 

typical material for electrodes in high pulsed power systems. The results obtained show 

increased out-diffusion in the presence of a grain boundary (GB), and anisotropic 

transport, with increases parallel to the GB plane and reduction in the normal direction. 

The behavior likely arises from distortion of atoms in the GB region which provide 

alternate paths for atomic hops within the GB core. This result suggests that capping the 

metal surface, by a few nanolayers of a suitable coating or an oxide, may help reduce 

outgassing from the grain boundaries inherent in the copper material. In this research, a 

thin tungsten layer (a few monolayers thick) was added to arrest the outgassing from 

the metallic copper. It was observed that with inclusion of the tungsten layer, the 

diffusion rate became very negligible compared to the situation without the tungsten 

layer. 
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CHAPTER I 

INTRODUCTION 

 

1.1  Motivation 

High power devices are quite common in different pulsed power applications. 

The high electric field associated with these devices can cause the generation of plasma 

through electron emission followed by impact ionization.  The cumulative and time-

dependent growth of such charge and plasma in the system is often responsible for the 

destruction of devices used in pulsed power applications or high power microwave 

generation.  The phenomena of outgassing from electrode materials can be one of the 

important factors in plasma formation, breakdown and surface flashover. In fact, 

outgassing is considered to be the first stage of plasma formation.  High energy electrons 

can hit the surface of the metals, which can lead to local temperature increases, which 

can facilitate outgassing.  In addition, electron impact can also lead to secondary 

electron emission from the metal surfaces.  The electron-gas interaction can increase the 

rate of outgassing, so more gas molecules could begin to come out of the metal electrode 

over time.  Besides influencing electrical breakdown, gas molecules can which may be 

dissolved in the metal can change its material properties, and degrade the strength and 

mechanical durability of the metal electrodes. 



Texas Tech University, Joy Acharjee, May 2019 

 

2 

 

The role of the defects such as grain boundaries or dislocations, associated with 

the materials on the outgassing process is not as clear.  From this standpoint, this 

research work is carried out to probe and investigate the diffusion of hydrogen in metal 

electrodes like copper based on numerical simulations.  Copper has been chosen as a 

representative electrode material as it is often used in high power applications. 

 

1.2  Scope of Thesis Research 

The primary object of the thesis research is to investigate the issues associated 

with the outgassing and the role of grain boundaries in the process of the diffusion. 

Molecular dynamics (MD) simulations were carried on for these purposes.  The 

diffusion coefficients in different temperatures found from these simulations were 

compared to established values available in the literature.  Later, the role of grain 

boundaries were investigated.  Towards this goal, a grain boundary was created at the 

interface of two differently-oriented crystals of the same material.  The diffusion of 

hydrogen atoms along the parallel and perpendicular directions to the grain boundary 

was simulated and the predicted results obtained.  Finally, as a means to mitigate 

hydrogen outgassing, a thin tungsten overlayer on the copper electrode surface was tried 

as a possible configuration.  Simulations were carried for this composite copper-

tungsten system to probe the potential for reducing outgassing. 

The main goals of this thesis research encompass: (a) Determining the diffusion 

of hydrogen and ascertaining its temperature dependent diffusivity in copper electrodes. 

(b) Observing the role of material defects found in typical metals, such as grain 
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boundaries, on the outgassing behavior and response characteristics. (c) Gauging the 

effectiveness of thin tungsten capping layer on a copper surface for mitigation of the 

hydrogen outgassing. 

 

1.3  Outline of Thesis 

There are a total of five chapters in this thesis.  Chapter 2 discusses the 

theoretical background associated with the thesis.  A literature review on gas ionization, 

high electric field associated phenomena, and basics of grain boundaries in metals are 

all presented in this chapter.  Details on the working principle of molecular dynamics 

are also added to this chapter.  Chapter 3 presents the numerical strategies actually used 

in this thesis. Different ensembles used in the simulations along with the reasons of 

choosing them, as well as the purpose behind the simulation strategies, are discussed in 

the chapter. The creation of the model copper system along with the grain boundaries 

associated with the simulation based on the LAMMPS software are also presented in 

chapter 3.  Chapter 4 presents the results obtained from the simulations, along with 

appropriate comparisons to established values available in the literature.  Finally, 

chapter 5 presents the conclusions of the research carried on for this thesis.  In addition, 

possible future work related to this thesis topic is also a focus of chapter 5. 
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CHAPTER II 

BACKGROUND AND LITERATURE REVIEW 

2.1  Introduction 

This chapter discusses the literature review and prior work that has been carried 

on outgassing from electrodes. The focus is more on hydrogen gas since it is the lightest 

and hence, most likely to out-diffuse.  Furthermore, copper is chosen as the metal as it 

is a popular choice and a typical material for electrodes. At the very beginning of this 

chapter, the cause and results due to outgassing are presented. Outgassing from the 

metal electrodes can lead to plasma formation in high-power systems or conditions of 

high electric fields. Later, the background pertaining to gas ionization and the different 

ways in which gases can be ionized, is discussed. 

Grain boundaries can be formed between two crystal having different crystal 

orientations. Due to the formation of a grain boundary, the rate of outgassing can be 

changed. There are few types of grain boundaries associated with the metal electrodes, 

such as high-angle, low-angle, tilt and twist grain boundaries [1]. After briefly 

reviewing the grain boundaries, the mechanisms at work behind the outgassing of 

hydrogen from metal electrodes is discussed. At the end of chapter, the basic details 

pertaining to the molecular dynamics simulations are discussed. For molecular 

dynamics simulations, the Large-scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS) has been used. Later, the physics working behind classical and statistical 

mechanics is also discussed. There are different algorithms for implementing the 
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molecular motion in the simulator such as the Verlet, Leap-Frog, Velocity-Verlet and 

Beeman’s algorithms. These have also been briefly discussed in this chapter as part of 

a suitable background. The equations associated with these algorithms are given at the 

end of this chapter.  

 

2.2  Outgassing 

Electromagnetic radiation can be generated from High Power Sources (HPS) 

operating within a frequency range of 1GHz to 100 GHz. These devices have 

applications in microwave generation [2], particle acceleration [3,4] and vacuum 

electronics [5,6]. Many of the HPS systems are based on vacuum tubes or employ 

vacuum electronics, wherein the interactions of electron with the magnetic field is used 

to produce microwaves. Electrons are generally produced by heated negatively charge 

electrodes (i.e., cathodes) and can be acceleration due to a bias applied to positively 

charged electrodes (i.e., at the anodes). If coherent electromagnetic radiation can be 

produced from the kinetic energy of electrons, then there is no energy loss or efficiency 

loss. Similarly, if a stream of electrons can move without any collision through an 

evacuated path, then there will also be no energy loss leading to internal heat generation. 

If such electrons having high kinetic energy are incident on a conducting body such as 

the surface of anodes, then one could get extensive heating. Usually these surfaces are 

constantly bombarded with electrons, and it is seen to result in pressure increases inside 

the microwave chamber. It is hypothesized the bombardment leads to heating of the 
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electrode, which then facilitates the escape and desorption of dissolved gases. This is 

perhaps the main reason for the pressure rise observed in the microwave chamber. The 

rise can be attributed to the outgassing of hydrogen atoms which are the lightest and 

hence easiest to diffuse out of the metal electrodes. Hydrogen atoms can be abundantly 

found in the anode due to their exposure to air. Plasma formation can also occur near 

the surface of electrodes because of surface ionization of the neutral outgassed atoms 

from the anode. Because of these ionization events, the newly formed ions (which are 

charged particles) can be accelerated by the existing electric fields in the system and 

slam back onto the electrodes. This can thus produce a positive feedback effect, with 

more gaseous out-diffusion, leading to further ionization. This can quickly lead to the 

creation of a localized plasma near the electrodes, be a source of charge injection in the 

system, and lead to various deleterious effects such as pulse-shortening in an HPS 

device, reductions in efficiency, or even damage and ultimately the erosion of the 

electrode [7]. 

 

2.2.1 Effects of Outgassing in Metals 

The high electric fields (typically having values around 100kV/cm) are mainly 

responsible for emission of electron, localized heating of the electrodes, vaporization of 

the explosive material and desorption of the gases [8]. Due to the high electric fields, 

plasma can be formed in different ways. As a result of the plasma formation, several 

phenomena like modification of the local electric field, charge multiplication, screening 

and alteration in the electronic response can occur. All of these phenomena could 
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ultimately lead into the destruction of the device, though less severe outcomes such as 

reductions in device efficiency are also possible. The outgassing can be considered as 

the initial stage (or phase) of the plasma formation in a vacuum medium. Outgassing is 

also responsible for issues like reduction in the gap between the anode and cathode [9] 

and pulse shortening. Due to pulse shortening, the reliability of the high power devices 

can be reduced. If high energy electrons are exposed at the surface of the electrodes, 

more electrons can be released from the kinetic energy of the imposing electrons [10, 

11]. The interaction between the emitted electrons and the gas molecules can then lead 

to further outgassing of the gas molecules [12], and could be a regenerative process. 

Local heating of the electrodes is also responsible for the increase in the outgassing [8].  

Hydrogen has the highest mobility among the gases because of its lower 

molecular mass. Hydrogen outgassing is observed from different types of materials [13]. 

If the residual gas pressure is increased, then phenomenon like gas desorption can occur 

[14, 15]. Hydrogen molecules can be responsible for not only the breakdown but also 

for degrading the mechanical strength as the gas can change the properties of the 

material. Deterioration and embrittlement of titanium and steel because of the hydrogen 

molecules is quite common [16-18]. Hydrogen outgassing along defects such as grain 

boundaries or dislocations can occur, and is considered to be responsible mechanism for 

the increased breakdown of the material [19, 20]. This thus constitutes a strong reason 

for the study of hydrogen outgassing and its important in increasing the reliability of the 

metal electrodes and high-power devices. 
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2.3 Gas Ionization 

Gas discharge can be defined as flow of electrons through an interstitial gap 

formed by a gas, with the flow leading to a transition from an insulating to a highly 

conductive phase of the gas. This transition is mainly associated with the generation of 

ions in a gaseous medium due to the application of an external electric or magnetic field 

[21]. However, gas discharging can also be found in nature also. The most common 

natural gas discharging example in nature would be the cloud-to-ground lightning 

process. 

From the gravitational point of view, the potential energy can be viewed as: 

𝑈 = 𝑚𝑔. 𝑑𝑦 .   (2.1) 

The force on the mass can be found from the derivative with respect to the separation, 

thus: 

𝐹 = −
𝑑𝑈

𝑑𝑦
= −𝑚𝑔 .                (2.2) 

Similarly for electrical energy, the potential energy can be found from the multiplication 

of the voltage and the charge: 

𝑈 = 𝑞𝑉 .                         (2.3) 

The force on the charged particle can similarly be found from the spatial derivative: 

𝐹 = −
𝑑𝑈

𝑑𝑥
= −𝑞

𝑑𝑉

𝑑𝑥
= −𝑞𝐸 ,              (2.4) 

where E is the electric field for the system and F is called the Coulombic force. The 

electric field, E, is related to the electric potential through a derivative. This relation 

between the two can be expressed in form of gradient, as: 
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𝐸 = −𝛻
→

𝑉 .                       (2.5) 

The distribution of the potential is governed by Poisson’s equation: 

𝛻2𝑉 = −
𝑞 (𝑛+−𝑛−)

∈0
 ,   (2.6) 

where ∈0 stands for the permittivity of the vacuum with a value of 8.854 × 1012𝐹/𝑚, 

𝑛+ and 𝑛− are the charge densities of positive and negative ions, respectively, and q is 

the elementary charge of 1.6 × 10−19𝐶 . The current, i generated from the induced 

electric field can be found from the temporal derivative of the charge: 

𝑖 =
𝑑𝑞

𝑑𝑡
 .  (2.7) 

So the gas ionization can be divided into two parts: 

1. Charge generation. 

2. The transportation of the generated charge [22]. 

Plasma can be called as the 4th state of matter and closely related to gas ionization. 

A plasma is actually a gas in which there are many free ions and electrons. Hence, it 

may be considered as conductive instead of insulating. At room temperature, the plasma 

is typically partially ionized, and at higher temperatures, the plasma can be fully ionized 

[23]. As a result, the term plasma is usually used to define a gaseous system at high 

temperatures. Plasma can be formed artificially by passing neutral gas through a strong 

electric or electromagnetic field. By controlling the field intensity or the temperature, 

partially ionized plasma can be produced. Neon signs used in the street, or the lightning 

in the sky are examples of partially formed plasma. Three parameters are typically used 

to characterize the behavior of plasma formation [24, 25]: 
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1. Plasma Approximation: The plasma approximation can be applied if the plasma 

parameter (Λ) [26], which represents the amount of charge carriers within a 

certain sphere (the sphere is called Debye sphere and the radius of the sphere is 

called Debye screening length) surrounding a charged particle, is high enough 

to resist the electrostatic force of the particles outside that specific sphere [27]. 

2. Bulk Interaction: In this case, the Debye screening length is relatively smaller 

than the total volume of plasma. So, it is obvious that the interactions taking 

place at the center of the sphere are more crucial than interactions taking place 

around the edge of the sphere. If this condition is justified, then the plasma is 

considered as quasineutral. 

Plasma Frequency: Oscillations of the electrons in plasma state give rise to periodic 

varying phenomena that repeat at the so called plasma frequency. This frequency is 

often quite large when compared with the electron-neutral frequency of collisions. If 

this condition is satisfied, the electrostatic interactions are more dominant than the 

interactions occurring in normal gas kinetics. 

Gas ionization can occur in the following process listed below: 

a. Ionization by collisions. 

b. Secondary Ionization Processes 

i. Electron emission because of positive ion impact 

ii. Electron emission because of incident photons. 

iii. Electron emission because of metastable and neutral atoms. 

c. Attachment of electrons. 
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2.3.1 Ionization by Collisions 

If the kinetic energy (=
1

2
mu2) of a moving electron of mass m and velocity u, is 

greater than the energy required for the ionization, then ionization can take place. The 

ionization process can be represented by the following equation: 

                                         A   + e- (
1

2
mu2) → A+  +2e-  .  (2.8) 

So in the process, a positively charged ion along with two slowly moving electrons will 

be produced. The probability of generating a positive charge increases almost linearly 

with the increase of the electron energy. If the gas molecules collide with high energy 

electrons, other electrons bonded to the atoms can be freed due to the energy input and 

its exchange between the electron and the gas molecule. A relatively high number of 

electrons can be expected to be emitted when their binding energy level lies roughly 

around 200-500 eV. For electrons having lower energies than this range, it is harder to 

surmount the energy barrier and escape the atoms to come out. If, on the other hand, the 

energy of the primary electrons is much higher, there is a greater chance to penetrate 

much further into the atomic pool, so that the probability for other bonded electrons to 

come out again decreases. 

 

2.3.2 Secondary Ionization Processes 

If the secondary electrons generated because of collision and photo-ionization 

are able to sustain a discharge, then the generation process is called a secondary 
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ionization process. The various processes included in this category are mentioned and 

subsequently described briefly below. 

 

i) Electron Emission Because of Positive Ion Impact:  

Positive ion can be formed due to either direct collisions or the photo-effect. 

Since ions are positively charged, they travel towards the cathode. There can be 

emission of some electrons based on the kinetic energy carried by the positively 

charged particle (ion) approaching the cathode. If the sum of kinetic and ionization 

energies of the positive charge is greater than twice of the work function of the 

cathode metal, then one electron will be ejected and the positive charge will be 

neutralized by another electron. The probability of generating an electron in this 

process can be measured in terms of γi, a parameter which is known as Townsend’s 

secondary ionization coefficient. This coefficient can be defined as the net 

generation of electrons per positive ion. The value of γi increases with the velocity 

of the positive ion and is dependent on the property of the gas and electrode material. 

 

ii) Electron Emission Due to Incident Photons: 

To cause an electron emission from metal, the potential energy barrier at the metal 

surface needs to be provided from some source. This required energy can be supplied 

in the form of photons of adjustable frequency. Electron emission will then occur if the 

following condition is justified: 

                                   ,    (2.9) 
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where 𝜙 is called the work function of the metal. If the photon has more energy than the 

work function of the metal, then the excess energy will be provided to the emitted 

electron as kinetic energy. 

 

iii) Emission of Electron Because of Metastable and Neutral Atoms: 

Particles having a much larger life time (10-3 s) than is typically the case for 

most particles (10-8 s) are called metastable particles. If the energy of a metastable 

particle is higher than the work function of the metal, then such a particle can also cause 

the emission of electrons. The process is relatively easier to observe compared to other 

particles, since they have a larger life time. The generation rate of electrons through 

such a process is also higher for these metastable particles.  For example, values of 

nearly 100% can be obtained for the excited He atoms colliding with a surface of nickel 

or molybdenum. 

 

2.3.3 Electron Attachment Processes 

Electrons can be attached to the neutral atoms to form negative ions during their 

collisions with the atom. This type of collision is called an attachment collision. This 

process is completely dependent on the electron energy and the type of the medium. 

Almost all electrically insulator gases (especially the electronegative ones) like oxygen, 

fluorine, chlorine and sulfur hexafluoride show this property. The process can be 

represented in terms of the equation provided below: 

             Atom + e-  → negative ion + ( Ea+K) ,                    (2.10) 
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where Ea stands for the electron affinity and K is for kinetic energy.  The attachment of 

electron can play an important role in removing the free electrons if an arc interruption 

has occurred in insulated switchgear. 

 

2.4 Grain Boundaries 

A grain boundary can be specified as the interface between two crystallites in a 

polycrystalline material. Grain boundaries are usually two-dimensional (2D) defects 

and they are responsible for the reduction in the thermal and electrical conductivities of 

materials. Grain boundaries can be considered as a source of corrosion in materials. 

Precipitation of other phases from a solid can also occur at grain boundaries. The 

investigation of the grain boundaries, along with their effects on the physical properties 

of the material, is considered one of the most important topics in material science. 

 

2.4.1 Different types of Grain Boundaries 

Grain Boundaries can be classified according to the misorientation formed 

between two crystallites. If the misorientation is less than 15 degrees [28], then they are 

called low-angle grain boundaries. On the other hand, if the misorientation is higher 

than 15 degrees, then they are called high-angle grain boundaries. 

Another type of classification can be found if the boundaries are viewed from 

the rotation axis they possess. If the rotation axis is parallel to the plane of the boundary, 

then they are called as tilt grain boundary. This type of boundary can be formed from a 



Texas Tech University, Joy Acharjee, May 2019 

 

15 

 

continuous single crystal, which is bent gradually due to some externally applied force. 

If the number of dislocations is increased in this boundary, then the elastic bending is 

reduced and afterwards a permanent misorientation can also form. If the external force 

is continued, then more and more dislocations will be formed and a low-angle grain 

boundary will be generated. In this case, the boundary can be considered as two different 

crystals orientated along two different directions. 

On the other hand, if the axis of rotation is perpendicular to the boundary plane, 

then they are called twist grain boundary. This boundary is associated with two sets of 

dislocations. The concept of twist and tilt grain boundaries apply under idealized 

conditions. The majority of the real devices are a mixture of these two types of grain 

boundaries. If the dislocations are isolated and distinct, then they can be considered as 

low-angle grain boundaries. As the number of dislocations is increased, then the spacing 

between two grain boundaries is reduced. As a result, the cores of the misorientation 

will start to overlap with each other and the structured nature of the boundary will start 

breaking down [29]. At this point the boundary can be called as high-angle grain 

boundary. 

High-angle grain boundary is more disordered than low-angle grain boundary. 

However, this concept cannot fully explain the strength of the grain boundaries. With 

the invention of the electron microscope, it is evident that grain boundary is dependent 

on both misorientation of the crystallites and the rotation of the plane. 
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2.4.2  Mechanism of Outgassing of Hydrogen from the Anode 

Atomic hydrogen can be found in the metallic defects of the electrodes such as 

in the grain boundaries (GBs) [30]. The binding energy of the grain boundaries is much 

greater than the activation energy required for the out-diffusion of the hydrogen. As a 

result, under equilibrium conditions, the hydrogen remains trapped at grain boundaries. 

The binding energy of the grain boundary is completely dependent on the temperature 

and it decreases with the increase in the temperature [31]. So, if the temperature is 

increased, the outgassing rate of hydrogen atoms increases. For polycrystalline metals, 

operating in high temperatures, the diffusion of hydrogen parallel to the grain 

boundaries is due to the high energy of the grain boundaries. Those grain boundaries 

having a high binding energy are called high energy grain boundaries and those having 

lower binding energy are called low energy boundaries or special boundaries. These 

special boundaries will contain very low amount of hydrogen atoms due to their lower 

binding energy level [32-37]. That is the reason that the diffusion rate of hydrogen is 

much slower for these types of grain boundaries. Metals having low hydrogen diffusion 

rates like austenitic stainless steel, are commonly used for vacuum applications [38]. To 

reduce the outgassing from metals measures such as baking, vacuum baking, surface 

passivation like creating oxide layers and polishing are commonly used for mitigating 

outgassing [39]. 
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2.5 Molecular Dynamics 

Molecular dynamics simulations can be used to track the movements of the 

particles caused due to the inter-atomic interactions. Using molecular dynamics, with a 

molecular model we can observe chemical or biological phenomena going on within the 

device from a microscopic point of view. The properties can be investigated by 

following the atomic movements and changes in the structure due to the interactions 

between the molecules. Bonded atoms can interact with each other by bond stretching, 

dihedral torsions, and angle bending between the atoms [40]. The van der Waals force 

and the Coulombic force can occur between non-bonded atoms. Coulombic force (also 

known as electrostatic force) represents long range interactions between two non-

bonded atoms, and arises from their charges. Hence, the Coulombic force has to be 

analyzed for each and every pair of molecule (or pair of charges) whatever their position 

may be. The inter-atomic interactions can be found from the potential function used 

between two types of atoms, and the force can be obtained from the manner in which 

the potential function changes with the position of atoms within the simulation model. 

The movement of the atoms is governed by the famous Newton’s 2nd law of motion 

given mathematically as F=ma, where F stands for the force, m is the mass of that 

particular type of entity, and a represents the acceleration caused by the force on that 

particular entity. During each time step, the interaction is calculated using the potential 

files, then Newton’s 2nd law in partial differential equation (PDE) form is solved 

numerically to allow the update of co-ordinates of each atoms for the next time step 

[41]. Very first computer simulations for molecular dynamics calculations were 
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performed around the 1950s [42], after that many new methods were investigated to 

perform the calculation in a much faster and efficient way. New forms of approximation 

methods to measure the interaction between the particles are being explored recently. 

Molecular dynamics is particularly important from biological point of view as the 

biological functions are mainly based on the molecular interactions [43], and the 

processes are hard to discern or image. 

A general algorithmic flow chart of the molecular dynamics simulations with a 

predictor-corrector-type integrator is shown in the following figure 1. At the very 

beginning of the simulations, the initial coordinates of the atoms are specified. At the 

next step, the next positions of the atoms are predicted along with an update of the 

velocities of the atoms in each direction. The force required for updating the position 

can be found either from classical methods using interatomic potentials or from quantum 

mechanical methods. The acceleration is calculated from the potential, and the atomic 

positions are adjusted based on the new acceleration-driven movement over time. The 

velocity is also updated again. Different boundary condition along with the pressure and 

the temperature have to be applied. At the next step, the physical quantities required for 
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Figure. 1. Flow chart showing the basic algorithm of Molecular Dynamics. 

 

the simulation are calculated. At the last time step, the iteration number is increased and 

the process is repeated for the required time duration. 
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2.5.1 Statistical Mechanics 

Molecular dynamics (MD) can quantify physical properties at the very 

microscopic level along with the position of the atoms and their velocities. Statistical 

mechanics is required to convert the microscopic information into observable 

macroscopic quantities like pressure, energy and volume of the system. Statistical 

mechanics is a part of the physical science that can analyze a macroscopic system from 

a molecular perspective [44]. The main target is to understand the macroscopic 

phenomena of the molecular system. In order to figure out a correlation between the 

microscopic and the macroscopic system, a time independent average based on 

statistical method is introduced. 

 

2.5.2 Definitions 

The total thermodynamic state of a system can be expressed by a group of 

parameters like temperature, T, the pressure, P and the number of molecules, N. Other 

properties related to the thermodynamics can be derived from the fundamental equation 

of thermodynamics. The microscopic state can be expressed with the position of the 

atoms, q, and the momenta p [45]. These can be defined as the atomic coordinates in 

space having multiple dimensions, called as phase space. If a system has N particles, 

then there can be total of 6N dimensions. An ensemble is the combination of points 

situated in the phase space and those points satisfies the conditions provided in a 



Texas Tech University, Joy Acharjee, May 2019 

 

21 

 

particular state [46]. An MD simulation can generate a group of points with respect to 

time.  

Ensemble is a combination of all probable systems which have an individual 

microscopic state, but have a unique macroscopic (thermodynamic) state.  There are 

couple of different ensembles having different characteristics as described below. 

 Microcanonical Ensemble (NVE): For this type of ensemble, the atom number, 

N, the volume, V, and the energy of the system, E, are fixed. That’s why the 

system can be considered as an isolated system. 

 Canonical Ensemble (NVT): On this case, the atom number, N, the volume, V, 

and the temperature of the system, T, are fixed. 

 Isobaric-Isothermal Ensemble (NPT): For Isobaric-Isothermal ensemble, the 

atom number, N, pressure, P, and the temperature of the system, T, are fixed. 

 Grand Canonical Ensemble (mVT): For this type of ensemble, the chemical 

potential, m, the system volume, V, and the temperature of the whole system, T, 

remain constant . 

 

2.5.3 Classical Mechanics 

Newton’s 2nd law of motion, F=ma, is the main working principle of the 

molecular dynamics simulation. If the amount of external force is known, then the 

associated acceleration on each atom can be found solving Newton’s 2nd law of motion. 

Integrating the equation of motions, a trajectory can be formed which contains the 
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coordinates, velocity and the acceleration of the atoms and those properties are time 

dependent. If the velocity and the position of the atoms are computed, the overall state 

of the molecular system can be determined easily. The main constrains behind 

molecular dynamics simulations is the huge time and expense required for computing. 

 

2.5.4 Integration Algorithms 

The potential energy of a molecular system can be expressed as a function of the 

coordinates of the atoms. As the function is complicated, no analytical solution can be 

found for the equations of motion. That is the reason, numerical solutions of the explicit 

force equations derived from the potentials are required. There are a few numerical 

algorithms available for solving the equations of motion as listed below: 

  Verlet algorithm 

 Leap-Frog algorithm 

 Velocity Verlet, and 

 Beeman’s algorithm. 

While choosing an algorithm, one should be aware of these following criteria: 

1. Energy and momentum of the molecular system should be conserved. 

2. Computational efficiency should be high enough, and 

3. The algorithm should allow a longer time step [47]. 
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Verlet Algorithm 

All the algorithms assume that the atomic position, acceleration and the velocity 

can be expressed by expanding into a Taylor series. Thus: 

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣(𝑡)𝛿𝑡 +
1

2
𝑎(𝑡)𝛿𝑡2+. + ⋯ ,          (2.11) 

𝑣(𝑡 + 𝛿𝑡) = 𝑣(𝑡) + 𝑎(𝑡)𝛿𝑡 +
1

2
𝑏(𝑡)𝛿𝑡2+ . + ⋯ ,           (2.12) 

𝑎(𝑡 + 𝛿𝑡) = 𝑎(𝑡) + 𝑏(𝑡)𝛿𝑡+. + . .. ,                                (2.13) 

where r stands for the position of the particle, v is for the velocity and a is for the 

acceleration of the particle. For deriving the Verlet algorithm we can write: 

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣(𝑡)𝛿𝑡 +
1

2
𝑎(𝑡)𝛿𝑡2 .       (2.14) 

𝑟(𝑡 − 𝛿𝑡) = 𝑟(𝑡) − 𝑣(𝑡)𝛿𝑡 +
1

2
𝑎(𝑡)𝛿𝑡2 .             (2.15) 

From the above equations we get upon algebraic manipulation: 

𝑟(𝑡 + 𝛿𝑡) = 2𝑟(𝑡) − 𝑟(𝑡 − 𝛿𝑡) + 𝑎(𝑡)𝛿𝑡2 .        (2.16) 

The Verlet algorithm computes the position and acceleration at time t and from the 

positions at time t- 𝛿𝑡, it can calculate new positions at time t+ 𝛿𝑡. This algorithm is not 

associated with any type of explicit velocities. The pros and cons of this algorithm are 

as follows: 

 It is quite straightforward. 

 Requirement for the storage is moderate. 

 The precision is not that much good. 
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Leap-Frog Algorithm 

For leap-frog algorithm these following equations are used: 

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣 (𝑡 +
1

2
𝛿𝑡) 𝛿𝑡 .             (2.17) 

𝑣(𝑡 +
1

2
𝛿𝑡) = 𝑣(𝑡 −

1

2
𝛿𝑡) + 𝑎(𝑡)𝛿𝑡 .             (2.18) 

This algorithm computes the velocity at time 𝑡 +
1

2
𝛿𝑡, and from there it can calculate 

the positions  of the atoms at time 𝑡 + 𝛿𝑡. For this algorithm the main advantage is that 

it can calculate the velocities explicitly, but the main constrain of this algorithm is that 

the velocities cannot be calculated at the same time like the positions. The velocity at 

time t can be found from this equation: 

𝑣(𝑡) =
1

2
[𝑣(𝑡 −

1

2
𝛿𝑡) + 𝑣(𝑡 +

1

2
𝛿𝑡)] .           (2.19) 

 

Velocity Verlet Algorithm 

This algorithm can compute position, acceleration and velocity at the same time 

t. For this algorithm the precision is given highest priority. 

      𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣(𝑡)𝛿𝑡 +
1

2
𝑎(𝑡)𝛿𝑡2 .                    (2.20) 

     𝑣(𝑡 + 𝛿𝑡) = 𝑣(𝑡) +
1

2
[𝑎(𝑡) + 𝑎(𝑡 + 𝛿𝑡)]𝛿𝑡 .                 (2.21) 
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Beeman’s Algorithm 

This algorithm is quite similar to Verlet algorithm. The governing equations are 

as given next. 

                         𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣(𝑡)𝛿𝑡 +
2

3
𝑎(𝑡)𝛿𝑡2 −

1

6
𝑎(𝑡 − 𝛿𝑡)𝛿𝑡2 .            (2.22) 

            𝑣(𝑡 + 𝛿𝑡) = 𝑣(𝑡) + 𝑣(𝑡)𝛿𝑡 +
1

3
𝑎(𝑡)𝛿𝑡 +

5

6
𝑎(𝑡)𝛿𝑡 −

1

6
𝑎(𝑡 − 𝛿𝑡)𝛿𝑡 .          (2.23) 

The main advantage for this type of algorithm is that it can provide better expression 

for both velocity and the energy. The disadvantage can be the complexity in the 

calculation due to the complex expression. 
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CHAPTER III 

MODEL AND SIMULATION DETAILS 

 

3.1 Molecular Dynamics Simulator -- LAMMPS 

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) is a 

widely available molecular dynamics simulation software that can be used to simulate 

the system at an atomistic level. Any atomic model of chemical or biological 

background can be simulated with LAMMPS on microscopic scale. Sandia National 

Laboratories developed LAMMPS and it is written using C++ code. Sandia National 

Laboratories continuously updates the software and it is an open-source software [48]. 

The general features associated with LAMMPS are briefly highlighted below: 

 It can run on both single processor or in parallel processors. 

 The whole simulation can be divided into many portions using Message-Passing 

Interface (MPI). 

 It is an open-source free software. 

 Highly portable C++ language is used for coding in this software. 

 Optional libraries like MPI and also single processor Fast Fourier transform 

(FFT) are used. 

 New functionalities and features can easily be added. 

 Code can be run from an input file. 

 Plenty of syntaxes for variables and formula definition. 
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 Multiple simulation can be run in parallel from single script. 

 It can be used for coupling with other code. On that case something like umbrella 

code can be used to call both of the codes. 

 

3.2 Interatomic Potentials 

For calculating the diffusion coefficient of hydrogen gas and to observe the 

effect of grain boundaries on hydrogen diffusion, the system is taken to contain only 

copper and hydrogen atoms. The interactions between the various atoms in the system, 

i.e., copper-copper, hydrogen-hydrogen and copper-hydrogen atoms are maintained by 

the bond order potential. This is one of the well-known and accepted potentials used for 

molecular dynamics simulations, and is available in LAMMPS. For stopping the 

outgassing, the use of a tungsten over-layer was tried. For simulations involving 

tungsten, the modified embedded atom method (EAM) potential, as discussed later in 

this chapter, was used for the interactions between the metallic tungsten molecules. For 

the interactions between the copper-tungsten and hydrogen-tungsten molecules, the 

Lennard-Jones potential was used. The details of each of these potentials are discussed 

in this section. The potentials mentioned and described below were employed in the 

current MD simulation work. 

3.2.1 Bond Order Potential 

 The Bond-Order Potential (BOP) calculates the interaction between the atoms 

based on the quantum mechanical theory associating both sigma and pi bonds. 
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Currently, bond-order potential files are available in LAMMPS for the following 

systems: AlCu, CCu, CdTe, CdTeSe, CdZnTe, CuH, GaAs. If a material has only one 

subset of elements of these available for the bond-order potential, then it can be modeled 

using these potentials [49-50]. The BOP potential can be divided into three terms: 

 

𝐸 =
1

2
∑ ∑ 𝜑𝑖𝑗(𝑟𝑖𝑗)

𝑖𝑁

𝑗=𝑖1

𝑁

𝑖=1

- ∑ ∑ 𝛽𝜎,𝑖𝑗(𝑟𝑖𝑗)𝜃𝜎,𝑖𝑗

𝑖𝑁

𝑗=𝑖1

𝑁

𝑖=1

-

∑ ∑ 𝛽𝜋,𝑖𝑗(𝑟𝑖𝑗)𝜃𝜋,𝑖𝑗

𝑖𝑁

𝑗=𝑖1

𝑁

𝑖=1

+𝑈𝑝𝑟𝑜𝑚.      (3.1) 

 

In the above equation, 𝜙𝑖𝑗(𝑟𝑖𝑗) stands for the short-range two-body function presenting 

repulsion between the pairs of the ion cores, while 𝛽𝜎,𝑖𝑗(𝑟𝑖𝑗) and 𝛽π,𝑖𝑗(𝑟𝑖𝑗) are called 

the sigma and pi bond integrals. Also, 𝜃𝜎,𝑖𝑗(𝑟𝑖𝑗) and 𝜃π,ij(𝑟𝑖𝑗) are the sigma and pi 

bond-orders, and Uprom is called the promotion energy of sp-valent systems. The first 

three terms of the formula above is dependent on the interatomic distance rij. 

 

3.2.2 Embedded Atom Model (EAM) 

The embedded atom model (or EAM for short), is an interatomic potential that 

describes the energy workings between metals. The original model was developed by 

Murray Daw and Mike Baskes [51]. The original model was mainly dependent on the 

density of electrons. The EAM is associated with the approximation of second moment 

from the tight binding theory. The embedded atom model is similar to the Finnis-
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Sinclair model [52]. Though the two have different forms in their details, they have 

similar formulations, which represent the total potential energy of a system as a sum 

of a pairwise interaction term and an n-body term. The EAM model can fitted quite 

efficiently for the simulation of metals. That is the reason this potential is often used in 

molecular dynamics simulations for metallic systems. The energy of an atom for 

purposes of an MD simulation can be found from the following equation: 

 

𝐸𝑖 = 𝐹𝛼 (∑ 𝜌𝛽(𝑟𝑖𝑗)
𝑖≠𝑗

) +  
1

2
∑𝜙𝛼𝛽(𝑟𝑖𝑗)

𝑖=𝑗

  ,                        (3.2) 

 

where rij stands for the distance between two atoms i and j, 𝜙𝛼𝛽 is the pair-wise 

interaction function between two atoms, 𝜌𝛽 stands for the contribution of the electron 

charge density from atom j (type 𝛽) to the position of atom i, and F is the amount of 

energy required for placing the atom i into the cloud of the electron. It is called the 

embedding function. As the electron cloud density is spread over a huge number of 

atoms, practically there needs to be a cutoff distance associated with each EAM 

potential. If there is only one element in the model, then there would be three functions 

on the EAM potential. These scalar functions are the: (i) embedding function, (ii) a 

function describing the contribution from electron cloud, and (iii) the function 

representing the pair-wise interaction. For the case of binary alloys, there should be a 

total seven functions for the EAM potential: three functions for the pair-wise 
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interactions (A-A, B-B and A-B), two functions for electron cloud contributions, and 

two embedding functions. 

 

3.2.3 Lennard-Jones Potential (L-J) 

 

The Lennard-Jones potential (which is also known as L-J potential, 6-12 

potential or 12-6 potential) is a simple mathematical model that can calculate the 

interaction between two neutral atoms or molecules. This form of potential was first 

proposed by John Lennard-Jones in 1924 [53]. The most common form of the L-J 

potential can be expressed as: 

 

𝑉𝐿𝐽 = 4휀[(
𝜎

𝑟
)12 − (

𝜎

𝑟
)6] = 휀[(

𝑟𝑚

𝑟
)12 − 2(

𝑟𝑚

𝑟
)6]  ,                 (3.3) 

 

where 휀 is called the depth of the created potential well, 𝜎 is the maximum distance 

between two particles where the interatomic potential is taken to be zero, r is the 

displacement between the two atoms and rm is the displacement where the interatomic 

potential reaches its minimum value. At the value of rm, the potential function contains 

a value of - 휀. The relation between the distance is: rm=21/6𝜎 =1.22𝜎. As the computation 

is simple in this case of the Lennard-Jones Potential, it is quite often used in 

computational simulations although there are many other more accurate potentials 

compared to this. 
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In the equation of the L-J potential, the r-12 term, represents the repulsion at short 

ranges. Electron orbitals overlap in short ranges resulting in the repulsion known as 

Pauli repulsion. The r-6 term represents forces arising from the long-range attraction 

known as dispersion force or van der Waals force. The net interatomic force can be 

found from differentiating the equation of the L-J potential. Depending on the value of 

r, the total interatomic force can be attractive or repulsive. If the value of r is very small 

the atoms repulse each other, and if the value of r is large, then they attract each other. 

The attractive term has a specific physical justification but the repulsive term does not 

have any theoretical or physical justification. It is used in L-J potential because it 

calculates the Pauli repulsion and r12 can easily be found from the square of r6. Because 

of the simplicity of the L-J potential, it is quite often used to predict the properties of 

the gases and interactions due to the overlap in molecular simulations. If there is an 

infinite number of atoms, the lowest-energy formation due to Lennard-Jones potential 

is a hexagonal closed-potential. If the temperature is increased, the formation is changed 

to cubic close packed, and later to a liquid. If pressure is applied, the lowest-energy 

formation translates between hexagonal and cubic close packing [54]. Body centered 

cubic structure can also be found in real materials [55]. 

The L-J potential was enhanced by Richard Buckingham, adding an additional 

parameter and the repulsive term is substituted by an exponential function [56]: 

 

𝑉𝐵 = 𝛾[𝑒
−

𝑟

𝑟1 − (
𝑟0

𝑟
)6]  .                                         (3.4) 
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There are couple of recent potentials like the Stockmayer potential [57], which can 

compute the interactions more precisely. Different quantum chemistry methods like 

coupled cluster method [58], full configuration interaction or the Møller–Plesset 

perturbation theory [59] can be used for a higher accuracy; but the computational cost 

and the time required is much higher for these methods. 

  

3.2.3.1 Limitations of using the L-J potential 

For completeness, some of the disadvantages and limitations of the L-J potential are 

briefly outlined. These include the following aspects. 

1. There are only two parameters (A and B) in the L-J potential that are used to 

determine the scales of the energy and length. That is the reason that the accuracy 

of this potential is limited for real materials. 

2. In L-J potential, the bond strength is not affected by the number of atoms that 

are bonded to each atom. As a result, the bond energy for each atom is increased 

linearly with an increase in the number of bonds. However, in real materials, is 

found from the experiments that the bond energy increases quadratically with the 

number of bonds [60]. 

3. The bonding present in L-J potential has no specific direction as the potential is 

found to be spherically symmetric. 

4. The dipole-dipole interaction, present in the noble gases due to the dispersion of 

electrons, can be modeled precisely by the sixth-power term of the L-J potential. 

But other types of bonding are not modeled by this term. As described earlier, the 
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twelfth-power term is used for the simplification of the calculation, but this term has 

no physical or theoretical justification. 

5. When two atoms come near each other, the potential diverges. For this reason, 

instabilities can occur in molecular dynamics simulation. 

 

 

3.3 Molecular Dynamics Ensembles 

Thermodynamic ensemble is one of the important aspect in a molecular 

dynamics simulation, and prescribes the environmental conditions imposed. It defines 

the state of different characteristic parameters of the simulation, as well as the 

equilibrium density distribution. Different types of ensembles are available in molecular 

dynamics which can be selected based on the type of the model used in the simulation, 

and the physical representation of the phenomena being simulated. In this thesis work, 

the canonical ensemble and the isothermal-isobaric ensembles are used. Hence, these 

two ensembles are discussed in more detail in this section, as they are most relevant to 

this work. 

3.3.1  Microcanonical Ensemble (NVT) 

For Molecular dynamics simulations, canonical ensembles are one of the most 

common ensembles. At the very beginning of the simulation, there will be fixed value 

for number of particles or molecules (N), the volume of the system (V), and the absolute 

temperature of the system (T). As soon as the number of atoms is specified, an initial 

file with the coordinate of the atoms will be created. The file can be created using some 
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algorithm or could be done manually. There should be many bond angles and bond 

lengths present in the initial coordinate file, and so the initial coordinate file should be 

created accordingly. For a generic system, one can create the simulation box in a cubic 

manner and the distance between two atoms should be maintained at a value greater 

than the diameter of the molecule. 

 

3.3.1.1  Illustrative Example 

At the very beginning of the simulation, the box dimension and the number of 

particles are defined. A random coordinate (x, y, z) can be selected and assigned to a 

particle. The process should be continued until all the particles are allocated a fixed 

coordinate, and the interatomic distance is greater than the diameter of the molecules. 

Alternatively, the particles can also be placed into the box sequentially along the grid 

points of the lattice. As an example, the first particle can be placed at (0, 0, 0), second 

particle at (0, 0, 1) and so on. After generating the initial coordinate file, it should be 

read and stored in an array as the coordinate of each particles. The steps associated with 

the canonical ensemble can be shown as: 

1) One molecule is selected randomly from the number of particles N 

 A random number is generated. 

 It is multiplied by N. 

2) Initial position of Mth molecule is found from the initial coordinate file: 

𝑥𝑖 = 𝐴𝑥[𝑀], 𝑦𝑖 = 𝐴𝑦[𝑀], 𝑧𝑖 = 𝐴𝑧[𝑀] 
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3) The maximum displacement along 3 directions are used to get the final 

coordinate of the particle. The value of  ∆𝑟  can be chosen from the values 

ranging from -∆𝑟𝑚𝑎𝑥 to +∆𝑟𝑚𝑎𝑥. 

 A random number rx (0,1) is generated  

 For displacement in x direction ∆𝑥 can be found from 

∆𝑥 = 2(𝑟𝑥 − 0.5)∆𝑥𝑚𝑎𝑥.                           (3.5) 

 Similar calculation can be done for finding ∆𝑦 and ∆𝑧. 

4) The final coordinates can be found easily from: 

 

𝑥𝑓 = 𝑥𝑖 + ∆𝑥.                                    (3.6) 

𝑦𝑓 = 𝑦𝑖 + ∆𝑦.                                                  (3.7) 

𝑧𝑓 = 𝑧𝑖 + ∆𝑧.                                                     (3.8) 

 

5) Periodic boundary condition can be used to transform the coordinates into a 

periodic cell.  

6) If the final coordinates are found, the initial and final energy (Ei and Ef ) can be 

found from these initial and final coordinates. 

 The distance between the Mth and other molecules are calculated. 

rm-j ( where the value of j can be from 1 to N) 

 If the values of all rm-j is greater than or equal to the molecular diameter, 

then the initial and final value of the energy can be found from the 

dependency of E on r. 
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 The probability from initial to final state, 𝑝(𝑖 → 𝑓) ⇒

𝑒𝑥𝑝(−𝛽∆𝐸) is calculated. 

 A random number m is generated. 

 If 𝑚 ≤ 𝑝(𝑖 → 𝑓) , then the final coordinate of the Mth 

molecule is updated on the coordinate final. If 𝑚 > 𝑝(𝑖 →

𝑓), then the initial coordinate of the molecule is retained. 

 After updating the coordinate file, the whole procedure is 

repeated from step 1 for another M. 

 

3.3.2 Isobaric-Isothermal Ensemble (NVT) 

The isothermal-isobaric ensemble was first developed by Guggenheim [61] in 

1939, where the partition function was described as: 

 

∆(𝑁, 𝑃, 𝑇) = ∑𝑄(𝑁, 𝑉, 𝑇)𝑒
−

𝑃𝑉

𝐾𝐵𝑇

𝑉
 ,                               (3.9) 

 

where kB is the Boltzmann constant, Q (N, V, T) is called the particle function of the 

canonical ensemble where there are N number of particles having a volume of V, 

temperature T and pressure P. The only variable parameter is the volume of the system. 

For the case of the systems where the volume is continuously changing, the above 

equation may create some ambiguity. Later in 1950, several scientists [62-63] tried to 

overcome the ambiguity and expressed the particle function as: 



Texas Tech University, Joy Acharjee, May 2019 

 

37 

 

∆0(𝑁, 𝑃, 𝑇) = ∆0(𝑁, 𝑃, 𝑇) =
1

𝑉0
∫ 𝑄(𝑁, 𝑉, 𝑇)𝑒

−
𝑃𝑉

𝐾𝐵𝑇𝑑𝑉
∞

0

  .                 (3.10) 

 

The sum present in the earlier equation is replaced by the integration form so that the 

whole volume is considered. The value of the V0, present in equation 3.10 can be found 

from the simple equation: 

 

𝑉0 =
𝑘𝐵𝑇

𝑃
   .                                       (3.11) 

 

In equation (3.10) the interactions between the surroundings and the system are not 

taken into account. So further modifications of the equation 3.10 can be expressed as 

[64-66]: 

 

∆0(𝑁, 𝑃, 𝑇) =
1

𝑉0
∫ 𝑄∗(𝑁, 𝑉, 𝑇)𝑒

−
𝑃𝑉

𝐾𝐵𝑇𝑑𝑉 ,
∞

0

           (3.12) 

 

where Q*(N, V, T) stands for the number of possible configurations in which one of the 

N particles can reside within the region of the shell. It may be noted that the partition 

function does not have any dimension. 

The NPT ensemble can be more useful over the NVT ensemble for studying 

transition of phase, as during phase transition the pressure and the temperature are kept 

constant. For the displacement of the particle, one has to calculate the maximum 

displacement ∆𝑟𝑚𝑎𝑥 . Similarly for change in the volume, one needs to calculate the 
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maximum volume change. Then from the final value of the volume, 𝑉𝑓 = 𝑉𝑖 + ∆𝑉, one 

can update the size of the simulation box, and from there the new coordinates of each 

particles can be found. At the last step, final energy of the system can be computed from 

updated coordinate file. The probability of changing from initial to final state can be 

found from the equation given below: 

 

𝑝(𝑖 → 𝑓) = 𝑒𝑥𝑝 {−𝛽(𝐸𝑓 − 𝐸𝑖) + 𝑃(𝑉𝑓 − 𝑉𝑖) −
𝑁

𝛽
ln

𝑉𝑓

𝑉𝑖
}  ,             (3.13) 

 

where the last two terms indicate the volumetric change of the system. The steps 

associated with the NPT ensemble are shown below: 

1) Predefined values of N, P, T are chosen. 

2) The lattice size of the system is defined. 

3) Initial coordinate file for N number of particles are created. 

4) A random number (r1)   between 1 to N+1 is generated. 

5) If 𝑟1 ≤ 𝑁, the particle displacement movement is selected. The steps similar 

to NVT ensemble are used and the coordinate is updated. 

6) If 𝑟1 > 𝑁, the volumetric change move is justified. 

 Another random number r2 is generated. 

 The final volume of the system, 𝑉𝑓 = 𝑉𝑖 + (𝑟2 − 0.5)∆𝑉𝑚𝑎𝑥  is 

calculated. 

 The updated box size can be found from 𝐿𝑓 = (𝑉𝑓)
1

3. 
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 Updated coordinates of the particles can be calculated from 𝑋𝑓 = 𝑋𝑖
𝐿𝑓

𝐿𝑖
. 

 Based on the updated position of the particles the final energy of the 

system can be found. 

 Then from the final value of the energy, the probability is found from the 

above equation. 

 If the move is accepted, then it will return to step 4 with updated 

coordinate. 

 If the move is denied, then the present coordinate will be kept and will 

return to step 4.  

 

3.4 The LAMMPS Scheme 

Hydrogen diffusion from the copper lattice can be obtained by using a classical 

molecular dynamics (MD) simulator. Advantages of molecular dynamics are that 

minimal assumptions and approximations are required, many-body dynamics can be 

included, and enables complex atomic structures to be replicated accurately in the 

simulation box. The defects can be added accurately, and the diffusion mechanisms can 

also be added. The MD technique involves solving the equations of motion for 

interacting particles numerically, subject to appropriate initial and boundary conditions 

[67]. The open source LAMMPS code was used in the present calculations. 
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3.4.1 Creating FCC Copper Crystal and Hydrogen Addition 

The purpose of the simulations carried out for the thesis work was to observe 

the issues of outgassing from metal electrodes. For the electrode, copper was chosen as 

the material as it is one of the commonly used electrodes. Hydrogen was chosen as the 

gas, because it is one of the common and yet very light gas found in nature. The 

molecular weight of the hydrogen is also very low, allowing it to diffuse quickly out of 

the electrodes. The bond order potential was used to determine the interatomic force 

between the Cu-Cu, H-Cu and H-H molecules. The following code segment was used 

to create a Face Centered Cubic structure of the copper electrodes having a dimension 

of 50 × 68.5 × 100 (𝐴∘)3: 

 

clear 

log copper_box_3.log 

units metal 

dimension 3 

boundary p p p 

atom_style atomic 

atom_modify map array 

lattice fcc 3.61 

region box block 0 50 0 68.5 0 100 units box 

create_box 1 box 

lattice fcc 3.61 orient x 1 0 0 orient y 0 1 0 orient z 0 0 1 
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create_atoms 1 box 

mass 1 63.546 

write_data Data.R1 

print “Done” 

 

The unit command used in the code specifies all the units used for different 

parameters in the simulation. All the quantities present in the input scripts, output files 

are derived from the unit command. This command is normally used at the very 

beginning of the simulation. For style metal, the units can be shown as below: 

 Mass → gram (g). 

 Distance →Angstroms (𝐴∘). 

 Time → picoseconds (ps). 

 Energy → electron-volts (eV). 

 Velocity → Angstroms/picosecond (𝐴∘/𝑝𝑠). 

 Force → Electron-volt/Angstrom (eV/𝐴∘). 

 Temperature → Kelvin (K). 

 Pressure → bars. 

The atomic style command used in the code determines the parameters associated 

with each type of atoms in the simulation box. For style atomic only, the default values 

are associated with the simulation box. The lattice constant of the Face Centered Cubic 

(FCC) lattice is 3.61𝐴∘. The mass of the each copper atom was defined as 64.546 g. A 

total of 29,568 copper atoms were generated after running the code segment. At the end 
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of the code segment, the coordinates of the generated atoms were saved into a data file. 

The output structure of the copper lattice is shown in Figure 3.1 below. 

 

Figure 3.1. Face centered cubic copper crystal with lattice constant 3.645𝐴∘. 

 

Later the interstitial spaces on the surface of the copper lattice were found and on 

those spaces 150 Hydrogen atoms were added. At the very beginning, hydrogen atoms 

were added removing the copper atoms from different random positions. The Mean 

Square Displacement (MSD) of hydrogen in copper, which is required for calculations 

of the diffusion coefficient, was found to be much lower than the theoretical values. As 

a result, the hydrogen atoms were added manually into the copper crystal on those 

interstitial spaces. The simulation box after adding the hydrogen atoms, is shown on 

Figure 3.2. 
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Figure 3.2. Hydrogen atoms (blue) added in random positions of copper (pink) crystal. 

 

For calculating the diffusion coefficient of hydrogen into the copper, at first the system 

was thermalized for 10 ns using the following code segment: 

 

read_data Data.R1 

pair_style bop 

pair_coeff * * CuH.bop.table Cu H 

comm_modify cutoff 11.4 

velocity all create 1000 25674 dist gaussian 

minimize 1.0e-8 1.0e-8 1000000 1000000 

timestep 0.001 

reset_timestep 0 

fix 1 all npt temp 1000 1000 0.1 iso 0.0 0.0 10   

fix 3 all momentum 1 linear 1 1 1 
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thermo 20000 

dump 2 all atom 20000 copper_box_300K2.lammpstrj 

dump 3 all custom 100000 Copper2_box_300k_final.dump id type x y z vx vy vz 

thermo_modify lost ignore 

restart 1000000 poly.restart 

run 10000000 

unfix 1 

write_data Data25.R1 

write_restart Copper2_box_300k.restart 

print “Done” 

 

On the code segment bond order potential with a cutoff distance of 11.4 

angstroms has been used. The velocity command was used to set or change the 

associated velocities of the atoms in a group. The create option used with the velocity 

command was used to allocate a certain temperature along with a random number. The 

ensemble of created velocities can be either a uniform distribution, or a Gaussian 

distribution. For the case of Gaussian distribution, the mean was used as 0.0 to create 

the required temperature. In LAMMPS, the energy minimization is performed by 

changing the atomic coordinates iteratively. The number of iteration depend on the 

stopping criteria of the iteration. At the stopping point, the system will have a locally 

minimum value of the energy. The first value used with the minimization command is 

for the stopping tolerance of the energy, the second value is the stopping tolerance for 



Texas Tech University, Joy Acharjee, May 2019 

 

45 

 

the force, the third value is the number of maximum iterations of the minimization 

process, and the last value is the maximum number of force/energy evaluations. The 

system is, in this way, thermalized using the NPT ensemble. The three parameters used 

with the NPT ensemble after the “temp” keyword are: the external temperature at the 

start of the simulation, the external temperature at the end of the simulation, and the last 

one is the damping parameter associated with the system. The three values used after 

the “iso” keyword are: the external pressure at the start and the end of the simulation, 

and the last one is the damping parameter associated with the pressure. The momentum 

of the whole simulation box was fixed throughout the simulation. After thermalizing the 

system, the coordinates of the atoms are written in a data file. 

The actual simulation of calculating the diffusion coefficient of hydrogen in 

copper is done through the following code segment: 

read_data Data25.R1 

pair_style bop 

pair_coeff * * CuH.bop.table Cu H 

comm_modify cutoff 11.4 

mass 1 63.546 

mass 2 1.00794 

timestep 0.001 

thermo 200000 

fix 1 all nvt temp 700.0 700.0 0.1 

fix 3 all momentum 1 linear 1 1 1 
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thermo_style custom step temp press vol enthalpy ke pe etotal lx ly lz density atoms 

group      Cu type 1 

group      H type 2 

compute  2 H msd 

fix   4 H ave/time 10000 5 1000000 c_2 file H.txt mode vector 

thermo_style custom step temp press vol enthalpy ke pe etotal lx ly lz density atoms 

thermo_modify lost warn 

dump 2 all atom 200000 copper_box_300K.lammpstrj 

dump 3 all custom 200000 copper_box_300k_final.dump id type x y z vx vy vz 

restart 10000000 poly.restart 

write_data     Data.R2 

write_restart diamond_box_300k.restart 

run 100000000 upto 

 

On this portion of the simulation, the NVT ensemble is used while computing 

the diffusion coefficient. The three parameters used after the ʺtempʺ keyword in the 

NVT ensemble are the temperatures at the start and end point of the simulation, and the 

damping parameter associated with the temperature. The three values used after the ʺfix 

ave/timeʺ command used in this code segment are: number of time-steps to use the input 

values, number of times the input values are used to calculate the average and the last 

one is for the number of time-steps the averages are calculated on each time. 
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3.4.2 Calculations with the Grain Boundary 

In LAMMPS, the grain boundary can be created declaring two crystal at two 

different directions and joining them together. At the interface between these two 

crystals, a grain boundary is created. The overlapping atoms may be removed to 

organize the grain boundary. The following code segment was used in LAMMPS to 

create the grain boundary in LAMMPS: 

lattice fcc 3.645  

region whole block 0.00 50.00 0.00 68.50 0.00 100.00 units box  

create_box 2 whole  

region upper block 0.00 50.00 0.00 34.25 0.00 1000.00 units box  

lattice fcc 3.645 orient x  0  3  1 orient y  0 -1  3 orient z  1  0  0  

create_atoms 1 region upper  

region lower block 0.00 50.00 34.25 68.50 0.00 1000.00 units box  

lattice fcc 4.05 orient x  0  3 -1 orient y  0  1  3 orient z  1  0  0  

create_atoms 2 region lower  

group upper type 1  

group lower type 2   

Using the above code segment, two face centered cubic structures were defined along 

two different directions, while sharing a common interface. On this common interface, 

a grain boundary is created. The simulation box thus created is shown on the Fig. 3.3. 
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Figure 3.3. Two copper crystals joined together to form the grain boundary at the 

interface.  

 

Next, 150 hydrogen atoms were added onto the surface of this structure to 

observe the effect of diffusion in the presence of the grain boundary. The coordinates 

of the atoms are saved into a data file. The same type of structure with and without grain 

boundary was simulated to observe the effect of the grain boundary on outgassing. The 

whole structure with the hydrogen atoms and the grain boundary is shown on Fig.3.4. 

 

Figure 3.4. Hydrogen atoms (magenta) added on the model with grain boundary. 
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We used the following code segment to thermalize the system with grain boundary for 

10ns: 

read_data Data.R1 

group upper type 1  

group lower type 2 

pair_style bop 

pair_coeff * * CuH.bop.table Cu Cu H 

comm_modify cutoff 11.4 

displace_atoms upper move 0 0 0 units lattice  

delete_atoms overlap 2.5 lower upper 

velocity all create 700 25674 dist gaussian 

minimize 1.0e-8 1.0e-8 1000000 1000000 

timestep 0.001 

reset_timestep 0 

fix 1 all npt temp 700 700 0.1 iso 0.0 0.0 10   

fix 3 all momentum 1 linear 1 1 1 

thermo 20000 

dump 2 all atom 20000 copper_box_300K2.lammpstrj 

thermo_modify lost ignore 

restart 1000000 poly.restart 

run 10000000 

unfix 1 

write_data Data25.R1 

write_restart Copper2_box_300k.restart 

print “Done” 

Here the delete_atoms command was used to delete one atom from the pairs 

within 2.5 angstrom cutoff distance. The system was thermalized up to 10ns, and the 

coordinates of the atoms was saved into a data file. For calculating the actual out-

diffusion, two simulations were carried on. In the first simulation, the hydrogen atoms 

were allowed to diffuse along the grain boundary. It was done by placing a reflecting 

boundary at 3 angstroms behind the negative side of z axis, the positive side of the z 

axis were fixed and all the other boundaries were set as periodic in nature. So there was 

only one path for the hydrogen atoms to diffuse out of the electrode, namely, along the 



Texas Tech University, Joy Acharjee, May 2019 

 

50 

 

z-axis that means parallel to grain boundary. For the calculation of perpendicular to the 

grain boundary, a fixed boundary was placed at 3 Angstrom behind the negative y axis, 

and the positive boundary of the y-axis was left as fixed, while all the boundaries were 

periodic. The code used to calculate the out-diffusion is shown below: 

clear 

log copper_box_300k.log 

units metal 

dimension 3 

boundary p p f 

atom_style atomic 

atom_modify map array sort 0 0 

read_data Data.R1 

group water type 3 

pair_style bop 

pair_coeff * * CuH.bop.table Cu Cu H 

comm_modify cutoff 11.4 

reset_timestep 0 

timestep 0.001 

fix 1 all nvt temp 700.0 700.0 0.1 

fix 2 all momentum 1 linear 1 1 1 

fix walls all wall/reflect zlo -3.0 

thermo_style custom step temp press vol enthalpy ke pe etotal lx ly lz density atoms 

thermo_modify lost ignore 

dump 2 all atom 20000 copper_box_300K55.lammpstrj 

thermo 20000 

dump 3 all custom 20000 copper_box_300k_dfdffinal.dump id type x y z vx vy vz 

dump 4 water atom 20000 dump.atom 

restart 1000000 poly.restart 

run 20000000 upto 

write_restart Copper3_box_300k.restart 

write_data Data33.R1 

print “Done” 

 

the remaining number of hydrogen atoms was stored into a file(dump.atom). 
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 3.4.3 Tungsten Used as a Layer to Stop Out-Diffusion 

 

    To stop the outgassing from electrodes, a cap layer of tungsten was used. 

Tungsten has a high melting point of 3422∘𝐶, and hence is quite sturdy and stable. The 

diffusivity of hydrogen in tungsten is also very low (5.484 × 10−09𝑚2/𝑠 at 1000K). 

For these reasons, tungsten was chosen to be used as a good test material for mitigating 

the outgassing from copper. A 30 𝐴∘ thick tungsten layer was added parallel to the grain 

boundary to mitigate outgassing. The output structure is shown on Fig. 3.5. 

 

Figure 3.5. Tungsten layer (green) added to mitigate outgassing.  

The following code segment was used to thermalize the system up to 10ns with tungsten: 

read_data Cu345.R 

mass 1 63.546 

mass 2 63.546 

mass 3 1.008 

mass 4 183.84 

group upper type 1  

group lower type 2 

group water2 type 3 

group water3 type 4 

pair_style hybrid bop lj/cut 2.5 lj/cut 2.5 meam 

pair_coeff * * bop CuH.bop.table Cu Cu H NULL  

comm_modify cutoff 11.4 

pair_coeff  1*2 4 lj/cut 1 0.00174466548 3.437227  

pair_coeff 3 4 lj/cut  2 0.00449760054 3.205241313 
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pair_coeff  * * meam W.library.meam W W.meam NULL NULL NULL W 

reset_timestep 0 

 

After thermalizing the system the system was simulated to calculate the actual 

outgassing up to 30ns. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Outgassing from Copper Electrodes 

In order to analyze the diffusion of hydrogen atoms in copper, MD simulations 

were first carried out to obtain the temperature-dependent diffusion coefficient.  This 

served as a simple comparison with published experimental data to probe the validity 

of the model.  Results comparing the diffusion coefficient obtained from the simulations 

with various data points reported in the literature, are shown in Fig 4.1.  A fairly good 

agreement between data and the calculations is evident. 

 

Figure 4.1 Comparison between the diffusion coefficient obtained from the 

simulations and various data points reported in the literature.  Good agreement 

between data and the calculations can be seen. 
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The diffusion coefficient was obtained from the slope of the mean square displacement 

versus time, with a representative simulation plot shown in Fig. 4.2. The MD 

simulations were carried out at 1000 K for a pure copper metal system. 

 

Figure 4.2 Representative result of the mean square displacement (MSD) versus 

time obtained from the MD simulations at 1000 K for calculations of the 

hydrogen diffusion coefficient in metallic copper. 

 

Next, the role of the grain boundary on the out-diffusion of hydrogen atoms in 

copper was probed through MD simulations.  Two cases were considered: a pure copper 

lattice and another identical copper slab containing a grain boundary.  Hydrogen atoms 

were initially included as random impurities uniformly distributed throughout the 

volume.  Initial thermalization and lattice relaxation was carried out for 10 ns.  The NPT 

conditions with periodic boundaries were used to ensure the hydrogen atoms spread out 

and were effectively re-shuffled within the simulation space.  Following this initial 

phase, an NVT ensemble was used and the periodic boundary conditions were changed.  

Instead, any hydrogen atom crossing out from a surface was eliminated from the 
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simulation.  This provided a count of the outgassing of hydrogen atoms from copper as 

a function of time. Results obtained at a temperature of 700 K are shown in Figure 4.3. 

 

Figure 4.3 Simulation results showing the number of hydrogen atoms remaining 

in a copper slab as a function of time at 700 K.  Cases with and without a grain 

boundary (GB) were simulated, with the out-diffusion in directions both parallel 

and perpendicular to the GB plane. 

 

For these simulations, one hundred and fifty hydrogen atoms were inserted into 

the copper lattice to start with.  A copper sample without any grain boundary (GB) was 

included to provide comparisons with and without a grain boundary for the out-

diffusion.  For each of these two cases, the outflow of hydrogen atoms parallel and 

perpendicular to the GB plane was tracked.  The results of Fig. 4.3 show the structure 

losing atoms at the fastest rate for parallel flow.  The number of hydrogen atoms in the 

copper sample are predicted to reduce starting from 150 to about 112 in about 10 ns.  

By comparison, the flow perpendicular to the GB is predicted to be the slowest, with 

about 141 of the starting 150 hydrogen atoms remaining in the copper sample.  The 

transport without any grain boundary is seen to lie between these two limits; though out-

diffusion parallel to the GB plane was slightly larger than in the perpendicular direction.  
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Roughly, 130 atoms remain in the copper for the case without a grain boundary, after 

10 ns.  This clearly shows the role played by grain boundaries with regards to transport 

and outgassing. 

A grain boundary can effectively provide a pathway to the surface and facilitate 

out-gassing, but only in directions parallel to the GB plane.  In the orthogonal direction, 

the same GB structure acts as a trap and could effectively inactivate hydrogen flow.  The 

qualitative trend obtained here in Fig. 4.3 is similar to the numerous claims that grain 

boundaries in nuclear fuel, provide fast transport pathways in the absence of any 

porosity. Thus in an actual sample, preferential diffusion via an interconnected network 

of grain boundaries could occur.  Physically, the distortion of atoms in the GB region 

influences the diffusion of hydrogen atoms.  Such local deformations and variations 

provide discrete paths for atomic hops due to variations from site to site within the GB 

core.  Spatial variability in the local energy near a grain boundary is well known, and 

so one can expect deviations in the diffusive properties to be strongest at the GB core, 

though these spatial variations have not been examined here.  Along the perpendicular 

direction, the GB acts as a barrier (similar to a mountain range blocking normal flows), 

leading to very anisotropic transport.  Furthermore, the effective diffusivity can be 

expected to decrease with trap site density for this case of a substitutional hydrogen 

impurity. 
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4.2 Using Tungsten as Cap Layer 

From the simulations discussed above and the corresponding results obtained, it 

is evident that if the outgassing occurs along a direction parallel to the grain boundary, 

then the rate would likely be much faster. One possibility to reduce such out-diffusion 

might be to add a suitable thin material as a capping overlayer.  Towards this goal of 

mitigating the rate of outgassing, and to test the effectiveness of an over-coating, a 30 

𝐴∘  thick tungsten layer was added.  It was placed on a surface, at one end of the 

simulation box.  Tungsten was chosen as a material for the overlayer, since diffusion of 

hydrogen in tungsten has been reported to be fairly low [68].  To validate this low 

hydrogen diffusivity hypothesis in tungsten metal, the temperature dependent diffusion 

coefficient of hydrogen was first calculated in a pure, stand-alone tungsten slab.  For 

this purpose, 50 Hydrogen atoms were added to a pure tungsten slab having 7000 metal  

 
Figure 4.4. Mean square displacement (MSD) vs time plot for hydrogen atoms 

inserted in a tungsten slab. A temperature of 100 K was used for the calculations. 

The diffusion coefficient can be found from the slope of this plot. 
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this purpose, 50 Hydrogen atoms were added to a pure tungsten slab having 7000 metal 

atoms.  The diffusion coefficient was then obtained a plot of the mean square 

displacement (MSD) versus time.  The results are shown in Figure 4.4 at a temperature 

of 1000 K.  From the MSD results of Fig. 4.4, the value of the diffusion coefficient for 

hydrogen in tungsten was calculated to be 5.311 × 10−9 m2/s.  The reported value in 

the literature for hydrogen diffusion in tungsten has been roughly 5.484×10-9 m2/s [68] 

at 1000 K.  Thus, these results for hydrogen diffusion in tungsten again point to the 

validity of the model and its implementation. 

For calculations of outgassing with the tungsten layer, the system was 

thermalized using the NPT ensemble for 10ns. After shuffling the atoms (all three 

categories, i.e., hydrogen, copper and tungsten) during thermalization, the actual 

simulation was then carried out for 30ns. The comparison of outgassing with and 

without the tungsten layer is shown on Figure 4.5.  

 
Figure 4.5. Comparison of outgassing rates with and without the tungsten 

layer. 
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From the comparison afforded by Figure 4.5, it is quite clear that the tungsten 

layer can work as a capping layer to mitigate the outgassing of hydrogen. Without the 

tungsten layer, the number of hydrogen atoms remaining in the copper was reduced to 

around 110 starting from an initial value of 150, in a short time of just 10 ns. On the 

other hand, with the tungsten over-layer included, the number was predicted to remain 

at 146 even after 30 ns. This showing fairly convincingly that tungsten could be a good 

candidate material for use as an effective capping layer to mitigate outgassing. 

 

4.3 Temperature Profile within the Electrode Region 

Due to the constant bombardment of charged particles onto the electrodes, a 

temperature profile might exist in different regions of the copper electrodes due to the 

continuous deposition of energy into the metal from the energetic incoming charges. 

The energy loss function is dependent on the incident energy of the particle, and is 

usually smaller at high energy, much larger at moderate energy levels, and abruptly falls 

off at low energies. As a result, one can expect the energy deposition somewhat 

moderate near the surface where the energies of the incident charged particles would be 

the highest, much stronger deeper into the surface, and to have an abrupt fall-off at 

around the penetration depth. Hence, a sample temperature profile as shown on Figure 
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4.6 was chosen which qualitatively satisfies the expected temperature rise pattern from 

incident energetic particles. 

 

Figure 4.6. Assumed temperature profile within different regions of the copper 

electrode. 

 

Using molecular dynamics, four piecewise continuous temperature regions of 

720K, 700K, 680K, and 660K were created. All the regions were taken to have the same 

17 Å thickness. The outgassing results from an electrode with the temperature profile 
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of Fig. 4.6 were compared to an electrode having a uniform temperature of 660K. The 

comparison of outgassing results obtained from MD simulations is shown in Figure 4.7. 

 

Figure 4.7. Comparison of the remaining hydrogen atoms in the electrode over 

time for two cases: (a) one having temperature profile of Fig. 4.6, and (b) another 

identical copper electrode having a uniform temperature. 

 

From figure 4.7, it is evident that the outgassing rate is lower for the electrode 

having the temperature profile than the electrode with a uniform internal temperature. 

Since the temperature decreases gradually from the top to bottom, most of the hydrogen 

atoms travel towards the lower temperature zone, driven by the temperature gradient. 

As a result, the outgassing from the top surface for the case of a monotonic temperature 

profile is lower, since the hydrogen atoms tend to get pushed down into the metal 

because of the gradient. The number of hydrogen atoms in different regions of the 

electrode having the temperature profile is shown in Figure 4.8. 
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Figure 4.8. Remaining hydrogen atoms in different region of the electrode 

having the assumed temperature profile of Fig. 4.6. 

 

From Figure 4.8, around 90 hydrogen atoms are predicted to be in the lower 

temperature zone (660K) at the bottommost layer. The total number of overall hydrogen 

atoms in the system were 150 to start with, and hence, the bottommost layer is seen to 

contain the highest fraction of hydrogen atoms. The number of hydrogen atoms in the 

topmost layer (at 720K) is predicted to only be around 45, despite the hydrogen atoms 

having the option to exit the system. The low number of hydrogen atoms at the top is 

due to their outflow (and hence escape), coupled with their drive-in (facilitated by the 

thermal gradient) into the neighboring layer that lies just below it. The layer at 680K 

has the smallest number of hydrogen atoms. This occurs because it does not acquire as 

many atoms from the layer at 700K above it, since the entities in the 700K layer go in 

part towards filling the vacancies left in the topmost layer upon outgassing. 
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CHAPTER V 

CONCLUSIONS AND FUTURE WORK 

5.1  Conclusions 

Molecular dynamics simulations have been carried out to investigate the 

diffusion process and the factors associated with the diffusion of hydrogen in copper 

electrodes. From the results found, several assessments and conclusions can be gleaned 

about hydrogen outgassing from metallic copper. 

Outgassing is typically the first stage of possible plasma formation in a vacuum.  

Since plasma formation can have deleterious effects, the mitigation of outgassing 

remains an overall goal.  Here, preliminary simulation results of hydrogen diffusion in 

a representative metal (such as copper) were obtained based on the molecular dynamics 

technique.  The applications of this thesis research are towards engineering the stability 

of devices and components typically used for pulsed power applications and high power 

microwave generation.  Temperature dependent diffusion coefficient values were 

obtained through numerical simulations based on the Molecular Dynamics technique.  

The results agreed with experimental reports in the literature over a range spanning from 

300 K to 1330 K.  The temperature variation could be important in the context of power 

devices and vacuum nanoelectronics which tend to have high electric field environments 

which can lead to heating, or might be subjected to external radiation.  In either case, 

localized heating of the surface could begin to play an influential role in enhancing 

diffusive outflow. 
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Simulations with and without a grain boundary were also carried out at 700 K, 

to probe their role on hydrogen outgassing from metals.  The central result obtained was 

increased out-diffusion in the presence of a grain boundary (GB).  The most likely 

reason could be associated with distortion of atoms in the GB region, with the local 

deformations providing alternate paths for atomic hops within the GB core.  The 

diffusion was shown to be anisotropic, with increases parallel to the GB plane, and 

reduction in the normal direction.  This result suggested that capping the metal surface 

with its inherent grain boundaries, by a few monolayers of a suitable coating might help 

reduce outgassing.  This could be especially useful and advantageous if the material for 

the overlayer had a relatively low outdiffusion coefficient. 

Some of the salient results that were obtained in this thesis research are 

summarized in point-form below. 

 The mean square displacement (MSD) versus time plot of hydrogen in 

copper at different temperatures were obtained. From the MSD versus 

time plot, the diffusion coefficient can be measured from the slope of the 

plot. For example, at 1200K the diffusion coefficient the diffusion 

coefficient was found 2.5422×10-8 m2/s, which compares very well with 

the reported value of 2.58×10-8 m2/s in the literature. 

 The role of grain boundary in outgassing of hydrogen was analyzed. It 

was found that the diffusion is faster in the parallel direction of the grain 

boundary while the diffusion process is slower for the perpendicular 

direction of the grain boundary. For example, starting from an initial 
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population of 150 atoms in the system, our results showed that: (i) for 

diffusion in a direction parallel to a grain boundary, 112 hydrogen atoms 

remained in the system after 10 ns. (ii) However, for flow perpendicular 

to the grain boundary, 141 hydrogen atoms were found remaining in the 

system after 10 ns, signifying a much slower outflow. (iii) Finally, for 

diffusion without a grain boundary, around 130 atoms were predicted to 

remain in the crystal simulation volume. The simulation results prove 

that the diffusion is slower perpendicular to the grain boundary, while it 

is faster along the grain boundary.  Also, the presence of grain boundaries 

can assist in the transport of hydrogen gas. 

 Since hydrogen outgassing parallel to a grain boundary represents the 

worst situation with regards to out-gassing, a tungsten over-layer was 

chosen to be added to evaluate possible mitigation of the out-diffusion. 

Before adding the tungsten layer onto the copper crystal, the diffusion 

coefficient of hydrogen in bulk tungsten was measured, and was found 

to be similar to the published results. For example, the value of diffusion 

coefficient at 1000K was measured 5.311×10-9 m2/s while the published 

value is 5.484×10-09 m2/s. Later, adding the tungsten layer to the copper 

surface, it was found that the diffusion rate was indeed predicted to be 

much slower. For example, without the tungsten layer, the number of 

hydrogen atoms was reduced to 111 starting from 150 in just 10 ns. But 

with the tungsten layer the number in the system remained at 142 even 
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after 30 ns. So the results strongly suggest that a tungsten can be used as 

a capping layer to mitigate the outgassing, and strongly reduce or stop 

the plasma formation and damage of the high pulsed power systems. 

 A temperature profile was created using the molecular dynamics in a 

copper electrode having 4 temperatures at different uniform thickness. 

The result was compared with the case of an electrode with uniform 

temperature. It was observed that the hydrogen atoms were trying to 

move into the lower temperature region and the number of hydrogen 

atoms was found higher in the lower temperature zone. 

 

5.2  Future Work 

In this work, the outgassing is considered for a copper-hydrogen system, as 

coppers is one of the common electrode materials for high power devices, while 

hydrogen represents the worst-case scenario of a highly diffusive gas because of its low 

mass.  The simulations can be carried on for other electrode materials or composites, 

and different gases too. The issues associated with the outgassing and high electric field 

can also be investigated. Besides a grain boundary, other defects such as dislocations, a 

network of grain boundaries or screw- and twist-boundaries associated with any 

electrode material can also be analyzed. 

A more rigorous analysis would not only need to include the above aspects, but 

also focus on different crystal structures (e.g., face-centered cubic versus hexagonal 
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closed pack), the possibility of additional isolated defects to modulate the internal stress, 

the role of high angle GBs, and the presence of a network of GBs within the metal.  The 

latter is a complicated problem that would need careful inclusion of a network topology 

and connectivity among grain boundaries while considering the possibility of each 

having a different character or tilt-angle.  Such details, including a Voronoi-network 

approach can also be a research focus in the future. A final aspect worth considering 

given the context of pulsed power applications that invariably lead to heating, would be 

the evaluation of out-gassing in the presence of time-dependent heating and internal 

temperature increases over time. 

  



Texas Tech University, Joy Acharjee, May 2019 

 

68 

 

REFERENCES 

 

[1] V. Randle, Scripta Materialia. 54, 1011 (2006). 

 

[2] R. J Barker and E. Schamiloglu, High-power microwave sources and technologies 

(Wiley-IEEE Press, New York, 2001). 

 

[3] S. D. Korovin, V. V. Rostov, S. D. Polevin, I. V. Pegel, E. Schamiloglu, M. I. Fuks, 

and R. J. Barker, Proc. IEEE 92, 1082 (2004). 

 

[4] D. Keefe, Part. Accel. 11, 187 (1981). 

 

[5] R. L. Ives, IEEE Trans. Plasma Sci. 32, 1277 (2004). 

 

[6] J. H. Booske, R. J. Dobbs, C. D. Joye, C. L. Kory, G. R. Neil, G. S. Park, J. Park, 

and R. J. Temkin, IEEE Trans. Terahertz Sci. Technol. 1, 54 (2011). 

 

[7] D. Gortat, M. Sparkes, S.B. Fairchild, P.T. Murray, M.M. Cahay, T.C. Back, G.J. 

Gruen, N.P. Lockwood and W. O Neill, Proceedings of the SPIE, 10083, 7 

(2017). 

[8] A. Majzoobi, R. P. Joshi, A. A. Neuber, and J. Dickens, AIP Advances 5, 127237 

(2015). 

 

[9] A. Roy, R. Menon, S. Mitra, S. Kumar, V. Sharma, K. V. Nagesh, K. C. Mittal, and 

D. P. Chakravarthy, Physics of Plasmas 16, 053103 (2009). 

 

[10] E. E. Kunhardt, S. Popovic, and J. Bentson, IEEE Trans. Plasma Science 23, 970 

(1995). 

 

[11] A. A. Neuber, M. Butcher, H. Krompholz, L. L. Hatfield, and M. Kristiansen, IEEE 

Trans. Plasma Sci. 28 1593 (2000). 

 

[12] N. M. Jordan, G. B. Greening, B. W. Hoff, S. S. Maestas, S. C. Exelby, and R. M. 

Gilgenbach, IEEE Trans. Plasma Sci. 44 1258 (2016). 

 

[13] M. Takeda, H. Kurisu, S. Yamamoto, H. Nakagawa, and K. Ishizawa, Applied 

Surface Science 258, 1405 (2011). 

 

[14] A. A. Avdienko and A. V. Kiselev, Sov. Phys. Tech. Phys. 12, 381 (1967). 



Texas Tech University, Joy Acharjee, May 2019 

 

69 

 

[15] M. Akahane, Y. Ohki, D. Ito, and K. Yahagi, Electr. Eng. Jpn. 94 1 (1974). 

 

[16] J. Zheng, X. Liu, P. Xu, P. Liu, Y. Zhao, and J. Yang, Int. J. Hydrogen Energy 37, 

1048 (2012). 

 

[17] M. S. Daw and M. I. Baskes, Phys. Rev. Lett. 50 1285 (1983). 

 

[18] H. L. Hou, Z. Q. Li, Y. J. Wang, and Q. Guan, The Chinese Journal of Nonferrous 

Metals 13, 533 (2003). 

 

[19] X. W. Zhou, F. El-Gabaly, V. Stavila, and M. D. Allendorf, J. Phys. Chem. C 120, 

7500 (2016). 

 

[20] B. Szpunar, L. J. Lewis, I. Swainson, and U. Erb, Physical Review B 60, 10107 

(1999). 

 

[21] E. Nasser, Fundamentals of Gaseous Ionization and Plasma Electronics (Wiley-

Interscience, New York, 1971). 

 

[22] D. B. Go, Gaseous Ionization and Ion Transport: An Introduction to Gas Discharges 

(Cambridge, Notre Dame, 2012). 

 

[23] J. Goree, Plasma Sources Sci. Technol. 3, 400 (1994). 

 

[24] R. O. Dendy, Plasma Physics: an Introductory Course (Oxford University Press, 

Oxford, 1990). 

 

[25] D. Hastings and H. Garrett, Spacecraft--environment Interactions (Cambridge 

University Press, New York, 1996). 

 

[26] F. F. Chen, Introduction to Plasma Physics and Controlled Fusion (Plenum Press, 

New York, 1984). 

 

[27] J. P. Freidberg, Plasma Physics and Fusion Energy (Cambridge University Press, 

New York, 2008). 

 

[28] G. Gottstein, Physical Foundations of Materials Science (Springer Publishing, 

New York, 2013). 

 

[29] H. Grimmer, W. Bollmann and D. H. Warrington, Acta Crystallographica Section 

A. 30, 197 (1974). 

 

[30] R. F. Berg, Journal of Vacuum Science & Technology A 32, 031604 (2014). 



Texas Tech University, Joy Acharjee, May 2019 

 

70 

 

[31] S.M. Foiles, Scr. Mater. 62, 231 (2010). 

 

[32] N. Yazdipour, D.P. Dunne and E.V. Pereloma, Materials Science Forum 706, 1568 

(2012). 

[33] Y. Pan, B.L. Adams, Scr. Metall. Mater. 30, 1055 (1994). 

 

[34] S. Bechtle, Acta Mater. 57, 4148 (2009). 

 

[35] B.O. Hoch, Comput. Mater. Sci. 97, 276 (2015). 

 

[36] D.G. Brandon, Acta Metall. 14, 1479 (1966). 

 

[37] D.G. Brandon, Acta Metall. 12, 813 (1964). 

 

[38] S. Avdiaj, B. Erjavec,Mater. Tehnol. 46, 161 (2012). 

 

[39] D. Gortat, P.T. Murray, S.B. Fairchild, M. Sparkes, T.C. Back, G.J. Gruen, M.M. 

Cahay, N.P. Lockwood and W. O'Neill, Materials Letters 190, 5 (2017). 

 

[40] B. J. Alder and T. E. Wainwright, J. Chem. Phys. 31, 459 (1959). 

 

[41] F. Jensen, Introduction to Computational Chemistry (John Wiley & Sons Ltd Great 

Britain, 2007). 

 

[42] B.J. Alder and T.E. Wainwright, Journal of Chemical Physics 31, 459 (1959). 

 

[43] A. Hospital, J. Ramon Goñi, M. Orozco, J. L. Gelpí, Adv Appl Bioinform Chem 8, 

37 (2015). 

 

[44] D. Chandler, Introduction to Modern Statistical Mechanics (Oxford University 

Press, New York, 1987). 

 

[45] R. E. Wilde and S. Singh, Statistical Mechanics, Fundamentals and Modern 

Applications (John Wiley & Sons, Inc, New York, 1998). 

 

[46] S. Nosé, Molecular Physics 52, 255(1984). 



Texas Tech University, Joy Acharjee, May 2019 

 

71 

 

[47] B. J. Leimkuhler, S. Reich and R.D. Skeel, Mathematical Approaches to 

Biomolecular Structure and Dynamics (Springer, New York, 1996). 

 

[48] S. Plimpton, Journal of Computational Physics 117, 1 (1995). 

 

[49] D.A. Murdick, X.W. Zhou, H.N.G. Wadley, D. Nguyen-Manh, R. Drautz, and D.G. 

Pettifor, Phys. Rev. B, 73, 45206 (2006). 

 

[50] D.K. Ward, X.W. Zhou, B.M. Wong, F.P. Doty, and J.A. Zimmerman, Phys. Rev. 

B, 85,115206 (2012). 

 

[51] M. S. Daw, M. Baskes, Physical Review B. American Physical Society, 29, 6443 

(1984). 

 

[52] M. W. Finnis and J. E. Sinclair, Phil. Mag. A 50 ,45 (1984). 

 

[53] J.E. Lennard-Jones, Proc. R. Soc. Lond. A, 106,463 (1924). 

 

[54] T.H.K. Barron, C. Domb, Proceedings of the Royal Society of London. Series A, 

Mathematical and Physical Sciences, 227,447 (1955). 

 

[55] S. Zhen, G.J. Davies, Physica Status Solidi A, 78, 595 (1983).  

 

[56] P. Atkins, J.D. Paula, Atkins’ Physical Chemistry (W.H. Freeman and Company, 

New York, 2006). 

 

[57] F.M. Mourits, F. H. A. Rummens, Canadian Journal of Chemistry, 55, 3007 (1977). 

 

[58] H. J. Monkhorst, International Journal of Quantum Chemistry, 12, 421 (1977). 

 

[59] S. Grimme, J. Chem. Phys. 118, 9095 (2003). 

 

[60] Z. H. Stachurski, Fundamentals of Amorphous Solids: Structure and Properties 

(Higher education press, Beijing, 2015). 

 

[61] E.A. Guggenheim, J. Chem. Phys. 7, 103 (1939). 

 

[62] B. Brown, Mol. Phys. 1, 68 (1959). 

 

[63] R.A. Sack, Mol. Phys.  2, 8(1959). 

 

[64] G.J.M. Koper, H. Reiss, J. Phys. Chem. 100, 422(1996). 

 

[65] D.S. Corti, G. Soto-Campos, J. Chem. Phys., 108, 7959(1998). 



Texas Tech University, Joy Acharjee, May 2019 

 

72 

 

[66] D.S Corti, Phys. Rev. E, 64, 016128(2001). 

 

[67] Z. Insepov, J. H. Norem, and A. Hassanein, Physical Review Special Topics – 

Accelerators and Beams 7, 122001 (2004). 

 

[68] K. Heinola and T. Ahlgren, J. Appl. Phys. 107, 113531 (2010). 

 

 

 


