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Abstract

Plasma-facing materials in fusion reactors are exposed to high doses of irradiation,
causing radiation damage to the materials. The characterization of the damage is crucial
for the research of fusion-relevant materials. However, a major outstanding open question
remains about how electronic excitation affects the radiation damage process.

The project involves performing atomistic simulations of radiation-induced collision cas-
cades, using a newly developed model that explicitly accounts for electronic energy losses
in the highly non-equilibrium cascade process. The level of atomic mixing, which is experi-
mentally known as ion-beam mixing, is conjectured to be sensitive to the coupling between
electronic and atomic systems. In this work, the atomic mixing was analyzed from the
simulations and compared to experimentally derived values for tungsten, to gauge the
model accuracy.

The values of atomic mixing obtained by using the model are in a good agreement with
the experimental values. We employ two different functions for the coupling between
the atomic and electronic systems, displaying different strengths of the electron-phonon
coupling. Our results show that the strength of the electron-phonon coupling does not
significantly affect the predicted level of atomic mixing.
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electron-phonon coupling, ion-beam mixing, dissipation model

ii



A' Aalto-yliopisto Tiivistelma
| |

Aalto-yliopisto, PL 11000, 00076 Aalto www.aalto.fi

Tekija
Iisa Saunamaiki

Tyén nimi
Atomistinen sekoitus volframissa kéyttden uutta kahden lampdétilan mallia

Korkeakoulu Sihkotekniikan korkeakoulu

Maisteriohjelma Advanced energy solutions

Paaaine Sustainable energy systems and markets Koodi ELEC3048

Valvoja Professori Andrea Sand
Ohjaaja Professori Andrea Sand
Tyén laji Diplomityo Paivays 30.5.2022 Sivuja 52 Kieli englanti

Tiivistelma

Tulevien fuusioreaktoreiden materiaalit altistuvat reaktorissa korkeille siteilyannoksil-
le aiheuttaen materiaaleihin séateilyvaurioita. Ndiden karakterisointi on oleellinen osa
fuusiorelevanttien materiaalien tutkimusta. Vuosisadan tutkimuksista riippumatta elekt-
ronien virittymisen vaikutus séiteilyvaurioiden muodostumiseen on edelleen merkittava
ratkaisematon kysymys.

Tassa tyossd mallinnetaan séteilyn aiheuttamia térméyskaskadeja atomististen simu-
laatioiden avulla. Simulaatioissa kdytetddn uutta mallia, joka erityisesti ottaa mukaan
elektroniset energiahéviot erittiin epitasapainoisessa kaskadiprosessissa. Atomien se-
koittumisen on arveltu olevan herkké elektronisen ja atomijarjestelmén viliselle kyt-
kennille. Tdmén vuoksi atomien sekoittuvuus on analysoitu simulaatioiden pohjalta ja
verrattu vastaaviin kokeellisesti saatuihin arvoille. Ty6 on tehty volframille, tarkoitukse-
na validoida mallin tarkkuus.

Mallia kayttden saadut arvot atomien sekoittuvuudesta ovat hyvin ldhella kokeellisia
arvoja. Atomien sekoittuvuuksien analysointi eri elektroni-fononi-kytkennoilla osoittaa
sen, ettd kytkennéan vahvuus ei vaikuta merkittavasti tuloksiin.

Avainsanat siteilyvaurio, torméyskaskadi, molekyyli dynamiikan simulaatio,
elektroni-fononi-kytkenti, atomistinen sekoittuvuus, kahden lampotilan
molekyyli dynamiikan malli
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1. Introduction

The current situation of increasing energy demand [1] drives the search
for additional solutions for producing energy. Additionally, environmental
concerns are creating increasing interest in non-fossil fuels. Therefore,
different low emission alternatives are constantly being sought in the
energy sector. Nuclear fusion is seen as a potential solution for producing
low emission energy, since it does not emit carbon dioxide or other harmful

greenhouse gases to the atmosphere.

In order to achieve safe, economically viable, and environmentally ac-
ceptable energy production from fusion reactors, advanced materials must
be found which are able to handle high levels of heat, radiation, and
thermo-mechanical stresses, and also be chemically compatible together
[2]. Since there are no experimental facilities that can fully replicate the
extreme conditions in a future fusion reactor, the computational study for
advanced materials is even more important [3]. It is essential to know how
materials would act in the future fusion reactor environment, since radia-
tion affects the physical and mechanical properties of materials. This is
often harmful to materials, causing hardening, embrittlement, or swelling.
Such effects are detrimental to materials in high irradiation environments
such as nuclear facilities. Radiation damage in materials can be studied
by molecular dynamics simulations, where the physical movements of

individual atoms can be analyzed.

The process that causes radiation damage occurs on the order of picosec-
onds [4], and hence it is challenging to observe directly [5]. Therefore,
computational modeling is necessary to understand and predict the effects
of radiation on materials. Today’s computational modeling techniques that

use massively parallel and high-performance computing platforms, and
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improved analytical, experimental characterization tools provide the meth-
ods to develop experimentally validated models of materials’ performance

in the fusion energy environment [3].

Simulations of molecular dynamics are ideal for analyzing radiation dam-
age that is produced right after an initial atomic displacement event [6]
initiated by a high-energy particle. Current high-performance computing
platforms allow the utilization of molecular dynamics simulations with
millions of atoms. However, the models used in molecular dynamics simu-
lations rely on various different approximations, hence it is essential to
validate predictions by comparison to experimental results. For example,
as in molecular dynamics simulations, all atoms are seen as point particles
without any internal structure or electrons [6]. Thus energy losses caused
by electronic excitation are not accounted for in the simulation. However,
in radiation damage simulations, it is important to account for electronic
effects since they affect the slowing down process of ions. This can be done

via different extensions to the classical molecular dynamics models.

Tungsten is a candidate material for future fusion reactors as both struc-
tural and plasma-facing components [7]. It is a promising material for
plasma-facing components, since it has a high thermal conductivity, high
melting temperature, low sputtering, and low tritium retention [8]. In
this thesis, a model that explicitly accounts for electronic energy losses
in the collision cascade process, as well as the electron-phonon coupling
near equilibrium, is tested via atomic mixing values obtained by molecular
dynamics simulations and validated by comparing simulations’ results to

experimental measurements.



2. Radiation damage in metals

2.1 Radiation damage event

In a radiation damage event, an incident projectile causes displacements
in a crystal lattice, due to the transfer of energy from the incident projectile
to atoms in the target material. The radiation damage event consists of

several distinct processes, which are described as follows:

1. energetic particles interact with the lattice of atoms in the lattice,

2. formation of the primary knock-on atom (PKA), which is the first atom

that the incident particle collides with in the material,
3. displacements of atoms,

4. displaced atoms passage through lattice site creating knock-on atoms,

and

5. finally the PKA is terminated as an interstitial [9].

As a result of the radiation damage event, there are imperfections in
the material structure [9]. Norgett-Robinson-Torrens (NRT) [10] predic-
tion can be used to predict the number of displaced atoms in a given volume

of the material [11]. According to the NRT model, the number of displaced
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atoms can be calculated as:

0o Ty < Eq
Na(Ty)=| 1, Ey<Ty<2E408 (2.1)
Gl 2E4/0.8 < Ty < oo

where F; is the threshold displacement energy and 7, is energy avail-
able for damage production. The threshold displacement energy is the
minimum energy that is high enough to displace an atom from its lattice
site to the defect position [12]. For a single ion, the energy available for
damage production is the nuclear-deposited energy Fp ,, [4], which repre-
sents the amount of energy that is deposited by nuclear collisions to atoms
in the material during the slowing down the process. It can be calculated
by subtracting the energy lost to electronic stopping from the total particle
energy Fp, = Ey — Fp .. The factor 0.8 in NRT equation 2.1 is obtained

from binary collision approximation simulations [13].

The NRT equation can be formalized into a unitless quantity, often re-

ferred to as displacements per atom (dpa):

Number of displaced atoms in volume from NRT equation
Dpa = — . 2.2)
Number of material’s atoms in the volume

The dpa concept and NRT equation are widely used for quantifying ra-
diation exposure in materials due to their simplicity. Calculations with
these equations are very straightforward, and the results can be compared
between different materials and irradiating species [4]. However, dpa
calculations do not correspond directly to damage production. It is a noted
fact that NRT over-predicts the number of defects in metals, where radia-

tion damage does not increase linearly with the energy [13].
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2.2 Collision cascades

When a particle that is energetic enough comes in contact with a mate-
rial, it may undergo elastic collisions with atoms in the material, causing
kinetic energy to be transferred to the target atoms [14]. If the atom is
energetic enough, it can cause further collisions with the lattice atoms, fi-
nally resulting in numerous collisions. This series of consecutive collisions
is called a collision cascade [14]. Suppose the energy of an atom after a
collision is larger than the threshold displacement energy. In that case, an
atom is displaced from its lattice site, leaving either an empty site or an

extra atom occupying the site behind [6].

A reasonably dense cascade goes through three main stages during its
development. These can be identified based on the momentary number of
displaced atoms in the material, as seen in figure 2.1. The first stage is
called the ballistic phase, the second the thermal phase, and the third the

relaxation phase.

30 keV Bi, PKA
10°{ | — D-A method
—— W-S method
w 10%-
E
S
m
o
g
5 10°4
@
a
1024
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Figure 2.1. The number of displaced atoms during a 30 keV Bis PKA collision cascade
evolution in Fe [15].
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2.2.1 Ballistic phase

The earliest stage in the collision cascade is called the ballistic phase. Dur-
ing that phase, there are mainly high-energy recoils interacting via binary
collisions. The ballistic phase lasts approximately 100-300 femtoseconds
which is 1071 of a second. For example, in tungsten, the ballistic phase

lasts 200 femtoseconds in 150 keV collision cascade [6].

The behavior during the ballistic phase is destructive, meaning that the
region of the cascade is expanding. This is due to the recoils penetrating
the undisturbed lattice site. The destructive behavior of the cascade during
the ballistic phase is illustrated in figure 2.2, where the area of a collision
cascade initiated by a 150 keV recoil increases over time. The color of the
atoms indicates the time scale during the ballistic phase. Red indicates 0

femtoseconds, and light blue indicates 200 femtoseconds.

In the ballistic phase, the energy of the recoils is high, and the poten-
tial energy in the system grows. Recoils in that phase also have high
velocities, and due to that, while interacting with lattice atoms, very little

energy is transferred in a more extended range [6].

Figure 2.2. Development of a collision cascade over time initiated by 150 keV recoils. The
red areas indicate for 0 femtoseconds, and the blue areas indicate for 200
femtoseconds. [16]
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2.2.2 Thermal spike and relaxation phase

After the ballistic phase, the collision cascade evolves to a thermal spike.
It is a highly disordered area in the core of the cascade. The duration of
the thermal spike is on the order of pico-seconds, depending on the PKA

energy, the material’s melting point, and the ambient temperature [6].

Heat spike is a non-destructive phase of a cascade, and the area no longer
expands as in the ballistic phase. However, during this phase, the potential
energy in the system keeps growing. Additionally, during a thermal spike,

the surrounding materials are being pushed outwards.

During a thermal spike, the number of displaced atoms is strongly over-
estimated compared the NRT equation (see equation 2.1). However, the
final defect count after the cascade cools down is only a fraction of the NRT
prediction since the displaced atoms present during the spike recombine

when the heat spike cools down.

In the thermal phase, the collective effects such as recombination be-
come important factors to the defect production [17]. The recombination is
athermal, meaning that it would also occur when the ambient temperature
of the sample is 0 K [13]. Particularly in metals, this athermal recombina-
tion is strong [6]. This behavior is illustrated in figure 2.3, where during a
heat spike, there are more displaced atoms than in the final composition
after the event. After they find their lattice positions for many of the atoms,
it is not the initial position they started in. Hence, the amount of relocated

atoms is much higher than the amount of produced defects.

The thermal spike dynamics affect the end product of a displacement
cascade. It is known to affect atomic mixing, total defect production, and

the degree of clustering [18].

After the heat spike, the cascade transitions to the final phase of the
collision cascade called the relaxation phase. During that phase, the cas-
cade cools quickly on a time scale of picoseconds, to below the melting point.
Interstitials and vacancies may recombine [4], and the highly disordered
area of the heat spike shrinks as atoms find lattice positions. The liquid

area of the heat spike is recrystallized. Vacancies are pushed towards the
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center, and interstitial defects remain on the outskirts [6]. This behavior is
illustrated in figure 2.3. The process leaves behind individual point defects

and defect clusters as the final product of the displacement cascade [19].

2.3 lon-beam mixing

Collision cascades are too fast and small to observe directly. Instead the
effects after the event can be measured to gauge the correctness of the
predictions made in the atomistic simulations. One of these measurements

is called atomic mixing, experimentally, ion-beam mixing.

Atomic mixing is the permanent displacement of atoms from their lat-
tice position. The collisions between atoms cause atomic mixing [20]. It

can be used to describe the primary state of the radiation damage [13].

As seen from figure 2.4, for heavier metals, the atomic mixing contin-
ues for 10 keV cascades up to a few picoseconds. For higher energies,
atomic mixing would continue even longer. Hence, for the metals, mixing
efficiency is mainly derived from the heat spikes [13]. As ion-beam mixing
depends on the duration of the heat spike, the results of ion-beam mixing
can be used to determine the correctness of the electronic energy losses in
molecular dynamics simulations since the magnitude of electronic losses
affects the heat spike directly. Hence, in this thesis, simulated values
of atomic mixing are compared to the experimental values of ion-beam

mixing.

The experimental procedure for ion-beam mixing is relatively simple
since, during irradiation, the atomic mixing occurs at the interface sep-
arating the two different materials [20]. The procedure starts first by
adding a small layer of impurity of approximately 10 A in the middle of a
material [22]. This layer of impurity is usually called a marker layer. To
develop mixing between the marker layer and the material, the marker
layer is bombarded with doses of ion radiation. The marker layer is then
broadened in a very short time as a result of atomic mixing [23]. From

that broadening, the amount of ion-beam mixing can be calculated.
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Figure 2.3. Illustration of heat spike evolution until its cooling. Vacancies are black dots

and interstitials are white. [6]

Ion-beam mixing is usually obtained from the experiments in terms of

the standard deviation o2 of the marker layer’s broadening. This again

a?/2. [22]

Experimentally measured ion-beam mixing can be calculated as follows:

can be used to calculate the effective diffusion length Dt
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Figure 2.4. Time and atomic mixing evolution of 10 keV cascade for several metals [21].

Dt

Qea:p = FDn

(2.3)

where D is the effective diffusion coefficient for atomic mixing, ¢ is the
implantation time, ® is the ion fluency, and Fp,, is the deposited nuclear

energy per ion per unit length [21].

There might be chemical driving forces present in the experimental pro-
cedure of ion-beam mixing. For example, the heat of mixing, which is the
enthalpy liberated or absorbed from a material upon mixing, might be
affecting the results. Negative values of the heat of mixing give a positive
driving force to atomic mixing. The presence of chemical driving forces
makes it more challenging to compare simulated values to experimental
results since these driving forces are not active on the time scale of molec-

ular dynamics simulations.

Large amounts of atoms are displaced in the heat spike, but as it cools

down, the displaced atoms recombine. Hence, it is definite that NRT pre-

10
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dictions cannot define atomic mixing [13] and the final count of displaced
atoms is only a fraction of the NRT prediction. In order to computation-
ally derive values for atomic mixing, full molecular dynamics simulations
are needed. From the simulations, the atomic mixing can be obtained by
calculating the averaged atomic relocation caused by primary recoils with

different energies. That calculation can be divided into three steps:

1. First, the atomic displacement is obtained by calculating the difference
between the final position after picoseconds of simulation time and the

initial position after thermalization and then squared.

2. Secondly, the squared displacement values R? are all added together
as illustrated in the following equation describing the calculation of R?

values.

R? = (ri(t) — ri(t = 0))? (2.4)

3. Thirdly, all the R? values obtained from single runs are averaged be-

tween the runs of the same energy collision cascade simulations.

In order to interpolate between the averaged R? from the cascade sim-
ulations, function 2.5 is fitted to the different energy R? data points [24].
The averaged R? values obtained with different energy are used as data

points in the fitting, and a, b, and c fitting parameters.

(2.5)

11
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Finally, the atomic mixing efficiency can be determined from R?(E) 2.5 as

follows:

[P R¥(E)n(E),dE
Qsim = /0 6noE, (2.6)

where Ej is the initial energy, ng is the atomic density, Ep, is the nu-
clear deposited energy, and n(E)dE is the recoil spectrum which describes
the average number of primary recoils produces in a certain energy inter-
val per implanted ion. Both recoil spectrum and nuclear deposited energy
can be obtained from range calculations which are presented in detail in

chapter 3.6.

2.4 Defect production in tungsten

Tungsten has a regular crystal structure, similar to other metals. Regular
crystal structures can be mathematically described using Bravais lattice
[25], which is a way of describing repeating arrangements in space. The
lattice is an array of discrete points which are arranged and oriented to
look exactly the same at any of the discrete points. The smallest repeating
unit is called the unit cell. Tungsten has a lattice structure called body-
centered cubic (BCC), which is illustrated in figure 2.5. The atoms are
positioned in a BCC unit cell in a cube where there is one atom at each
corner and one atom at the center of the unit cell. The corner atoms are
shared with eight other unit cells, meaning that in one unit cell corner,

there is $ of the atom.

Defects in the lattice can be considered deviations from a perfect crystalline
lattice. Imperfections in the lattice can form, for example, by irradiating
the material. As it is known that imperfections in the lattice affect the
material’s properties [26], it is essential to analyze the radiation-induced

defects in the material. Ion-beam mixing can potentially affect the defect

12
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Figure 2.5. BCC structure unit cell.

production in a material. However, it does not necessarily mean that the
number of defects increases linearly with atomic mixing. The heat spike
phase can last longer, for example, if the electrons heat the cascade. In this
case, the mixing could increase, but the number of defects could decrease

since they can recombine more easily.

Generally, defects that occur in solids can be divided into four different

categories by their dimensions (D):

1. point defects, which are 0-D,

2. dislocations, which are 1-D,

3. external and internal surface, which are 2-D, and

4. volume defects, which are 3-D [26].

Point defect is an imperfection that occurs only at or around a single point
of a lattice. These defects are one-dimensional, meaning they do not extend

in space in any dimension.

Typical point defects are vacancies and interstitials. A vacancy is a point
in the lattice where one atom is missing from its lattice site. Conversely,
an interstitial is a point in a lattice where an extra atom is forced to take
up a position in the crystal structure that is normally not occupied. [26] a
Frenkel pair is a combination of a vacancy and an interstitial. It is primar-
ily formed by particle irradiation, after which some atoms obtain sufficient

energy and leave their site leaving behind a vacancy and occupying close

13
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an interstitial position. All these three types of point defects are illustrated

in figure 2.6.

Vacancy O o) o o) o o 0] 0] ) o
\_/ \_’,,_ Frenkel
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¢ o} o) o o) o) o o) o o o o
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Figure 2.6. Different zero-dimensional defects in monoatomic solid. Modified from [27].

2.5 Stopping effects

Atoms that interact with each other in the medium cause stopping power.
For smaller than several hundreds of MeV stopping power can be catego-
rized into two different mechanisms [28] based on where the ion loses its

energy:

1. electronic stopping power which is is caused by inelastic collisions

between the electrons in the material, and

2. nuclear stopping power which is due to elastic collision with target

atoms’ nuclei [29].

14
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Stopping power can be determined by the average energy lost per unit

path length as:

dE
S = ix (2.7)

By combining both, electronic stopping power and nuclear stopping power,

the total stopping power can be obtained.

Siot = Se + 5, (2.8)

The stopping power can be calculated from the average energy transfer and
the mean free path [29] as in equation 2.10. In order to calculate average
energy transfer, microscopic cross-sections at projectile energy E and the
average energy transfer T' are needed [29]. The connection between the
average energy transfer and microscopic cross-sections is illustrated in
equation 2.9. Dividing that with the mean free path, which is A = o/N,

the stopping power can be obtained.

B f TodT

[ odT (2.9)

dE T  [To(E,T)dT

N [ o(BE,T)dT =N [ To(E,T)dT (2.1
dr A f(ETdT/ d /" jor (210

As seen from the figure 2.7, electronic stopping dominates the process
at the beginning of a slowing down process at higher energies. When the
energy of the system decreases, nuclear stopping power becomes more
and more likely to happen, and at low enough energies, it dominates the

slowing down process [28]. Hence, especially with higher energies, it is

15
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important to take electronic stopping power into account when modeling

collision cascades.

Additionally to the electronic stopping power, the electron-phonon cou-

3.5-
3.0—-
251
201
15-

1.0

Stopping Power [MeV/um]

0.5 ] nuclear

LR T T o LI | rrTTTTT
0.01 0.1 1 10 100 1000
Particle Energy [MeV]

Figure 2.7. Nuclear stopping power and electronic stopping power regimes where
electronic stopping power dominates at higher energies [28].

pling has a meaningful effect during the development of a collision cascade.
When the electron gas’ temperature in a collision cascade rises remarkably,
it could lead to an energy feed-back through electron-phonon coupling [30],
which is why neglect of electron-phonon coupling might lead to overestima-

tion of the electron’s temperature.

16



3. Molecular dynamics simulations for
collision cascades

Molecular dynamics is a computer simulation method used to calculate the
motion and the equilibrium of each individual atom or molecule in systems
containing up to millions of atoms or molecules. Molecular dynamics (MD)
simulations are suitable for describing situations that are not easily ob-
servable experimentally. For example, collision cascades can be directly
analyzed with MD, whereas experimentally, it is only possible to examine

the effects after the event.

3.1 Molecular dynamics algorithm

Classically, molecular dynamics simulations are based on solving the equa-
tions of motion for all atoms in the simulated system. In molecular dy-
namics simulations, atoms are seen as point particles [6], meaning that
atoms are simulated without the effect of the internal structure or elec-
trons. Before solving the equations of motion, at the start of the molecular
dynamics simulations, all atoms are given initial positions and velocities.
MD simulations can be divided into several steps, which are illustrated in

a simplified MD algorithm in figure 3.1.

The equations of motion can be expressed by Newton’s second law, which

describes the forces acting on each atom in the system:

N,
mit = fi=_ fi 3.1
j=1

17
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Simplified schematic of the molecular dynamics algorithm

Give atoms initial =% and v, set @ = 0.0, t = 0.0, i = 0, choose short At

!
Predictor stage: predict next atom positions:
—* Move atoms: r* = rlil + vl At +1/,a A t2 + more accurate terms
Update velocities: v* = vi! + @ At + more accurate terms

!
Get forces F=-V V(r’) or F=F(Y(r) )and a = F/m
!

Corrector stage: adjust atom positions based on new a:
Move atoms: H*1) = r* + some function of (a, At)
Update velocities: v(*!) = v? + some function of (a, At)

!

Apply boundary conditions, temperature and pressure control as needed

!

Calculate and output physical quantities of interest
'
Move time and iteration step forward: t=t+ At, i =i+ 1

!

— Repeat as long as you need

Figure 3.1. Schematic picture of molecular dynamics algorithm, where predictor-corrector
integration method is used [31].

fi = =Vu(r) (3.2)

where r;, m;, f; are position, mass, and force on particle i, and u(r) is
the potential energy. Here, the derivative of the interatomic potential gives
the force. By numerically integrating over finite time steps, the Newtonian

equations can be solved [6].

In practice, there are various procedures to integrate the equations of
motion [32]. In this thesis, molecular dynamics simulations were done by
using LAMMPS [33] open-source classical molecular dynamics program.
It utilizes a leapfrog-type integration method, called the Verlet method
for numerically integrating differential equations. It produces coordinates
that are accurate to third order in At [32]. Furthermore, the storage re-

quirements of the Verlet method are minimal [32].
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The Verlet formula is based on the Taylor expansion of the coordinate

variable:

z(t 4 h) = x(t) + ha(t) + (h?/2)i(t) + O(h?) (3.3)

where ¢ is the time, h = (At), &(¢) is the velocity, and Z(¢) is the accel-
eration. By adding a corresponding expansion for z(t — h) to 3.3 and

rearranging, equations for calculating positions = at (¢ + h) are obtained
[32]:

z(t + h) = 2z(t) — x(t — h) + h%&(t) + O(h*) (3.4)

The truncation error is of the order of O(h*) because the h3 terms can-
cel [32]. Hence, up to O(h*) the method is energy conserving [6]. However,
computer memory’s discreteness introduces numerical errors [6] while
utilizing this integration method. This means that in the simulations, the

violation of energy conservation is higher than the theoretical level.

3.2 Time step

As mentioned in the previous chapter, when the positions of the atoms are
known at one moment, the positions of the next moment’s atoms can be

found using the integration method.

When the time step is set too large, the atom’s motion becomes unsta-
ble due to errors that occur during the integration. This could lead to
major errors in the conservation of energy. The time step should be small
enough so that atoms do not move too far during that step [6]. Conversely,
if the time step is set too small, it is also unfavorable since the simulation

becomes inefficient. Hence, the selection of the correct time step is crucial.
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Usually, one femtosecond is used for the time step in molecular dynamics

simulations near equilibrium [34].

A collision cascade is not an equilibrium process. The energy in the system
varies over the evolution of the cascade. Initially, the PKA energy is quite
high, necessitating a small time step to maintain energy conservation at
the early stages of a cascade. However, at later stages, such a small time
step is not needed [6]. Using the same time step to simulate during the
whole collision cascade evolution is very inefficient, and it uses a lot of
resources. This problem can be avoided by using a variable time step,
which is an optimization allowing the step size to be as large as possible,

while still maintaining an acceptable level of accuracy.

3.3 Interatomic potentials

In molecular dynamics simulations, interatomic potentials describe the
interactions between atoms [6]. Hence, the quality of the interatomic
potential affects directly to the accuracy of the simulations [35]. A variety
of different kinds of information is typical to the calculation of interatomic
potentials, including quantum mechanical energy calculations and experi-
mental data, crystalline structures, measurements of transport properties,
and molecular collision studies [32]. However, an extensive fitting proce-

dure does not guarantee adequate results in every situation [6].

For many interatomic potentials, there is no need to calculate all interac-
tions between every particle in the simulation with every step since only
the interactions between neighboring particles have a significant effect [6].
In many interatomic potentials, a cutoff distance is set to compute only the

interactions inside that [32].

Ideally, interatomic potentials should describe all the effects through-
out the evolution of a collision cascade in the radiation damage process
and beyond. An ideal interatomic potential must consider multiple things,
and hence the choice of interatomic potential, in this case, is very crucial.
For example, in the ballistic phase of a collision cascade, the interatomic

potential must be able to describe interactions at very short distances
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[36]. Additionally, since during heat spike there are very high pressures
involved, that should be considered while choosing the right interatomic
potential. Additionally, a suitable potential should describe interstitial
defects, vacancies, and even dislocations produced by the outcome of a
cascade [36].

3.3.1 Pair potentials

Pair potentials are the simplest and the earliest interatomic potentials that
were developed. In these potentials, the interactions between the atoms
are generally described by attractive and repulsive parts. The attractive

part is strictly negative, describing the attraction between atoms [37].

The best-known interaction potential is Lennard-Jones (LJ) potential [32],
although nowadays there are also better potentials available. The Lennard-
Jones extends over a modest range of pair separations. Hence, considerable
savings in computing time is obtained by neglecting pair interactions be-

yond a certain distance [38].

Due to the fact that pair potentials are very simple, they have limita-
tions in atomistic simulations. Pair potentials lack the environmental
dependence needed in some situations. In pair potentials, the geometry of
surrounding atoms is totally ignored [39], since they cannot be described
purely as a function of the interatomic distance between a single pair
of atoms. Hence, pair potentials in simulations lead to poorly described
surface effects and vacancy formation energy [39]. Additionally, the fact
that pair potentials ignore the geometry of the surroundings excludes the
possibility of correctly describing BCC elements [39]. One would have
to use many-body interatomic potential for BCC elements [39], which ac-
counts for atomic geometry in the atomic system. Hence, pair potentials
would not be an option to use in the atomistic simulations of this thesis

since we are investigating tungsten which has a BCC structure.
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3.3.2 Many-body potentials

In many-body potentials, the atomic geometry is taken into account [37].
It is essential to account since, for metals, the electron clouds responsible
for the attractive and repulsive component of the interatomic interactions
are not localized close to the individual atoms [32]. Hence, the valence
electrons may be shared among atoms, demanding the potential to account
for the local electron density, which, consequently, has a many-body nature
[32]. These types of potentials are the most used when studying radiation

damage in materials [36].

Due to the BCC structure of tungsten, the interatomic potential should ac-
count for the second-nearest neighbors. In embedded-atom method (EAM)
potentials, interaction with second nearest neighbors can be included,
which is one reason an EAM-type potential is used in this thesis in the
collision cascade simulations. It is a type of many-body potential based on
density-functional theory (DFT), meaning that The fitting targets are gen-
erated from DF'T calculations for several configurations. EAM-potentials

are widely used, especially for metals and alloys [32].
EAM-potentials have two contributions:
1. pair interaction between atoms, which is not density dependent, and

2. a many-body term which depends on the atoms’ local value of the elec-

tronic density [32].

The two parts of the EAM-potential can be expressed in equation form as:

U= F pitra) + 5 3 0ir) 3.5)

1. 2.

where F; is the embedding term, p,,; is the local electron density at position

i which results from the j positioned atom, ¢;; is a density-independent
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potential, and r;; is the distance between atoms i and j [6]. The local
electronic density can be calculated by using DFT. Generally, the term
p;j(ri;) may not be precisely related to the real electron density, but can

instead be arbitrarily fitted function [6].

There are different versions of EAM-potentials available. In this the-
sis a Finnis-Sinclair [40][41] interatomic potential was used. For BCC
structured materials, Finnis-Sinclair type potentials are widely used. Here

the form of interatomic potential becomes:

1
U= 52"5(”1) —AZ\/nﬁ (3.6)
1#] i
ni =Y p(rij) (3.7
i#j

where the potential parameters are obtained purely by fitting to the avail-
able experimental data. The embedding term F'(n;) is —A,/n;. The square
root is derived from the tight-binding method [42], where the binding en-
ergy of the material can be described by two terms: short-range repulsive
interactions and attractive interaction. The short-range repulsive inter-
action can be represented simply by a pair potential that acts between
neighboring atoms, and the attractive interaction can be represented by

the square root of a sum of pair interactions on the local density [42].

The original EAM potentials do not consider the angular dependence
of atoms’ positions. In order to include that in the interatomic potential,
modified versions of EAM potentials (MEAM) are used. These take into
account the directional dependence of electron density. MEAM interatomic
potentials are in the same form as EAM potentials, but an angular term is

added. In this case, the interatomic potential has the form as follows:
1
U=> Fip)+ 3 > i (rij) (3.8)
i ij
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pi =Y _p"(rij) + > p"(rij)p" (rir)g(costijp) (3.9)
J#i k,j#i

where the angle between atoms i, j, and k is described by 6;;;. The atomic
electronic density of a type-j atom at distance ;; from site j is described by
p*(rij) [43]. However, MEAM potentials have higher computational costs
than EAM potentials. Hence, EAM potentials are a better option in this
thesis, where multiple similar simulations are done with different energies.
Especially at higher energies, where the simulation time is even longer, it

is not beneficial to use MEAM potentials.

3.4 Electronic effects in molecular dynamics simulations

In addition to nuclear energy losses, projectiles or recoils experience elec-
tronic energy losses. They have a meaningful effect on the MD simulations,
so one needs to address them accordingly to obtain accurate results. One
can use various methods to implement the effects into molecular dynamics

simulations, where electrons are not directly included in the simulations.

3.4.1 Electronic stopping power

In molecular simulations, electronic stopping power can be defined as a
frictional force acting on each atom when the kinetic energy is above a
certain cut-off. Below the cut-off, the friction is not applied [24]. The choice
of the cut-off values is important since it directly affects to the correctness

of the energy losses in the simulation [28].

Previously, there has been discussion regarding which cut-off value should
be used. For example, Sand. et al. (2015) showed that a 10 eV cut-off value
gave more accurate results than a 1 eV cut-off in 200 keV PKA collision

cascades in nickel. For a cut-off value of 1 eV, the electronic stopping power
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continued into the thermal phase of the cascade, and this underestimated

the atomic mixing [24].

The problem with choosing the cut-off accurately can be avoided by using
the dissipation model used in this thesis. It bypasses the need of a cut-off
value for the electronic stopping power by including the electronic system
as a continuum, which is coupled to the ionic system. The thermal state of
the electronic system can be solved with a heat equation on a mesh at the
same time with the ionic equations of motion [44]. The model is described

in more detail in chapter 4.

3.4.2 Electron-phonon coupling

It is also important to account for the electron-phonon coupling in the
molecular dynamics simulations. By adding the effects of electron-phonon
coupling to the molecular dynamics simulations, one can achieve more

accurate results [45] [46].

Electron-phonon coupling controls the return to thermal equilibrium be-
tween nuclear and electronic subsystems [47]. It enhances the cooling
rate of the heat spike in many metals [48], since thermal conductivity and
thermal heat capacity of the electronic systems are otherwise not included
in the simulation [49]. The thermal conductivity is handled mainly by
the electrons in metals, implying that it is important to account for the

electron-phonon coupling in cascades [50].

For tungsten, electron-phonon coupling affects directly the number of de-
fects produced in irradiated metals [51]. The stronger the electron-phonon

coupling is, the fewer vacancy dislocation loops are formed in metals.
Electron-phonon coupling can be taken into account in the molecular

dynamics simulations by using a two-temperature molecular dynamics

model. This is discussed more in detail in chapter 4.
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3.5 Boundary conditions and temperature and pressure control

Macroscopic bodies contain far more atoms than one can simulate directly
using molecular dynamics [6]. Rather, periodic boundary conditions can
be set to simulate larger bulk systems effectively [32]. The simulation box
is set to be periodic in the molecular dynamics simulations done for this
thesis. This means that the particles in the simulation box can interact
across the boundary. In other words, the particles can exit from one end of

the simulation box and re-enter again from the other end.

While equilibrating the simulation box, temperature and pressure can
be kept constant. This can be done by utilizing thermostats and barostats.
In LAMMPS, there are different ways of controlling the temperature, but
in this thesis, a Berendsen thermostat is used. In the Berendsen thermo-
stat, the system is coupled to an external bath with a fixed temperature
to maintain the temperature [52]. Velocities are scaled at each step so
that the rate of temperature change is proportional to the temperature

difference:

T = 2w -1() (3.10)

where 7 is the coupling parameter determining the tightness between

the bath and the system [52]. The scaling factor for velocities is:

A2 = 1+§ (T(tT_‘)&)—1> (8.11)

where T'(t — %) is used because for time integration [52], the leap-frog
algorithm is used. This is not a canonical ensemble, but it is applicable for
collision cascade simulations [6] of this thesis, which are out of equilibrium.
Berendsen thermostat does not perform time integration. It only modifies

velocities to affect thermostating.

In the Berendsen barostat, the pressure is regulated by adjusting the
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volume of the simulated system. The barostat algorithm changes the vol-
ume by an increment proportional to the difference between the internal
pressure and pressure in a weakly coupled bath to regulate the pressure

[563]. The pressure is given by:

1 T
P = V(Emwwi +Z7"ijFij) (3.12)

1<j

where the first part of the equation is the ideal gas law describing the part
where there are no interactions between atoms. The second part is the
internal force acting on each atom of the system. The scaling factor of the

system is given by:

(3.13)

where ¢, is the time constant [53].

3.6 Range calculations

The calculation of ion ranges and damage distributions is referred to as
range calculations. In this thesis, a program MDRANGE [14] was used for
range calculations to obtain the recoil spectrum of chromium ions irradiat-
ing tungsten, and the nuclear deposited energies. These were used for the

atomic mixing calculations.

The MDRANGE algorithm is capable of calculating ion ranges from 100
eV to 100 keV and deposited energies [14]. In these ion range calculations,
only the movement of the recoiling ion is followed. Hence, MDRANGE
cannot be used to predict the details of the damage produced during im-

plantation.

In order to make the simulation as efficient as possible, the algorithm
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only accounts for the interactions between the ion and target atoms [14].
The interaction is taken into account only in the case when the distance to
the target atom is above a certain cut-off, which is 2-3 A in MDRANGE [14)].

The interactions between atoms are described by repulsive universal ZBL
potential developed by Ziegler et al. [54], where Coloumbic repulsion is
modified by multiplying it with a screening function ¢(r). At very small
distances, the interaction could be described by pure Coloumbic repulsion
without any multiplication since the electron clouds do not screen the nu-
clei from each other anymore [28]. The potential function is implemented

as:

o(r) (3.14)

where Z; and Z, are the charges of the interacting atoms, r is the dis-
tance between the them, and ¢(r) is the screening of the nuclei due to the

electron cloud [28]. The screening function is given by:

B(r) = 0.1818e 732 4 0.5099¢ 994237 1 (.2802¢~0-40297 4 (), 02817¢ 020162
(3.15)

where x = r/a,, a, = (0.8854a0)/(ZY.23 + Z9.23), and ay is the Bohr atomic
radius, which is 0.529 A [28].

The size of the simulation box also affects the efficiency of the calcula-
tions. The simulation box has to be large enough to hold all the atoms
within the cut-off distance to the projectile. A system with a 10-15 A cell
side length and 50-100 atoms in the cell are usually sufficient to contain
all the atoms that interact with the projectile [14]. As the projectile moves,
the system is shifted, with pristine crystal generated in front of the pro-
jectile [14]. This way, fewer atoms and a smaller box can be used, and the

simulation becomes more efficient.
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Range calculations start by placing an initial recoil atom outside the
simulation box by a few A, and energy and velocity direction are given to
it. The initial position of the recoil atom is chosen randomly, and its move-
ment is followed through the whole simulation until a certain threshold
energy is reached, for example, 1 eV. The movement of the recoiling atom is
stored at each time step. Electronic stopping power is accounted for by re-

ducing the projectile’s velocity at each time step by an amount Awv, given by:

Av = ArZe (3.16)
m

Finally, after the simulations, the number of primary recoils per inci-
dent ion can be obtained as a function of recoil energy. Additionally, the
nuclear energy loss is obtained by subtracting the electronic energy losses
calculated by equation 3.16 from the total energy loss per distance trav-
elled of the ion. The final deposited energy distribution can be obtained by
averaging over each individual projectile trajectory. One needs to calculate
the ion ranges for enough ions to obtain reliable results. In this thesis,
the range calculations were calculated for 500 000 projectiles per initial

condition.
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4. Dissipation model

The dissipation model used in this thesis is implemented as a user package
in LAMMPS. The aim of this work is to test the model’s suitability for
cascade simulations. The model is capable of describing the energy losses
in all of the cascade processes from the ballistic phase to the thermal phase,
accounting for the local environment dependent coupling to electrons [55].
However, the dissipation model extension in LAMMPS has a fifty percent
higher computational cost compared to the conventional two-temperature
model implemented in LAMMPS, since in this model, the non-trivial extra
dissipative force needs to be calculated from the ion positions and velocities

[55].

4.1 Two-temperature models in molecular dynamics simulations

In high-radiation events, through interactions of electrons with phonons
and inelastic electronic scattering, the energy is transferred from the
atomic system to the electronic system [56]. A part of the energy deposited
in the electrons is returned to the atomic system, whereas another part is
diffused through electrons, depending on the local temperature difference
[56]. The non-equilibrium state between electrons and ions is expressed
via heat diffusion equation. This method is called two-temperature model
(TTM). The thermal diffusion equation can be numerically integrated in
order to determine how the electronic energy changes over time and space
[67]. In TTM’s, at every time step of the MD simulations, the energy is

exchanged between the atomic and the electronic systems.

In TTM models as also in the dissipation model used in this thesis, the
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electronic subsystem is interpreted as a thermodynamic bath by the con-
cept of the locality [55]. During the heat spike, the electrons could act
either as a heat bath, adding energy to atoms, or conversely as a heat sink,
scaling down energy from the atoms. However, usually for metals, the role
is likely to be a heat sink [58], since when cold electrons move over the
hot thermal spike area, energy is removed from the spike, which results
in cooling of the spike. [49]. It can be thought of as a spatially modulated
heat reservoir. In the simulations, the energy exchange between ionic and

electronic systems is regulated via a source term (Q._; as:

. 8? — V(5 VT) + Qo 4.1)
Qe—i(r) = Z ff_i xvry(r —ry) 4.2)
I

where C, is the specific heat of electrons, T is the electron temperature, x.
is the thermal conductivity of electrons, and ()._; is the source term, which

couples the continuum electronic system to the ionic system.

4.2 Theory of the dissipation model

The issue with only considering electronic stopping power to account for
electronic losses in the irradiation process is that during the heat spike,
the dynamics of the atomic system change more into phonon-like behaviour
[19]. In order to capture all the energy losses occurring between the ballis-
tic and the thermal phase, the dissipation model accounts for the effects

of the electron-phonon interactions as well as the electronic stopping power.
The model is a generalization of Langevin dynamics [59][60] which can be

used to model electron-ion coupling for metals. The general format of the

Langevin equation can be expressed as a function of three terms:
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ov;
ma—z = Fi(t) — vivi + p(t) (4.3)

where v; is the velocity of ion ¢, F; is the force acting on ion i at time ¢, v;v;
is the friction term describing electronic stopping, and 1 is the stochastic
force at time ¢, which is obtained from the strength of the electron-phonon
coupling [57]. However, in the general format of the Langevin equation,
the electron-phonon coupling is given as a scalar value, which is not the

case for the dissipation model used in this work.

In most cases, the electron-phonon coupling term in TTM-MD models
is kept constant throughout the whole simulation [44]. However, when
other studies have tried to determine the constant value for the strength of
electron-phonon coupling, the estimates for any material vary significantly.
There is over an order of magnitude difference between the estimates [61].
Hence, it is unclear which constant value should be chosen as a parameter
as electron-phonon coupling strength in TTM-MD simulations. For better
quantum mechanical results, the strength of electron-phonon coupling

should be given as a function of the local electronic density [61].

For the dissipation model, both the friction term ~ and stochastic force
are represented with many-body forces acting in a correlated way on all
particles in the system [47]. In this model, the force acting on atom i
consists of three parts: the empirical potential’s gradient, a viscous-like
force, and a random force. The second and third terms are presented in a
tensor format to incorporate correlations over the particles [55]. The force

acting on each atom can be expressed as:

F;, = —V[U—ZB[JUj-FZW[Jf] (4.4)
J J
o1 n
By = Z WixWih (4.5)
K
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where the first term is an adiabatic force, which is independent of the
electronic system, the second term o; and the third »; are non-adiabatic
forces derived from the ion-electron interactions. The second term oy is
linear with velocities, and the third term 7; is stochastic [55]. Additionally,
the source term (Q._; is equivalent to the second term o; and the third

term 7 [55].

The matrices W and B are functions of the particles’ positions and repre-
sent the spatial correlation among the particles. £; is white noise which
is created by a thermal bath with local temperature T, [55]. The random
force n, which acts on a particle 7 in a particular direction, is statistically
dependent on the other random forces [47]. Furthermore, the friction force
o is not an individual property of a particular particle, but it is a global
property. In addition to statistical dependency, the friction force depends

on other the particles’ velocities as well [47].

The forces on individual ions are correlated spatially by combining white

noise with a matrix W [55]. The matrix W is defined as:

—« orr1y) o Ere I1#J
W = 1(pr) = ers(€rers) (4.6)

pi(riK)

ar(pr) Yoper P e (Crerx) 1=

where e;; is the unit vector that is linking the atoms with different indices,
and «(p) is the coupling function describes the coupling strength of specific
ions with the electron system [55]. The coupling parameter «(p) is purely a
result of fitting data obtained by time-dependent density functional theory
(TDDFT) calculations.

The dissipation model predicts relatively accurately the energy transferred
collision by collision along the trajectory, but not point by point. This is due
to the fact that in the model, frozen, spherical atomic densities are used
instead of time-dependent ones [62]. However, if one used time-dependent
atomic densities, there would be a significant increase in computation time.

Therefore, this limitation is a cost of having a model that can be easily
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implemented to MD simulations without increasing the computational cost

too much.
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5. Simulation methodology

5.1 Simulated values for ion-beam mixing

In this thesis, the simulations were done in parallel to increase the speed
of the simulations. In parallel simulations, the domain is spatially dis-
tributed across processors, which communicate with each other by calling
the message passing interface (MPI) [63]. LAMMPS can run very large
simulations, up to billions of atoms and hundreds of processors, while
simulating in parallel [64]. In the simulations of this thesis, there were up

to nine million atoms and 48 processors utilized.

The simulated values for ion-beam mixing were obtained by two steps:

1. atomistic range calculations, and

2. full molecular dynamics simulations.

Range calculations were simulated in order to get the primary recoil spec-
trum of 1000 keV krypton (Kr) ions irradiating tungsten, and the deposited
nuclear energy. Range calculations were done using the open-source range
calculation program MDRANGE [14], developed at the Accelerator labo-
ratory of the University of Helsinki by professor Kai Nordlund and his
team. In the range simulations of this thesis, the recoil spectrum and
deposited nuclear energy were calculated in the range of 200-600 A. In the

experiment of Kim et al. [65], the thickness of the layer was 5-15 A, but for
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Collision cascade runs per energy

Energy (keV) Amount of cascades simulations
0.04 100

0.07 100

0.1 100

0.4 50

1 50

2 50

5 50

10 50

20 50

50 30

100 30

150 30

200 20

Table 5.1. The amount of collision cascade simulations per energy.

range simulations, a broader range is necessary for accurate results since,

the marker layer is broadened during Kr irradiation.

Full molecular dynamics simulations in 6 Kelvin were run to simulate
collision cascades with different PKA energies. Simulations were done for
energies in the range of 40 eV to 200 keV. A larger amount of collision
cascades were simulated for lower energies than for higher energies, since
the higher energy simulations were computationally more costly. The

amounts of cascade simulations per energy are given in table 5.1.

From each energy, in each cascade simulation, square roots of displace-
ments R? were obtained and averaged for every energy over all runs. The
displacements were obtained from the difference between the initial posi-
tions of atoms after equilibrating the cell and the final position of atoms
after the 75 picosecond cascade simulation. The displacements were cal-
culated for every atom in the system and then multiplied together and
squared to get the total squared atom displacements for every energy. The
values were used as data points to fit the function in equation 2.5 which is

needed for mixing efficiency calculation.
Finally, the mixing efficiency was calculated by constructing the results

from these two-part simulations together. The cumulative atomic mixing

efficiency resulting from Kr ions irradiating tungsten was calculated with
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equation 2.6.

5.2 Different electron-phonon coupling strengths as a function of
local electronic density in simulations

In this work, two different electron-phonon coupling strength functions
were used in the MD simulations to see if they would result in different
ion-beam mixing values. These two functions and their electron-phonon

coupling strength in density can be seen in the figure 5.1.

The theoretical approximate constant value for the electron-phonon cou-
pling strength g, is 0.01 eV % ps/A? for both a(p) functions [47]. From
figure 5.1 can be seen that the difference to the theoretical value for the
electron-phonon coupling strength is quite significant, especially at very
small electronic densities. The highest difference to the theoretical value
is around 0.5 e/A3, where the function has its highest coupling strength
approximately 0.07 ¢V x ps /A2 The electron-phonon coupling strength
as a function of the local electronnic density should give better quantum
mechanical results [55]. However, if the functions of the electron-phonon
coupling strength were not accurately formed, the simulated values of

atomic mixing would differ significantly from experimental ones.

The a(p) function 1 has a stronger coupling strength in lower < 10°
electronic densities except when the local electronic density is around 107!,
In larger electronic densities, the strength of the electron-phonon coupling
is similar for both functions. The whole function goes to zero between 10~!
and 10°. This is simply due to the result of the fitting procedure done by
TDDEFT calculations.

Electron-phonon coupling reduces atomic mixing [45]. When electrons
and the lattice are coupled, heat from the hot cascade core is distributed
to cooler electronic gas, suppressing the cascade core’s liquid region. In
that liquid region, atoms can redistribute and mix, and hence while it is
suppressed, also atomic mixing reduces [45]. This indicates that a func-
tion with stronger electron-phonon coupling should give weaker results
of atomic mixing and another way around. Hence, as the main differ-
ences between the functions «(p) are in the low electronic densities, there

would be significant differences between simulated mixing efficiencies if
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Figure 5.1. Different a(p) functions used in the full molecular dynamics simulations, and

their electron-phonon coupling strength over electronic density.

the electron-phonon coupling strength was meaningful at low electronic

densities.
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6. Results

The purpose of this study was to test the viability of the dissipation model,
which explicitly accounts for the electronic energy losses, in the highly
non-equilibrium cascade process. This was done by performing atomistic
simulations of radiation-induced collision cascades with methods specified
in chapter 5. The level of ion-beam mixing is conjectured to be sensitive to
the coupling between electronic and atomic systems. Hence, it was used to
gauge the accuracy of the model. The atomistic mixing from simulations
was analyzed and compared to Kim et al. [65] experimentally derived

ion-beam mixing values for tungsten.

6.1 Simulated values for atomic mixing

The primary recoil spectrum for 1000 keV Kr ions bombarding tungsten is
illustrated in figure 6.1. The deposited nuclear energy in depth of 200-600
A of the Kr beam was 170891 eV.

The values of squared total displacements R? from both simulations
using different electron-phonon coupling strength functions were quite
close to each other at all energies. All values of R? are listed in the table
6.1. With the a(p) function 2, where the coupling strength was weaker at
lower electronic densities, larger displacement values were obtained. Espe-
cially, from higher energy simulations, larger differences with the atomic
displacements were obtained with the coupling function 2. At energies of
150 keV and on-wards, the differences between the atomic displacements

differ with different functions for electron-phonon coupling.
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Figure 6.1. The primary recoil spectrum in depth of 200-600 A. It is obtained by
bombarding tungsten with 1000 keV Kr ions.

From figure 6.2 can be seen that both fitted functions are pretty simi-
lar until the very end 150 keV and 200 keV collision cascades. Additionally,
the 70 eV and 100 eV collision cascades gave bigger displacements with

coupling function 2.

Both simulated values of cumulative atomic mixing are shown in table
6.2. The results from simulations using the different functions for electron-
phonon coupling are close to each other. Furthermore, the choice of the

function does not give big differences in cumulative atomic mixing values.

The cumulative mixing efficiency as a function of primary recoil energy
obtained with different electron-phonon coupling functions are illustrated
in figure 6.3. From that figure, it can be seen that the mixing value is
very close for both simulations until the higher energies. There is also a
difference between the results when the energy is around 10* — 10°, but
the difference is minimal. Moreover, the difference between the two cumu-
lative mixing values comes from the displacements in the higher energy

collision cascades.
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Rz (A2)

Results

R? values

Energy (keV) R? values obtained | R?> values obtained

with a(p) function 1 with a(p) function 2
0.04 0+0 0+0
0.07 12.48+25.68 22.57+46.0
0.1 19.03+30.19 42.14+68.9
0.4 130.12+69.4 134.50+49.9
1.0 419.67+92.3 441.76+122.3
2.0 1024.04+196.6 1047.77+178.8
5.0 3879.47+581.1 3913.81+708.2
10.0 10551.24+1628.9 11821.98+4+2249.7
20.0 33189.38+19027.7 34489.98+12020.1
50 102133.77+37663.5 114824.45+25701.1
100 216250.05+65530.14 235071.88+40175.29
150 307136.05+40530.19 429597.48+83025.92
200 477237.17+70166.50 615202.86+194386.82

Table 6.1. Total average squared displacement values R? for every energy simulated and
the standard deviations.
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Figure 6.2. R? values with a fitted function from the simulation with different strength of
electron-phonon coupling.
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RZ(A?)

Results

Qsim values
Qsim values obtained with a(p) | Qsim values obtained with «(p)
function 1 function 2
4.62 5.99

Table 6.2. Cumulative mixing efficiencies derived from the simulations for tungsten.
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Figure 6.3. Qs and fitted functions from the simulation with different strength of
electron-phonon coupling. The Qs;.. 2 illustrate the atomic mixing efficiency
when the function of electron-phonon coupling is slightly weaker, conversely
the Qsim 1 illustrate the atomic mixing efficiency when the function
electron-phonon coupling is stronger.

6.2 Comparison to experiments

In the experimental procedure of Kim et al., a marker layer of nickel, iron,
and yttrium, which were approximately 5-15 A thick, was located in the
mid-planes of 800 A thick tungsten specimens. The specimens were then
irradiated with 1000 keV Kr ions to doses of 10'® — 10'6 jons/cm? at a
constant temperature of 6 Kelvin. As a result of Kr irradiation, the marker
layer broadened. From that broadening, the author measured the standard
deviation to calculate the ion-beam mixing. The mixing efficiency in the

experiment was calculated as illustrated in equation 2.3.

In the experiments, in order to avoid oxygen contamination, a silicon layer
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Results

Qeap values
Marker layer Qeap
Ni 17.9
Fe 7.5
Y 2.2

Table 6.3. Experimental values of ion-beam mixing for different marker layers used in
tungsten experiments [65].

of approximately 30 A was deposited on top of most specimens. Those sam-
ples, which did not have a silicon layer, might have experienced reactions
with air when removed from the vacuum system. Kim et al. reported that
in the experiments, the errors are mostly derived from the contamination
of the specimens, not from inaccurate measurements. The measurement

errors were estimated to be less than 15 percent in their experiments.

The experimental ion-beam mixing values of Kim et al. [65] are shown in
table 6.3. These values vary for different marker layers. In figure 6.4, the
experimental values and simulated values of atomic mixing are illustrated.
The experimental atomic mixing values are represented with the +15 per-
cent error bars. From that figure can be seen that both simulated values of
atomic mixing settle almost at the middle of the three experimental values

of atomic mixing.

The simulated values of atomic mixing differ from the experimental val-
ues where yttrium and nickel were used as a marker layer. Additionally,
the experimental values with different marker layers differ from each
other. This could be due to the heat of mixing. Negative values of heat of
mixing give a positive driving force to the atomic mixing, which could lead
to an increased atomic mixing value. The heats of mixing for all tungsten
specimens from Kim et al. experimental studies are listed in table 6.4. For
the specimen where iron was used as a marker layer, the heat of mixing
value is zero. Both simulated mixing values are very close to that value,

indicating for the correctness of simulated mixing values.

For the specimen where yttrium was used as a marker layer, the value for

the heat of mixing (§) was +110. This indicates for a strong driving force
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Figure 6.4. Simulated atomic mixing values Q. with different coupling functions «(p)
and Kim et al. [65] experimentally obtained values Q.., with £15 percent
error bars.

for the atoms desiring to stay at their positions. Such high value of the
heat of mixing could have decreased the atomic mixing in the experiments,
explaining the low result for this specimen. Conversely, for the specimen
where nickel was used as a marker layer, the heat of mixing was -11. In
this case, there is a driving force for atoms to leave their positions, possibly
increasing the atomic mixing. However, j=-11 is not a very large value
of heat of mixing. Hence, the heat of mixing is more likely to have an
impact on the mixing efficiency of the specimen where yttrium was used

as a marker layer.
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Results

Heat of mixing ¢ for different marker layers
Marker layer 0 (kJ/mol)
Ni -11
Fe 0
Y +110

Table 6.4. Heat of mixing for marker layers Ni, Fe, and Y, which were used in ion-beam

mixing experiments [65].
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7. Conclusions

In this thesis, molecular dynamics simulations were used to derive mixing
efficiencies for tungsten, incorporating a newly developed two-temperature
model which explicitly takes into account electronic losses due to both elec-
tronic stopping and electron-phonon interaction. Furthermore, since it is
known that ion-beam mixing is sensitive to electron-phonon coupling, the
mixing was calculated from atomistic simulations to gauge the accuracy of

the model.

The simulated mixing efficiencies settle in the middle of the three ex-
perimental values of ion-beam mixing. The experimental value where
the heat of mixing was zero was very close to the values of the simulated

atomic mixing.

Additionally, the different functions of electron-phonon coupling strength
did not have a significant effect on the atomic mixing. However, the other
coupling function «(p) gave a slightly larger value for the mixing efficiency,

which agreed with the experimental values even better.

Further work with the dissipation model, which accounts for electronic
losses for metals, is essential. Now that it is gauged that the dissipation
model works, the model’s predictions should be investigated. Radiation
damage from these simulations will be studied. Defects and defect clusters

formed will be examined and compared to other methods.
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