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1 Introduction

Fusion power is a promising energy production concept to address the constantly
growing need for cleaner energy and may be a solution for more efficient energy pro-
duction in the world. On this day, the world largest tokamak magnetic fusion device
called ITER is under construction and is designed to prove the feasibility of fusion
power as a large-scale and carbon-free source of energy [1–3]. However, there are still
many problems not solved and physical phenomena not yet fully understood in fusion
energy production. One of them is the choice of plasma facing materials used inside
the fusion reactors.

The most convenient fusion reaction for the first commercial reactors is considered
to be deuterium (D, 2

1H) and tritium (T, 3
1H) fusion forming helium and a neutron, 2

1H+
3
1H → 4

2He + n, as the collision cross-section of the D-T fusion reaction is the highest
and the reaction occurs at the lowest temperature [4]. In the D-T fusion reaction,
most of the created energy is released as kinetic energy of the neutrons. Neutrons
will gradually slow down in the surrounding materials which causes the heating of the
vacuum vessel structures. The heat is then continuously extracted and used to produce
electricity [4,5]. In tokamak reactors, the vacuum vessel is a torus shaped container of
plasma in which the plasma is controlled by strong magnetic fields. The blanket is the
cover of the inside surfaces of the vacuum vessel and provides shielding to the vacuum-
vessel structures and the superconducting magnets. The divertor, which circles around
the bottom of the vacuum vessel, is the exhaust system of the confined plasma which
extracts produced helium and other impurities from the vacuum-vessel [1, 5]. During
the fusion process, in-vessel components of the tokamak reactor, especially the blanket
and the divertor, are exposed to severe particle irradiation and heat fluxes. Because
of the demanding circumstances inside the vacuum-vessel, the choice of plasma facing
materials of the blanket’s first wall and the divertor is an important part of building a
functional fusion reactor. From a financial standpoint, changing reactor components
takes time and is expensive and therefore their lifetime must be maximised. But the
choice of plasma facing materials is also crucial to enable long-term running. If the
melting point of plasma facing materials is reached, particles and clusters evaporated
away will cool down the plasma and stop the fusion reactions. Plasma facing materials
must also withstand intense particle irradiation, because the sputtered surface atoms
will also cool down the plasma and disturb ongoing fusion reactions [5–8].

At the moment, tungsten is considered to be the most promising material for
plasma facing components of future reactors. In fact the plasma facing components
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of ITER’s divertor are already chosen to be manufactured from tungsten [1–3,6,9,10].
Of all elements, tungsten has the highest melting point and the lowest vapour pressure
at its melting point, which makes it a good material to sustain high temperatures in
high vacuum conditions. In addition, it has a high thermal conductivity, high energy
threshold for sputtering and low neutron-induced swelling. There are some downsides
in manufacturing structures from tungsten, such as its brittleness. However, this can
be improved by processing tungsten with various methods [5, 6].

Tungsten sputtering has been studied previously both experimentally and com-
putationally in numerous studies [11–22]. Experimental investigations of tungsten
sputtering yield have been done since the middle of the 20th century and in the last
decades computer simulations have become a common tool in sputtering research. In
the previous studies, tungsten sputtering yields have been obtained for a wide vari-
ety of different incoming ion energies and ion types [11, 12]. Additionally sputtering
yields of modified surfaces, such as helium implanted ones, have been studied [20,21].
However, in most cases the sputtering yield is only studied in the case of perpendicu-
lar irradiation towards the surface. Even though there are few studies which discuss
the effect of varying the incoming angle, the simulations only include some low in-
dex tungsten surfaces [14–16]. In large scale applications, such as fusion reactors,
all manufactured structural materials will be polycrystalline to keep the production
costs reasonable. Because a polycrystalline surface is composed of many randomly
oriented crystallites, considering only low index surface sputtering yields is not rep-
resentative enough and therefore modelling randomly oriented surfaces is needed. As
for the incident angles of bombarding particles inside the fusion reactor; The charged
particles may hit the reactor surface either perpendicular or random angles depending
on the location of the impact inside the reactor; However, in most cases the plasma
sheath potential turns the charged particles close to perpendicular impact; Neutrals,
on the other hand, can hit the surface at completely random angles since they are
not affected by the magnetic field [23]. Because of this, we also need to understand
the effect of incoming angle on the sputtering yield, when investigating the sputtering
properties of the components inside the reactor. Finally, it has been seen that helium
irradiation of tungsten surfaces may cause a formation of tungsten fuzz on top of the
initial tungsten surface [24–26]. This will further roughen the surface and effectively
change the incoming angles of particles. The tungsten fuzz layer is also been observed
to decrease the sputtering yield compared to the clean surface by experiments [27].

In this thesis, randomly oriented tungsten surfaces are simulated under argon and
helium irradiation. Especially the effect of random surface orientation on tungsten

3



sputtering yields has not been studied extensively before, even though the study is
highly motivated as stated above. We study sputtering of random tungsten surfaces
and reflection yields for several different incoming angles using molecular dynamics
(MD) simulations. In addition, the outgoing angular distribution of sputtered and
reflected atoms in each case is investigated. Both, the light element helium and the
heavier element argon, are simulated at four individual energies each. 50 different
random surfaces are simulated for every incoming angle, ion energy and ion type and
the results are compared with corresponding simulations of low index surfaces (001),
(011) and (111). The tungsten channeling maps of the investigated irradiation energies
are also calculated and used in the analysis of the results. In the second part of the
thesis, the sputtering yield of fuzzy tungsten surfaces are simulated in perpendicular
100 eV argon irradiation. The simulations are repeated for different fuzz layer heights
and the relation of fuzz layer height to tungsten sputtering yield is investigated.
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2 Ion irradiation damage

2.1 Defect production on surfaces

When solid materials are exposed to ion irradiation, interaction between projectile
ions and surface atoms cause structural changes to the target material. These inter-
actions can be roughly divided into groups of elastic and inelastic interactions. Elastic
interactions are collisions between the nuclei of the projectile ion and the target mate-
rial atoms and they are modelled as binary collisions under a Coulomb potential [28].
Inelastic interactions, on the other hand, are characterised as changes in the electron
configuration of the projectile ion and the target atoms. They cause excitation or
ionization of the target atoms and energy loss of the projectile ion [28, 29]. Because
the mass of an ion is much larger than the mass of an electron, inelastic interactions
slow down the ion, but have negligible effect on the ion’s path. The resulting changes
in the structure of the target material, caused by both elastic and inelastic interac-
tions, are referred to as radiation damage. Radiation damage occurs both inside (bulk
damage) and on the surface of the target material. Here, we focus on the radiation
damage on surfaces or near-surface regions of solids because of their relevancy to this
thesis. This includes phenomena such as sputtering, reflection, ion deposition, ion im-
plementation, crater formation and swift heavy ions [28–30], which all are illustrated
in the schematic graph in Fig. 2.1. The effects of radiation damage inside the bulk
material are discussed thoroughly for instance in the recent review article in Ref. 31.

When a projectile ion collides with the target surface, the projectile ion can transfer
enough energy to some of the surface atoms to detach and diverge them from the
target surface. This effect called sputtering, has been broadly studied and has many
important applications in technology [32]. Because of its importance to this thesis, the
sputtering phenomenon is dedicated its own section and will be discussed there. In
the ion bombardment event, we may also examine the behaviour of the projectile ion
instead of the sputtering of surface atoms. The projectile ion can either be trapped
in/on the target material or it can be reflected from the target surface. The latter,
known as ion reflection or scattering, is measured by reflection yield, which refers to
the fraction of reflected ions compared to the total number of projectile ions. Similar to
sputtering yield, reflection yield values depend considerably on the system properties
such as the projectile ion type and energy, the target material, the orientation of the
target surface and the angle of incidence [33]. On the surface of the target material, the
ion bombardment, which causes sputtering and reflection, also initiates the formation
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Figure 2.1: Ion irradiation phenomena: a) sputtering, b) reflection, c) adatoms, d)
cluster deposition, e) ion implantation, f) crater formation, g) vacancy and interstitial
defects, h) swift heavy ion (ion track)

of vacancies, interstitials and adatoms. Vacancies and interstitials are types of point
defects in the lattice structure of crystalline solids. A vacancy defect is an atom
missing from its lattice site. Vacancies can be created when the projectile ion causes
surface atoms to sputter from the target surface or the projectile ion otherwise disturbs
the lattice structure. An interstitial defect is an atom that occupies a site in the
lattice structure at which there normally is no atoms. Interstitials can be created
when collisions push atoms out of their original lattice sites or when the projectile ion
is trapped inside the target material. Finally, adatoms are extra atoms on top of the
surface. They are formed when the projectile ion or other atoms hit the surface but do
not penetrate into the target material or when the projectile ion knocks atoms out of
the lattice structure causing them not to sputter but to relocate somewhere on the top
of the surface. If the ion bombardment on the surface is continuous, more extensive
damage than isolated point defects will begin to form. These gross surface defect
structures may include adatom or vacancy islands, pit formation and overall changes
in the surface topography [30]. It is also possible for single ion impacts to inflict more
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heavy damage on the surface in the form of craters. By crater formation we mean
pits on the surface in which atoms have been removed in the depth of multiple atom
layers and which are commonly bordered by adatoms. Generally the crater formation
is more substantial when more energetic or heavier bombardment ions are used [34] or
especially if the material is bombarded by ion clusters [35]. It has also been observed
that craters are formed when the collision cascade is located close to the target surface
instead of being located deeper inside the target material [36].

If the projectile ion does not reflect from the surface, it is deposited into the target
material. Ion deposition includes two different kinds of outcomes depending on the
penetration depth of the target ion. When the projectile ion stays on the top of
surface, the effect is referred to as sticking. Sticking therefore creates adatoms on the
surface and when done on a large scale, sticking can be used to create a coating on the
surface [29]. The second outcome is when the ion penetrates into the target material.
This effect is then called ion implantation. Ion implantation allows a precise depth
placement of ions into target material based on the energy and the angle of incidence.
This provides a way to change the physical properties of the target material in a
controlled way. For example, changing electrical properties of semiconductor materials
via ion implantation (doping) has been revolutionary to the semiconductor device
industry [29,37]. Even more, high dose ion implantation can create a solid state super
saturation of the implanted ions in the near-surface layers of target materials. When
followed by subsequent thermal processing or further irradiation, this can cause the
implanted material to precipitate as discrete nanoparticles. The process enables the
creation of nanocomposite materials which can have unique optical, magnetic and
electronic properties [29, 38].

In the previously discussed defect production mechanisms, elastic interactions be-
tween the projectile ion and target atom nuclei are dominant compared to inelastic
interactions. When the projectile ion energy is increased, the effect of inelastic inter-
actions between the ion and the electrons of the target atoms begins to strengthen
and the effect of elastic interactions decreases. Forces created by elastic and inelastic
interactions which result in the loss of projectile ion energy are referred as nuclear and
electron stopping power, respectively. Projectile ions whose energies locate around or
over the Bragg peak in stopping power (electron stopping power is dominant and nu-
clear stopping power negligible) are called swift heavy ions. Because of the negligible
nuclear stopping power, swift heavy ions move in nearly straight paths in the target
material leaving behind the characteristic trail of defects called ion tracks [28, 29].
The exact physics behind the formation of ion tracks, which have a diameter of a
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few nanometers, have not been yet understood, but there are various models showing
agreement with experimental results [28]. However, in general the ion energy is first
transferred from the incident ion to electrons of the target material via ion-electron
collisions, and then forward to nearby cold electrons via electron-electron collisions.
After that, energy is transferred to the lattice by electron-phonon coupling and then
dissipated among atoms creating a heat spike along the ion path [28]. However, a con-
tinuous ion track is not always formed, for instance, if the electronic stopping power
is low, the swift heavy ion can create a discontinuous defect track or only cause de-
fect annealing along its trajectory. In the case of metals with high electronic thermal
conductivity, ion tracks are in many cases not observed at all [29, 39].
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2.2 Sputtering

When a surface is bombarded by energetic particles, it is eroded and surface atoms
are detached and ejected. Sputtering, which is the removal of surface atoms due to
energetic particle bombardment, is caused by collisions between the incoming par-
ticles and the atoms in the near surface layers of a solid [32]. The sputtering was
first discovered in the 1850s as the occurrence of a metallic deposit on the glass walls
of a discharge tube. Still, it took nearly 50 years before compelling evidence was
found that the sputtering effect was caused by positive ions of the discharge hitting
the cathode [32, 40, 41]. For a long time, the sputtering was considered a harmful
process which mostly caused destruction and contamination of the examined system.
However, nowadays it is used in various applications to produce topographical mi-
crostructures on solids [42].

Sputtering is generally caused by a collision cascade in the surface layers of the
bombarded material. Physical processes behind sputtering are the same as those
causing radiation damage in bulk material and they do not take place in thermal
equilibrium [32]. In sputtering events, an incoming particle collides with the surface
atom and transfers energy to the nuclei of it. If the transferred energy exceeds the
lattice site binding energy, a primary recoil atom is created. Sputtering can further
be classified into physical and chemical sputtering, whether the energy transfer to the
primary recoil atom occurs as a binary collision between an incoming particle an atom
of the solid (physical sputtering) or as a chemical reaction induced by the impinging
particles which produce an unstable compound at the solid surface (chemical sput-
tering) [30]. In both cases, the primary recoil atom collides with other lattice atoms
forming a collision cascade in the target material. The collision cascade distributes
energy within the target material and causes a surface atom to sputter if it receives
enough kinetic energy to overcome its surface binding energy. Besides that, there is a
completely different way for the primary recoil atom to be created, which only occurs
in insulator materials. In insulators, excited electronic states may last long enough
to allow excitation energy be transferred to atomic motion, thus creating a primary
recoil atom [32].

When metal targets are bombarded with ions, the above described physical sput-
tering is believed to be the dominant form of sputtering. In that case, the sputtering
process can be divided into three different subcategories which are single-knockon
regime, linear-cascade regime and heat-spike (or non-linear cascade) regime [30, 32].
In the single-knockon regime, the incident particle is only able to create a few iso-

9



lated recoils (knockons) in the solid. In the two other regimes, the incident particle
has enough energy to generate secondary and higher-generation recoils and therefore
forming a collision cascade. Linear cascade and heat-spike regime differ from each
other in the spatial density of moving atoms, which is lower in the linear cascade
regime and higher in the heat-spike regime. Linear cascades typically consist of a
series of binary collisions between moving and stationary atoms. In the heat-spike
cascades, the density of recoil atoms is so high that majority of atoms in a certain
(heat-spike) volume are moving and colliding. Schematic graphs of all three different
regime types are illustrated in the Fig. 2.2. In all these subcategories, individual sput-
tering events still happen the same way. An atom is sputtered if it receives enough
kinetic energy through the collision process to overcome its surface binding energy.

(a) Single-knockon regime

(b) Linear-cascade regime (c) Heat-spike regime

Figure 2.2: Classification of sputtering regimes by elastic collisions

10



The amount of sputtering occurring in the bombardment is measured by the sput-
tering yield Y . The sputtering yield describes the mean number of atoms sputtered
per incident particle, which can be written into a simple formula shown in Eq. 2.1.

Y =
atoms ejected

incident particles
(2.1)

Ions are the most studied incident particles in the sputtering research field, but also
neutral atoms, electrons, neutrons or energetic photons may function as incident parti-
cles in sputtering experiments [32]. Usually, every single incident particle is calculated
separately to the denominator of the sputtering yield equation. However, in the case
of molecular bombardment it may be more convenient to measure sputtering per inci-
dent molecule instead of sputtering per incident particle. Regarding the nominator of
the equation, only atoms which are removed from the surface are commonly counted
as "atoms ejected" and all reflected incident particles are excluded from this count.
But in the case of selfsputtering, which is sputtering under the bombardment of the
same ions as the target surface, this classification cannot be done and, therefore, also
reflected incident particles are counted as "atoms ejected". The sputtering yield of
an observed system depends on various properties of the system. For example in
commonly studied ion bombardment, the sputtering yield depends on the mass and
energy of the bombarding particles, the angle of incidence, the crystallinity and crystal
orientation of target surface, the mass of target atoms, the surface binding energies,
etc [32]. It is observed that atoms sputtered from the surface are emitted with a broad
distribution in energy and outgoing angle. Therefore, to truly understand sputtering
behaviour of the system it is important to not only study the total sputtering yield but
also its energy and outgoing angle dependencies [42]. This can be done by measuring
for example the partial derivatives of energy ∂Y/∂E and outgoing angle ∂2Y/∂Ω2.

To determine the sputtering yield of a system, there are the three common branches
of methods to choose from. These are (of course) analytical formulas, computer sim-
ulations and experiments. The methods are by no means independent, because ana-
lytical formulas and interatomic potentials used in computer simulation often rely on
heavy parametrisation from experimental results. Additionally, the reliability of espe-
cially analytical formulas may be very situational in practise. When sputtering yields
are measured experimentally, there are a number of ways to measure the amount of
material sputtered [32]. The classical method is to measure mass-change by weighting
the target before and after the bombardment. However, this method has its flaws as,
for example, some of projectile particles will be implanted to the target and therefore
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increase the mass. Instead of mass-change, it is also possible to measure thickness-
changes of the target, the amount of ejected particles deposited on a catcher and in
some special cases even field-ion microscope measurements of the individual collision
cascades on the surface have been done [32].

Even though many applications use sputtering as a tool today, sputtering still
causes problems due to its destructive nature. For example, plasma contamination by
sputtered plasma-facing material atoms is still a significant problem in fusion research
as explained earlier [5–8]. However, there are applications which use controlled sput-
tering to both remove atoms from the target surface and deposit sputtered material
to the target surface [42]. Ion beam sputtering is widely used to remove material from
surfaces in surface cleaning. In addition, by moving the ion beam or using masks
in front of the target, ion beam sputtering can be used to produce well-defined mi-
crostructures on the target surface. As for other uses, sputtering can be utilised in
determining composition of the sample as a function of depth (sputter depth profiling)
by measuring the flux of sputtered particles [43]. The coating aspect of sputtering
is used in sputtering deposition, where ejected material from the sputtering source
is deposited to the coated substrate. The sputtering deposition allows producing
high quality coatings on substrates with almost any geometry, and it is therefore an
important application in thin film research and industry [44].
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2.3 Fusion related research on tungsten sputtering

In this section, we go through previously published tungsten sputtering results, which
are related to our study and fusion research in general. We discuss already studied
tungsten sputtering properties and bring up questions not yet investigated throughly.
Today tungsten, together with beryllium, is highly relevant in the fusion research
and promising prospects as the plasma facing material of future fusion reactors. As a
matter of fact, both materials are planned to be used as the plasma facing components
in the ITER reactor [1, 2, 9], tungsten as the plasma facing material in the divertor
and beryllium as the material of blanket’s first wall.

Tungsten sputtering yield has been extensively investigated both experimentally
and computationally because of its importance to fusion research. From the middle
of the 20th century to the present day, the sputtering yield studies of tungsten sur-
faces bombarded by energetic ions have been published regularly [11, 12]. Tungsten
sputtering yield data is, therefore, already obtained for a large variety of incoming
ion types and energies [11, 12]. These results show that the sputtering yield heavily
depends on the mass of the incoming ion, which is observed when the sputtering yields
of different ion types with equal kinetic energy are compared. However, there is still
a need for extending the sputtering yield study further. Most of the published studies
only report sputtering yield measurements in perpendicular ion bombardment towards
the target surface, even though it has been shown that the sputtering yield may de-
pend significantly on the incoming angle of the bombarding ion [13]. Another not
yet studied factor is the tungsten sputtering yield simulations of randomly oriented
surfaces. As we argued earlier, all structural materials in large scale applications will
have a polycrystalline surface structure, which therefore have many random orienta-
tions. However, there are very few sputtering simulation studies which discuss more
than sputtering yields of common low index surfaces. The essence of this thesis is to
provide a method to simulate sputtering yields of these random surfaces and present
the results for a wide variety of incoming angles in argon and helium irradiation. As
a side note, the same method for creating random surfaces is introduced in Ref. 45,
which also includes sputtering yield simulations of perpendicular argon irradiation.
However, no studies of the effect of the incoming angle nor any comparisons to low
index surface sputtering yields are included.

Available reference data on tungsten sputtering yields in the perpendicular argon
and helium bombardment is shown in Fig. 2.3. The graphs also include the sputtering
yield results of our simulations for random and low index surfaces. The reference
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Figure 2.3: W Sputtering yield for perpendicular Ar and He irradiation. Values on
both axes are presented in a logarithmic scale.

data is presented here to give the reader confirmation that the results of this thesis
agree with the already published studies in the perpendicular bombardment. In this
thesis, sputtering yields of the perpendicular bombardment are only a small part of all
results, as we simulate sputtering yields with various incoming angles. However, to our
knowledge there does not exist published results for different incoming angles which
are comparable with our simulations and therefore we are restricted to perpendicular
reference data. Here, we go through the available reference studies and discuss the
type of sputtering yield results they represent. The results of our own simulations are
discussed in more detail later.

The reference W sputtering yields for perpendicular 85 eV, 100 eV, 150 eV and
200 eV Ar irradiation are shown in Fig. 2.3a. Sputtering yields are marked using a
notation, where low index surfaces (001), (011) and (111) are marked in that order
as rectangles, circles and triangles, and random surfaces and experimental results as
crosses. The notation also holds for He irradiation in Fig. 2.3b. The Ar sputtering
graph includes data from four different experimental studies: (Laegreid 1961) [46],
(Stuart 1962) [47], (Somogyvari 2012) [48] and (Marenkov 2017) [45]. In these stud-
ies, the sputtering yield was determined by the weight-loss method in (Laegreid 1961),
(Stuart 1962) and (Somogyvari 2012), and by energy dispersive X-ray spectroscopy
thickness measurements in (Marenkov 2017). As for simulation results, the graph in-
cludes binary-collision-approximation (BCA) simulations for low index surfaces (011)
and (111) and amorphous surface by (Nakamura 2016) [18] and SRIM (also based on
BCA) simulations by (Marenkov 2017) [45]. The graph shows that the perpendicular
sputtering yield results of our work land in the middle of the reference data for all
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Ar irradiation energies. We also see that generally simulated studies result in higher
sputtering yield values compared to experimental results for all energies.

The reference W sputtering yields for perpendicular 200 eV, 300 eV, 500 eV and
1000 eV He irradiation are shown in Fig. 2.3b. From the reference data, sputter-
ing yield simulation studies include (Ferroni 2015) [21], (Sefta 2013) [20], (Eckstein
1993) [49], and (Yamamura 1996) [12]. More specifically, sputtering yields are calcu-
lated using molecular dynamics simulations in (Ferroni 2015) and (Sefta 2013), binary-
collision-approximation simulations in (Eckstein 1993) and ACAT Monte Carlo simu-
lation code in (Yamamura 1996). As for non-simulated studies, experimental sputter-
ing yield measurements by weight-loss method is presented by (Rosenberg 1962) [50]
and theoretical sputtering yield calculations using experimental parametrisation by
(Guseva 1976) [51]. Again, the results of our work land within the reference data
points at all energies indicating that our results in perpendicular He irradiation are
inline with the previously published studies.
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3 Methods

3.1 Molecular dynamics

Molecular dynamics is a computational method used to study physics of a system,
which includes up to millions of atoms or molecules. The essence of molecular dynam-
ics is to solve the classical equations of motions of each atom and thereby obtain the
time evolution of the system. This means that atoms are modeled as point particles
without internal structure or electrons [52]. Naturally, molecular dynamics is a nu-
merical method, as finding analytical solutions for the dynamics of many interacting
particles is not practically feasible or even possible. The earliest states of molecular
dynamics simulations date back to the beginning of the 1960s [53–55] and nowadays
it has become a common and trusted tool in materials physics. [56].

Set initial atom conditions !" #$ and %" (#$)

Calculate forces ("()*)

Solve the equations of motion over time step +t
!" #, ⇒ !" #,./ and %" #, ⇒ %" #,./

# ⟹ # + +t

Calculate examined physical quantities

t < #456 NoYes Finish simulation

Figure 3.1: Basic structure of an MD simulation loop
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The basic loop of an MD simulation is illustrated in Fig. 3.1. First, we go through
a single MD simulation cycle and examine its components one by one. Thereafter
other common features such as periodic boundary conditions, choosing a time step,
temperature control and electron stopping are discussed.

The MD simulation starts by defining an initial placement and velocity of every
simulated particle. The first step in solving the time evolution of the system is to
obtain the force, which is experienced by each particle. These forces can be calcu-
lated from the used MD interatomic potential, which describes potential energy of
an atom depending, for instance, on the number of neighbor atoms and the distances
and angles between them. Interatomic potentials are built by fitting database values
of physical properties to a suitable functional form [57]. The database values include
both experimental and density functional theory data, which usually produces accu-
rate results under the fitting conditions. However, potentials are often referred to as
effective potentials to emphasise that they are based on more experimental results
than theoretical axioms [56].

MD potentials can be divided in intra-molecular and inter-molecular potentials,
where intra-molecular potentials define internal interactions of molecules and inter-
molecular potentials define interactions between atoms, which are not connected with
molecular bonds [56]. Inter-molecular potentials can be divided even more into short
and long range potentials. The effect of short range potentials decays usually in
the distance of a few nearest-neighbor multiplies, whereas long range potentials are
often electrostatic and can practically be infinite in range. In general, inter-molecular
potentials can be separated to a sum of terms consisting of individual atoms, atom
pairs, triples etc. as seen in Eq. 3.1 [58]. Here the summations are over all distinct
pairs ij and triplets ijk, without counting the same pair or triplet twice.

U(r) =
!

i

U1(ri) +
!

i,j

U2(ri, rj) +
!

i,j,k

U3(ri, rj, rj) + ... (3.1)

In the equation, the first term U1 represents the effect of external fields and the rest of
the terms represent particle interactions. The second term U2 is a pair potential, whose
magnitude depends only on the distance between the inspected particles. The third
term and the ones beyond that can depend on, in addition to the distance, the angles
between particles and therefore increase the computational cost significantly [59]. If
simulations contain different types of atoms, there must be a inter-molecular potential
defined for all possible atom interactions. For example, a simulation including two
different atom types needs three different potentials.
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The delocalised electrons found in metals cause plain pair potentials to be too
simplistic to describe metals, hence a treatment of the coordination-dependent bond-
ing is required. In EAM (Embedded-Atom Method) potentials, potential energy has
an added term, which characterises the energy obtained by embedding an atom into
a local electron density provided by the surrounding atoms [60]. The total potential
energy of the system in EAM potentials is given by Eq. 3.2

Utot =
1

2

!

i,j

φij(rij) +
!

i

Fi(
!

j

ρj(rij)), (3.2)

where φ is a electrostatic pair potential, F is the embedding energy, rij is the distance
between atoms i and j and ρj(rij) is the electron density at position i caused by
the atom at position j. In this manner, the embedding function attaches important
many-atom interactions to the potential. EAM potentials are widely used when pure
metals or metal alloys are simulated.

To solve the equations of motion, we must first write them, which can be done
using either the Lagrangian or Hamiltonian formalism [53]. In Lagrangian formalism
and Cartesian coordinates ri, the equations of motion for the i-th atom of the system,
with mass mi, get the familiar form.

mir̈i = fi = −∇riU (3.3)

Eq. 3.3 also explicitly highlights the importance of selecting a physically well behaving
potential, because the forces are calculated as derivatives of the potential. Instead of
Lagrangian formalism, the equations of motion can be also written using Hamiltonian
formalism. Then the equations of motion are transformed into Eqs. 3.4 and 3.5, where
pi presents the momentum of i-th atom.

ṙi =
pi

mi
(3.4)

ṗi = −∇riU = fi (3.5)

The choice between Lagrangian and Hamiltonian formalism therefore determines the
number and degree of solvable equations. Lagrangian formalism produces 3N second-
order differential equations, whereas Hamiltonian formalism produces 6N first-order
differential equations for an N -atom system.

The most commonly used numerical integration methods in MD simulations are
a group of Verlet algorithms and the Gear predictor-corrector method [52, 53]. The
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original Verlet method [61] is derived by writing a Taylor expansion of the position
vector r(t) with respect to a small time perturbation t ± ∆t. This leads to Eq. 3.6,
where the position vector is expressed at the time t+∆t.

r(t+∆t) = 2r(t) + r(t−∆t) +∆t2a(t) (3.6)

In essence, the method calculates r(t+∆t) and a(t+∆t) values from the previous step
values, r, r(t−∆t) and a(t), while the missing velocities can be calculated afterwards.
The magnitude of error produced per iteration is for the position O(∆t4) and for the
velocity O(∆t2). The method is stable and quick, but not particularly accurate and
velocity handling is troublesome. There are two common methods, leapfrog [62] and
velocity Verlet [63], which improve the original Verlet algorithm. In both of them,
the main goal is to make velocity handling more straightforward, which is useful
for example if a thermostat is applied. The other algorithm, the predictor-corrector
method, consists of two stages. First, the positions, velocities, accelerations and
higher derivatives are Taylor expanded, which are used to calculate predicted values
for the corresponding quantities. Forces are calculated according to the predicted
positions, and then these forces are used to calculate the corrected accelerations from
the equations of motion. The error between the predicted and corrected acceleration
is finally used to correct errors in the predicted positions and velocities using some
parametrization. The coefficients presented by Gear [64, 65] are widely known and
used, thus the name Gear predictor-corrector method. To enhance the algorithm,
many prediction-correction cycles can be performed at the same time step, however
this quickly increases the computational cost of the algorithm. When the above-
mentioned numerical integration methods are compared, the Gear predictor-corrector
method is generally more accurate at short time steps, but as the time step increases,
the Verlet methods become more preferable [53].

We have now covered the basic processes of solving the time evolution of atoms,
but have not yet discussed the choice of time step and calculation of the physical
quantities, which are present at every iteration of the MD loop. The selection of time
step is a trade-off between accuracy and computational cost, as using a smaller time
step results in more MD iterations to reach a certain total simulation time, but the
trajectories of the atoms are followed more accurately. A rule of thumb is that the
time step should be considerably smaller than any oscillation periods in the system.
In most simulations, a suitable time step is few femtoseconds [52]. It is also possible
to use an adaptive time step, where the time step is changed dynamically during the
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simulation, to maintain a certain accuracy.
The heart of calculating physical quantities in MD simulations is the ergodic hy-

pothesis, which states that for ergodic systems in an equilibrium ensemble, the time
average of a quantity A equals to the corresponding ensemble average < A >ens [53,58].
This is shown in Eq. 3.7, where Γ stands for a particular point of the system in phase
space and τ for an index running over successive time steps.

< A >ens = Ātime = lim
nsteps→∞

1

nsteps

nsteps!

τ=1

A(Γ(τ)) (3.7)

If the ergodic hypothesis holds, a system starting from an arbitrary initial state will
eventually drift through all state points in the phase space. But if the hypothesis does
not hold, there are areas in the space phase which cannot be accessed or there are
bottlenecks between space phase regions. With an unlucky initial state of simulation,
this can cause the time average of physical quantity to be vastly incorrect. There is no
way to prove that ergodicity holds in practice, and therefore it must be assumed when
MD simulations are used. However, the problems with ergodicity may be noticed, if
a group of different initial states gives completely different time averages of some
physical quantity in an otherwise similar simulation setup.

Finally, we will take a look at some additional features which extend the usability
of MD simulations. When periodic boundary conditions are applied, the whole simu-
lation space is filled with duplicates of the actual simulation cell in one, two or three
dimensions. A 2D case of this is illustrated in Fig. 3.2. Because all cells are exact
replicas of each other, we only need to calculate the dynamics of the original cell. If an
atom enters to an imaginary cell, another atom with an identical velocity enters the
original cell at the opposite side, and thus the content of the original cell remains the
same. 3D periodic boundary conditions are used to study systems without surfaces
i.e. properties of bulk systems not affected by surface forces, which are known to
be strong [52]. In addition, 2D and 1D periodic boundary conditions can be used to
simulate boundless surfaces and nanowires, respectively. However, there are a few pit-
falls which need to be considered when periodic boundary conditions are used. If the
original simulations cell is small and the interatomic potential is long ranged, the par-
ticle can interact with its own image in the nearby imaginary cell causing unphysical
behaviour. Additionally the side length of the simulation cell L limits the occurrence
of phenomena with wavelengths over L, as the periodic boundary conditions truncates
any wavelengths greater than L [53].

20



Figure 3.2: Illustration of the effect of periodic boundary conditions in 2D

There are various situations in MD simulations where temperature control is re-
quired, such as setting an initial temperature, constant temperature simulations, or
simulating a heated system. An initial temperature can be set by first giving velocity
to every atom according to the Maxwell-Boltzmann distribution, which is shown in
Eq. 3.8. In the equation, ρ(vix) refers to the probability density for the velocity com-
ponent vix, kb to the Boltzmann constant and T to the temperature. The magnitudes
of velocities are also adjusted to keep the total momentum of the system zero. This
prevents the system from drifting during the simulation [53,58,66].

ρ(vix) =

"
mi

2πkbT
exp

#
− miv2ix

2kbT

$
(3.8)

Simulating a system at constant temperature translates in statistical physics to
a system in the NVT-ensemble, instead of the NVE-ensemble. In practice, there are
many thermostats to produce a constant temperature, which roughly can be divided
to isokinetic and ad hoc velocity rescaling schemes. The difference between them, in
the end results, is often negligible, but only isokinetic schemes can produce a true
NVT-ensemble and sample it correctly [66]. The Berendsen thermostat [67] belongs
to the ad hoc velocity rescaling schemes, but is widely used due to its simple concept
and effectiveness. In the Berendsen thermostat, velocities are scaled at each MD
iteration so that the rate of temperature change is proportional to the difference
between the current and the target temperature. This is shown in Eq. 3.9, where
T0 is the target temperature, T is the current temperature and τ is a user defined
parameter, which controls the speed of which the system is steered to the desired
temperature. Therefore, the Berendsen thermostat creates an exponential damping
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approach to the target temperature.

dT (t)

dt
=

1

τ
(T0 − T (t)) (3.9)

When a surface is bombarded by high energy ions or clusters, the projectile is un-
der effect of two different types of collisions. First the collisions with surface atoms’
electrons are dominant and begin to slow the projectile down. When the projectile
is slowed down, the collisions with nuclei overcome the collisions with electrons, be-
coming more dominant. The effect of electronic collisions are called electron stopping
power [68]. As stated at the beginning of the section, MD simulations do not keep
track of electrons. Because the electronic stopping mainly slows projectiles down,
these electron collisions can be modeled as a friction force on the ions in the vicinity
of the surface atoms. This electronic stopping, which can have physically important
effects, can be implemented effectively in MD codes.
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3.2 Creating random and fuzz surfaces

To study tungsten sputtering of randomly oriented surfaces and fuzz surfaces, distinct
methods were used to create the surface in both cases. Randomly oriented surfaces
were formed using the method described below, which was previously presented in
the Ref. 45. In the fuzz surface simulations, tungsten fuzz was modeled as a single
rectangular pillar on the surface while applying periodic boundary conditions.

To create a randomly oriented tungsten surface, a tungsten cube was created with a
body-centered cubic structure and a lattice constant a300K = 3.152 Å corresponding to
300 K in the Marinica et al. potential [57]. The cube was then rotated in 3 dimensions
using randomly selected Euler angles αE, βE and γE. To perform rotations uniformly
in the rotation space, it is incorrect to choose the angle β uniformly between an
interval [0, π], because this causes more rotations to pile up towards the rotational
poles. Instead, the angle β was selected as cos−1(2u−1), where u is a uniform random
number between 0 and 1 [69]. A hemisphere with a radius of rs = 35 Å was then cut
out of the rotated cube forming a randomly oriented surface to the circular surface
area at the top of the hemisphere. An example of random surface orientation is
illustrated in Fig. 3.3a.

(a) Random surface orientation (b) Radial layers

Figure 3.3: On the left side (a), the random surface formed on top the hemisphere
is illustrated using color coding, which indicates the atom position in the surface
normal direction. On the right side (b), the three differently simulated regions of the
hemisphere are shown using different colors.

The hemisphere was simulated in three different radial layers. The center region
from the radial origin to rs−10 Å was simulated in NVE ensemble to correctly handle
many-body collisions caused by the incoming ion. In the middle region [rs−10 Å, rs−
3 Å], the Berendsen thermostat [67] was used to keep the temperature constant, due
to the fixed atoms and to absorb the extra heat added to the system by kinetic energy
of irradiating ions. The outer region atoms at [rs − 3 Å , rs] were fixed to keep the
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hemisphere from moving. Different radial layers are shown in Fig. 3.3b, where color
coding indicates separate regions. Before starting the irradiation simulations, the
hemisphere was simulated for 10 ps at 300 K to relax the surface and thermalise the
simulation cell.

The tungsten fuzz surfaces consist of a pristine surface block and a pillar on top of
the surface. Both the pristine surface and the pillar have the same crystal structure
and lattice constant as in the previous setup. However, the simulation cell now has
periodic boundary conditions in two dimensions parallel to the surface. By doing this,
we can simulate a large periodic fuzzy surface at the computational cost of a single
pillar and the surface block.

The surface block was modeled as a rectangular simulation cell, which has a surface
area of 12a300K×12a300K and a depth of 10a300K. The surface block has the same three
layers as the hemisphere, but instead of radial layers, the layers are sheet shaped. In
the bottom region at a width of a single lattice constant, all tungsten atoms were
fixed. Above the fixed atoms in a 2a300K thick middle layer, Berendsen thermostat
was applied. The rest of the simulation block was simulated in NVE ensemble, as in
the random surface orientation simulations. To make the surface fuzzy, a rectangular
pillar was placed on the middle of the surface. The height of the pillar was varied, but
a top area was kept at the constant size of 6×6 unit cells. The simulation cell and the
different layers are illustrated in Fig. 3.4. Both the surface and the top of the pillar
have a (001) surface orientation. These simulation cells were also first relaxed 10 ps
at 300 K before any ion bombardment, similar to the random orientation simulations.

(a) Fuzz pillar (b) Sheet layers

Figure 3.4: On the left side (a), the figure illustrates the simulation cell used to
model tungsten fuzz. On the right side (b), three differently simulated layers are
marked using different colors.
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3.3 Irradiation simulations

Randomly oriented tungsten surfaces were irradiated using two different elements,
argon and helium, as irradiation particles. On the other hand, tungsten fuzz surfaces
were irradiated solely by argon ions. In this study, argon was selected because of its
heavier weight and helium was selected because of its light weight and its relevancy
to the fusion energy field. Both ions are also commonly used in experiments.

In the random surface orientation simulations, the surface was bombarded inside
a square bombardment box, located at the center of the circular surface area. Each
ion was chosen to hit a random position inside the bombardment box which had a
side length of 4a300K. To correctly hit the bombardment box at non-perpendicular
incoming angles, θ, the initial positions of projectile ions were corrected compared
to perpendicular bombardment. In the fuzz surface simulations, it is most straight-
forward to irradiate the simulation cell uniformly within the whole cell, to correctly
acquire the total sputtering of the investigated fuzzy surface. Therefore, each bom-
barding ion was chosen to hit a random position inside the whole simulation cell. In
both cases, the incoming angle θ is measured as a polar angle from the normal of the
tungsten surface. The measurement of the incoming angle θ and azimuthal angle φ is
illustrated in Fig. 3.5.

In the random surface orientation simulations, a total of 1000 ions were used
for each randomly oriented surface and each of these ions was impacting a pristine
surface. This bombardment sequence was repeated for 50 differently oriented random
surfaces, for each incoming angle and ion energy. The same 1000 ion bombardment
sequence was also simulated for 30 different (001), (011) and (111) surfaces, again for
each incoming angle and ion energy. In the low index simulations, the surfaces were
generated and relaxed using the same method as in the random surface simulations.
But instead of rotating surfaces completely randomly, which is not possible if a low
index surface outcome is wanted, only the azimuthal direction of the surface was
randomly selected. In both the random and the low index surface simulations, the
incoming angle and azimuthal angle of all 1000 ions were kept invariant during the
bombardment of the single surface. Sputtering yields were studied for 11 different
incoming angles and 4 + 4 different energies, individual to the ion type. The studied
incoming angles were 0◦, 10◦, 20◦, 30◦, 40◦, 50◦, 60◦, 70◦, 80◦, 85◦, 87◦, Ar energies 85
eV, 100 eV, 150 eV and 200 eV, and He energies 200 eV, 300 eV, 500 eV and 1000 eV.

The major difference between the previously presented investigation and the fuzz
surface simulations, is that the only thing which separates different surfaces in the
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latter simulations, is the height of fuzz pillars. This decreases the number of distinct
simulation configurations, but respectively the number of ions needed for a single
surface is greater. A total of 30 000 ions were bombarding each fuzz surface with the
different pillar heights and again, each ion was impacting a pristine surface. During
this bombardment cycle, the incoming angle θ is invariant, but the azimuthal angle
φ is randomly chosen for every individual bombardment. However, this does not
have an influence on the perpendicular bombardment. A convenient effect of using
periodic boundary conditions and the whole simulation cell as the bombardment box,
is that the initial positions of the ions does not need to be corrected. As long as the
initial position of the ion is above the fuzz pillar, the correct impact angle is acquired.
Sputtering yields were simulated for 11 different fuzz pillar heights at perpendicular
(θ = 0◦) 100 eV Ar bombardment. The simulated pillar heights were 0.5a, a, 1.5a, 2a,
2.5a, 3a, 6a, 9a, 12a, 18a and 24a, where a equals to the previously presented lattice
constant value a300K.

Figure 3.5: Schematic figure of incoming angle θ and azimuthal angle φ

Irradiation simulations were conducted using the molecular dynamics code PAR-
CAS [70]. The following potentials were used between different elements: Marinica
et al. potential with the modifications by Sand et al. [71] for interactions between W
atoms, the Nordlund et al. DMol potential between Ar and W atoms [72] and the
ZBL potential [73] between He and W atoms. Electronic stopping was ignored in the
Ar irradiation simulations, because of the low energies of irradiation projectiles but
factored in for He irradiation simulations. The electronic stopping was implemented
following the common practice in the ion beam field [74–76], where electronic stopping
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is applied as a friction force on all atoms with a kinetic energy of 10 eV or more.
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3.4 Analysis

In the random surface orientation simulations, we used two different methods to de-
termine whether tungsten atoms were sputtered or whether the projectile ion was
reflected. The first approach is a simple cutoff method which uses the same 5.5 Å
cutoff as the W-W potential. Every tungsten atom and Ar or He projectile ion whose
position is over 5.5 Å above the surface of the hemisphere at the end of the simulation
is counted as a sputtered or reflected atom. The second method uses the same cutoff
distance, but is based on cluster analysis and is able to recognise if tungsten atoms
form protrusions on the surface and exclude those cases. However, we did not observe
any difference between the two methods during our simulations. It turns out that the
simulated projectile ion energies are too low to form major protrusions or craters on
the bombarded tungsten surface.

There are two phenomena, in the random surface orientation simulations, which
need to be covered before analysing the results. First, in some Ar irradiation cases, at
the largest incoming angles and the lowest energies, a part of the reflected Ar ions did
not get over the cutoff distance, even though they left the hemisphere. These cases are
not considered as reflected in the used simulation setup, because if the surface would
have been infinite, the reflected projectiles would still have interacted with the surface
after the end of the hemisphere’s surface area. In a similar fashion, detached tungsten
atoms which do not get over the cutoff distance are neither considered sputtered, as
they would also have felt an attraction to the surface.

The second problem arises in He bombardment simulations. As the channeling
maps of the simulated He energies show in Fig. 4.2, the mean range of He ions varies
from 60 Å to 400 Å in channeling directions depending on the energy of the projectile
ion. Because the radius of the simulated hemisphere is only 35 Å, many He ions
will pass through the hemisphere. The problem is that some of the passing ions
collide with the fixed bottom layer atoms and therefore He ions can bounce back
through the bombardment surface giving unphysical sputtering and reflection yields.
To determine the number of these events, the trajectory of each He ion was tracked
during the simulations. After the simulation ended, we checked whether the ion had
been in contact with fixed tungsten atoms. In tungsten sputtering yield calculations,
it is not possible to determine in our simulation setup whether the sputtering took
place at the initial impact on the surface or after the He ion bounced back from
the fixed bottom layer. Therefore, the mean sputtering yield values are calculated
without excluding any cases and the errors are calculated as the standard error of

28



the mean from the same data set. However, the lower error limit is then adjusted
to the worst-case scenario, where every time the He ion had bounced from the fixed
layer, all the sputtering is expected to happen after the contact with the fixed atoms.
In He reflection yield calculations, we simply excluded all the cases in which He ions
contacted the fixed bottom layer and reflected back through the surface. As the
channeling maps show, we would need to simulate around 400 Å deep He surfaces
to prevent collisions with the fixed atom layers from happening. Carrying out those
kind of simulations is beyond the computational resources available for this thesis. But
corresponding simulations for a hemisphere radius of 50 Å were carried out for two
incoming angles and two energies for the (001) surface. These results are presented
in the supplementary material of Ref. 77 and showed to be in-line with simulations
with a hemisphere radius of 35 Å.

In fuzz surface simulations, only the simple cutoff method was used to determine
whether W sputtering or Ar reflection occurred. The cutoff distance was the same
5.5 Å as in random surface orientation simulations, but now the cutoff was adjusted
to the pillar height as it was measured from the tip of the fuzz pillars. Because
fuzz surfaces were simulated using periodic boundary conditions and they were not
bombarded with helium ions, the problems faced in random surface simulations do
not affect these results.

In random surface orientation simulations, data was collected from both incoming
and outgoing angular dependencies of sputtering and reflection yields. The mean
values of sputtering and reflection yields are plotted as a function of incoming angle θ

from 0◦ to 87◦ for every energy and ion type. When the outgoing angles of sputtered
tungsten atoms or reflected ions are studied, the outgoing angle α is measured exactly
the same way as the incoming angle θ. There is an individual outgoing sputtering
and reflection yield distribution graph for every incoming angle, energy and ion type.
In these outgoing angle graphs, the sputtering and reflection yields are plotted as a
function of outgoing angle α from 0◦ to 90◦. In fuzz surface simulations, only the
total sputtering and reflection yields of every fuzz pillar height were studied in the
perpendicular bombardment. The mean values of sputtering and reflection yields are
plotted and discussed as a function of fuzz pillar height h from zero to 24a300K. The
outgoing angle distribution study of sputtering and reflection yields of fuzzy surfaces
is not included in this thesis.

In all random surface orientation graphs, the error of the mean values of sputtering
and reflection yields are calculated as the standard error of the mean of single surface
sputtering or reflection yield values. The only exception is the sputtering yield graphs
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of He ion bombardment, in which the effect of the worst-case scenario is added to the
lower error limit as discussed above. Let’s denote the sputtering yield of the surface i

as xi and the mean sputtering yield of all N surfaces as x̄. The standard error of the
mean σx̄ can be then calculated as show in Eq. 3.10.

σx̄ =

%&N
i=1(xi − x̄)2

N2
(3.10)

The errors are calculated similarly in fuzz surface simulations as in random surface
orientation simulations. However, now there are no different surfaces with the same
pillar heights. But because the simulations were run parallel, we have many sputtering
yield values for the same fuzz pillar heights. By replacing individual surfaces with
individual runs, we can calculate the errors using Eq. 3.10.
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4 Results

The results section consists of four parts, where the first part includes channeling
maps for Ar and He in tungsten, for all energies, the second and third subsections
discuss random tungsten surface simulation results and the last subsection is assigned
to tungsten fuzz simulation results. The random surface simulation results are divided
in such a manner that the subsection 4.2 contains tungsten sputtering yield results for
both projectile ion types and the subsection 4.3 contains Ar and He reflection yield
results for the corresponding simulations. In both subsections, the average sputtering
and reflection yields are expressed as a function of incoming angle θ for (001), (011),
(111) and random surfaces. In all graphs, the result for random surfaces are an
average of 50 randomly rotated surfaces and the result for low index surfaces are an
average of 30 corresponding low index surfaces, which are only randomly rotated in
their azimuthal angle φ. To analyse the effect of incoming angle variation, channeling
maps provided in the section 4.1 are utilised in both the sputtering and the reflection
yield studies.

In subsections 4.2 and 4.3, sputtering and reflection yields are also studied as a
function of outgoing angle α. In every outgoing angle graph, sputtered or reflected
atoms are sorted into bins and the corresponding yields of the bins are plotted in the
graph. For example, the bin 10◦ includes all sputtered atoms which outgoing angle α

is between 5◦ and 15◦. The bin width is 10◦, except for the first and last bins, which
are 5◦. Outgoing angle graphs were produced for every incoming angle, energy and
ion type, but in this thesis we only focus on a few distinctive cases. An article has
been published on the same study as this thesis [77] and the rest of the outgoing angle
graphs can be found in the supplementary material of that article.

Subsection 4.4 consists of tungsten fuzz sputtering yield results at perpendicular
bombardment. The average sputtering yield as a function of the fuzz pillar height
is studied keeping otherwise the fuzz pillar size and the surrounding surface area
constant. To better understand the effect of specific fuzz pillar height on the to
sputtering yield, we also analysed how many times specific atoms sputtered during
the entire bombardment process.
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4.1 Channeling maps

We calculated channeling maps showing the degree of channeling for all crystal direc-
tions for every Ar and He irradiation energy. The channeling maps were originally
formed as a part of the article found in Ref. 77, which was published from the same
study as this thesis. These channeling maps were created following the procedure first
introduced in Ref. 78. Briefly summarised, molecular dynamics range calculations in
the recoil interactions approximation were used to obtain the mean range for any given

(a) Ar 85 eV (b) Ar 100 eV

(c) Ar 150 eV (d) Ar 200 eV

Figure 4.1: W channeling maps for Ar irradiation. To make the color scale selection
consistent, for each energy, the minimum and maximum range for polar angles below
55◦ was found, and these values were used as the minimum and maximum of the color
scale.
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incoming ion direction (θ, φ). At all energies, mean ranges were calculated for every
(θ, φ) pair in 1-degree intervals for θ values [0◦, 89◦] and φ values [0◦, 90◦]. Because
the tungsten crystal has cubic symmetry, this is sufficient to obtain information for
the channeling over all non-equivalent crystal directions. A total of 3000 mean range
simulations we carried out for every (θ, φ) pair. To make simulations comparable
to a typical experimental situation of ion bombardment towards a surface, the range
calculations were run allowing ions to reflect from the surface. In the cases where
all 3000 ions were reflected from the surface, no meaningful mean range value was

(a) He 200 eV (b) He 300 eV

(c) He 500 eV (d) He 1000 eV

Figure 4.2: W channeling maps for He irradiation. To make the color scale selection
consistent, for each energy, the minimum and maximum range for polar angles below
55◦ was found, and these values were used as the minimum and maximum of the color
scale.
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obtained, and therefore those (θ, φ) value pairs are left blank in the channeling maps.
The channeling maps for 85 eV, 100 eV, 150 eV and 200 eV Ar irradiation and

200 eV, 300 eV, 500 eV and 1000 eV He irradiation are shown in Figs. 4.1 and 4.2,
respectively. For Ar, there is no identifiable channeling direction, where we do see
remarkable mean range differences between any incoming angle pair. This holds true
for all investigated irradiation energies. It is noteworthy that the mean range for
the deepest channeling directions is only few Ångströms in these cases. In the He
channeling maps, the similar trend continues where there are no huge differences
between channeling maps for different irradiation energies. However, now we observe
clear channeling directions at all energies. For example [001] and [111] directions are
channeling directions at every energy, but the [011] direction is only a weak channeling
direction at the highest energies. The mean ranges in channeling directions are also
much larger for He compared to Ar, now on the scale of hundreds of Ångströms.
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4.2 Sputtering yield of random tungsten surfaces

Before analysing sputtering yield results between different projectile energies and in-
coming angles, let’s consider the variation of individual surface sputtering yields at
a given energy and incoming angle. Fig. 4.3 shows an example case of 100 eV Ar
bombardment, where 50 individual surfaces are marked in grey, their average values
in black and the average values of low index surfaces (001), (011) and (111) in colors.
Individual surface markers clearly show that there are major variations in the sput-
tering yields of different randomly oriented surfaces and the magnitude of variation
depends on the incoming angle. The graph also shows that the average of all three low
index surface sputtering yields is not equal to the average random surface sputtering
yield. These observations are generally valid for almost every case studied in this
thesis and reasons for some of them are discussed in a more precise fashion below. To
make graphs more clear and easier to interpret, the data points of individual random
surfaces are left out from the rest of the incoming angle plots.

Figure 4.3: Variation in sputtering yield of 100 eV Ar irradiation

The average W sputtering yields for 85 eV, 100 eV, 150 eV and 200 eV Ar irradia-
tion are shown in Fig. 4.4. When sputtering yields of different energies are compared,
we notice that the surface orientation has the largest effect for the 85 eV and 100 eV
ion energies, especially between incoming angles 20◦ and 60◦. At lower energies, we
also see a clear separation between the incoming angles at which the sputtering yields
of different surfaces approach zero. For 200 eV bombardment, the relative differences
between the sputtering yields of different surfaces become smaller. Particularly the
sputtering yield profile of (011) surface moves closer to the other surfaces. The in-
coming angles, at which the sputtering yield reaches zero, also shift closer together
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(a) 85 eV (b) 100 eV

(c) 150 eV (d) 200 eV

Figure 4.4: Average W sputtering yield for Ar irradiation

and in the case of low index surfaces they shift towards higher incoming angle values.
But even though there are some differences, the overall shape of the sputtering yield
profiles are similar at every energy. As the incoming angle increases, the (011) surface
is the first and the random surface the last to reach zero sputtering yield value at
all energies. However, there is an interesting exception that happens at low incoming
angles for 85 eV bombardment. There, the average random surface sputtering yield
is distinctly lower than any of the low index surface sputtering yields. The same
phenomenon does not occur at the other energies.

The sudden disappearance of (001) surface sputtering yield after incoming angles
50◦ at 85 eV and 60◦ at 200 eV is directly comparable with the corresponding channel-
ing maps in Figs. 4.1a and 4.1d. The channeling maps show that the mean range of Ar
projectiles is zero after 50◦ and 60◦ in 85 eV and 200 eV bombardment, respectively.
The same effect is also seen in the reflection yield graphs later, where all Ar ions are
reflected after those incoming angles. The reference data, shown in Fig. 2.3a, show
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(a) Incoming angle 0◦ (b) Incoming angle 60◦

Figure 4.5: Outgoing angular distribution of sputtered W atoms for 85 eV Ar irra-
diation

that our sputtering yield results in the perpendicular bombardment are in-line with
previous published results. For the other incoming angles, to our knowledge, there
does not exist published studies which are comparable with the results presented here.

The outgoing angular distribution of sputtered tungsten atoms for 85 eV Ar ir-
radiation is shown in Fig 4.5, for the incoming angles 0◦ and 60◦. We see that the
total sputtering yield of different low index surfaces is almost equal in perpendicular
bombardment. However, their outgoing angular distributions are shifted apart from
each other. The average random surface sputtering yield has a wider outgoing angle
spectrum than any of the low index surfaces and it does not have an as identifiable
peak. Additionally, the spread of a single random surface sputtering yields (grey lines
in graphs) is relatively small in the perpendicular bombardment. When the incoming
angle is increased, the total sputtering yields of different surfaces evolve according
to the 85 eV incoming angle graph in Fig. 4.4a. However, even though the incoming
angle increases, every surface’s strongest sputtering yield direction stays around the
same outgoing angle α for all incoming angles. For incoming angles 50◦ and higher, we
begin to observe individual random surfaces with significantly higher sputtering yields
than the corresponding average random surface sputtering yield. This phenomenon
can be seen in Fig. 4.5b. Many times these high yield surfaces have one dominant
outgoing angle α. Outgoing sputtering angle distributions of the 100 eV, 150 eV and
200 eV irradiations behave similar way to the 85 eV distribution. Only the incoming
angle value at which single random surface sputtering yields begin to differ from the
average random surface sputtering yield increases.
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The average W sputtering yields for 200 eV, 300 eV, 500 eV and 1000 eV He
irradiation are shown in Fig. 4.6. In every graph, the lower error bar of the sputtering
yield values are adjusted because of projectile ion collisions with fixed bottom layers,
which was discussed in section 3.4. In the case of 200 eV, sputtering occurs very
rarely, as only one tungsten atom sputters per randomly oriented surface on average.
This makes comparing the sputtering yields of different surfaces challenging. The
effect is even worse for 200 eV and 300 eV outgoing angle graphs, where for most of
the individual random surfaces, there are few bins with one or two sputtered atoms
and the rest of the bins with zero data points. Large errors caused by this, makes it
impossible to analyse the outgoing angle graphs meaningfully.

In perpendicular He bombardment, the (001) and the (111) surfaces have notably
lower sputtering yields compared to the (011) and the averaged random surface. This
is valid for all energies, but the relative difference is largest for irradiation energy of
300 eV. Channeling maps for the corresponding He irradiation energies are shown in

(a) 200 eV (b) 300 eV

(c) 500 eV (d) 1000 eV

Figure 4.6: Average W sputtering yield for He irradiation

38



Fig. 4.2. The channeling maps show that [001] and [111] directions are channeling
directions for all energies but [011] direction is a weak channeling direction only in the
1000 eV case. This indicates that the perpendicular bombardment into a channeling
direction is linked to a lower sputtering yield. In the average random surface sputtering
yield profiles, there are two characteristics which can be specified. First, the average
random surface sputtering yield grows in a function of incoming angle in the 500 eV
and the 1000 eV simulations. However, the growth cannot be verified for 200 eV and
300 eV simulations. Increasing the statistics might help to clarify these cases, but at
least the sputtering yield growth is not as large as for higher bombardment energies.
Secondly, the incoming angle has a collapse point of sputtering yield, when reached,
the sputtering yield quickly drops to zero. This happens at all energies, though for
higher energies the collapse is steeper and occurs at larger incoming angle values.

An interesting detail of the 1000 eV He simulations is that the average random
surface sputtering yield does not reach a zero value at the incoming angle of 87◦. For
all other energies, the random surface sputtering yield is zero at 87◦. It turns out
that only one of the 50 surfaces has a non-zero sputtering yield, but the yield of this
individual surface is large enough to raise the average random surface sputtering yield
apart from virtually zero. Similar cases also occur at the incoming angle of 85◦ in
the 500 eV and the 1000 eV irradiations. For the latter energy, for example, there are
three surfaces with non-zero sputtering yields, out of which two have extraordinary
high yields and the third a negligible yield. The shapes of the two surfaces with these
abnormally high sputtering yields are shown in Fig. 4.7. The color coding in the
graphs indicates the height in the direction of the surface normal. The graphs show
that there is a step edge in the center of the high yield simulation cells, right where the
impact point of projectile ions is located. The tungsten atoms on the edge can sputter
away with relative ease, even in high incoming angle bombardment. This shows the
importance of simulating non-perfect non-low-index surfaces, when sputtering yields
of different surfaces are studied.

When the perpendicular He sputtering yield results are compared with the refer-
ence data of Fig. 2.3b, our results land roughly within the bounds of the published
results. Similar to Ar simulations, to our knowledge there does not exist published
studies which are comparable with the results presented here. There are publications
which discuss the sputtering yield as a function of projectile incoming angle, but very
few of them address Ar-W or He-W projectile-target pairs, let alone the energies used
in this work [13,79–81].

The outgoing angular distributions of sputtered tungsten atoms during 1000 eV
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Figure 4.7: Examples of surfaces where high sputtering yield were seen for large
incoming angle and high energy He bombardments

He irradiation are shown for the incoming angles 0◦ and 80◦ in Fig. 4.8. There are a
few key differences in the outgoing angle distributions compared to the corresponding
Ar cases. In the perpendicular bombardment, the total sputtering yields of (011)
and (111) surfaces are significantly lower than sputtering yields of (001) and random
surfaces. This is seen in both Fig 4.8a and in the total sputtering yield graph in
Fig. 4.6d. In the perpendicular bombardment, there are also some individual random
surfaces whose sputtering yields are well above the average sputtering yield of any
low index or random surface. This behaviour is not seen in the Ar irradiation graphs.
When the incoming angle is increased, the most dominant outgoing sputtering yield
angles stay the same for all low index surfaces. However, the incoming angle value, at
which the sputtering yield of single random surfaces starts to vary drastically, shifts
to 80◦, which is shown in Fig. 4.8b. In case of the other irradiation energies, the 500

(a) Incoming angle 0◦ (b) Incoming angle 80◦

Figure 4.8: Outgoing angular distribution of sputtered W atoms for 1000 eV He
irradiation

40



eV outgoing angle graphs behave similarly to the 1000 eV results. As stated earlier,
the errors in 200 eV and 300 eV outgoing angle graphs are too large to analyse the
sputtering yield profiles meaningfully.
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4.3 Reflection yield of random tungsten surfaces

The average Ar reflection yields for 85 eV, 100 eV, 150 eV and 200 eV Ar irradiation
are shown in Fig. 4.9. In the 85 eV and 100 eV simulations, all low index surface and
the average random surface reflection yield curves are very similar. Because the recoil
energies are low, the reflection yield values are already large in the perpendicular
bombardment as the most of the projectile ions reflect from the surface. This results
in that the reflection yield has little space to grow in a function of the incoming angle,
before the maximum reflection is reached. At the highest incoming angles, we observe
abnormal behaviour of the reflection yields when their values drop suddenly. This
occurs at all energies, but the effect is strongest for the 85 eV and 100 eV irradiation
cases. We emphasise that this does not indicate that the ions did not reflect, but
that their end positions were not over the cutoff distance. We see that almost all

(a) 85 eV (b) 100 eV

(c) 150 eV (d) 200 eV

Figure 4.9: Average Ar reflection yield for Ar irradiation. The apparent reduction in
the reflection yield above 80◦ at the lower energies is related to the analysis method,
see the text for details.
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projectile ions are reflected and maximum of a few ions are trapped in the tungsten
surface at the incoming angles 70◦ and 80◦. This also holds true for the incoming the
angles 85◦ and 87◦. In these simulations, some ions are not considered reflected due
the simulation cutoff criterion as explained in the subsection 3.4. This should also be
taken into account when the outgoing angle graphs of reflected Ar ions are studied.

In the 150 eV and the 200 eV simulations, differences between the low index surface
and random surface reflection yields begin to form. For every low index surface and
random surface, we also observe a stronger growth of the reflection yield as a function
of the incoming angle compared to lower energies. Fig. 4.9d shows that the (001)
surface has the highest reflection yield by a clear margin in the perpendicular 200
eV bombardment. On the other hand, according to the 200 eV channeling map in
Fig. 4.1d, the [001] direction is the strongest channeling direction of any of the low
index directions. This seems like a surprising result, because the bombardment into
a strong channeling direction indicates a low sputtering and reflection yield in the
He simulations. However, the different behaviour of Ar and He simulations may be
explained due to large difference in mean ranges in the channeling directions between
the ion types. The mean range of 200 eV Ar irradiation into a channeling direction is
only a couple of Ångströms, whereas in the He irradiation the mean range is hundreds
of Ångströms.

In Fig. 4.10, the outgoing angular distributions of reflected Ar ions at 85 eV bom-
bardment are shown for the incoming angles 50◦ and 80◦. When incoming angle values
are small, reflected Ar ions are rather evenly and widely distributed around both sides

(a) Incoming angle 50◦ (b) Incoming angle 80◦

Figure 4.10: Outgoing angular distribution of reflected Ar ions for 85 eV Ar irradi-
ation
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of the outgoing angle α of 40◦. The outgoing angle profiles of the average low index
surfaces and random surface are similar and the spread of individual random surface
sputtering yields from their averaged value is minor. Fig. 4.10a shows that this still
is true for the incoming angle 50◦ at 85 eV bombardment, even though the distribu-
tion has started to weight a bit towards larger outgoing angles. When the incoming
angle increases more, a sharp reflection yield peak quickly forms at an outgoing angle
α = 80◦, which is seen in Fig. 4.10b. If the incoming angle is increased even more,
nearly all Ar ions are reflected with an outgoing angle of 60◦ or higher. In addition
for all large incoming angles, the spread of reflection yields between single random
surfaces (grey lines) is remarkable and some of the single random surfaces have very
high reflection yields compared to any average surfaces at smaller outgoing angles
(α = 0◦ − 70◦). The outgoing angle results of reflected Ar ions in 100 eV, 150 eV and
200 eV irradiation behave similarly to 85 eV irradiation.

(a) 200 eV (b) 300 eV

(c) 500 eV (d) 1000 eV

Figure 4.11: Average He reflection yield for He irradiation.
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The average He reflection yields for 200 eV, 300 eV, 500 eV and 1000 eV He irradia-
tion are shown in Fig. 4.11 and the corresponding He channeling maps in Fig. 4.2. For
all energies, the reflection yield of every surface is consistent with the corresponding
He channeling map in the perpendicular bombardment. In all cases, the (001) and
the (111) surfaces have the lowest reflection yields, while the [001] and the [111] direc-
tions are the strongest channeling directions, seen in the channeling maps. Therefore,
the bombardment into a strong channeling direction results in a lower reflection yield
and vice versa. The effect of channeling direction is also seen from the (001) sur-
face reflection yield curve, when the incoming angle is increased. In every reflection
yield graph, there is a clear reduction in the (001) surface reflection yield between
the incoming angles 40◦ and 50◦. In the channeling maps, the average of the (001)
surface reflection yield can be comparable to an average mean range value with the
same polar angle as the incoming angle of the irradiating ion. Therefore, channeling
maps indicate that the [111] channeling direction causes the drop of the (001) surface
reflection yield curve at those incoming angles. A drop in the sputtering yield of the
(001) surface is also seen at the exactly same incoming angles in every He average
sputtering yield graph, which were presented in Fig 4.6.

(a) Incoming angle 50◦ (b) Incoming angle 80◦

Figure 4.12: Outgoing angular distribution of reflected He ions for 1000 eV He
irradiation

The outgoing angular distributions of reflected He ions at 1000 eV bombardment
are shown for the incoming angles 50◦ and 80◦ in Fig. 4.12. The incoming angles are
the same as used to study the outgoing angle distribution for Ar. Generally, the He
outgoing angle distributions behave very similarly for all simulated energies and also
similarly to the corresponding Ar simulations. However, there are some differences
compared to Ar simulations in the large incoming angle bombardments. In He sim-
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ulations, the spread of reflection yields between single random surfaces is smaller at
the small outgoing angles (α = 0◦ − 70◦). This difference is seen between Figs. 4.10b
and 4.12b. In addition, there are only few individual random surfaces which have
non-zero reflecting yield at outgoing angles α = 0◦ − 60◦ for the incoming angles 85◦

and 87◦, compared to many more cases in Ar simulations for the corresponding in-
coming angles. This is still true even when surfaces are irradiated with the same 200
eV energy of both ion types.
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4.4 Sputtering yield of tungsten fuzz surfaces

The normalised sputtering yields of simulated tungsten fuzz surfaces as a function of
fuzz pillar height are shown in Fig. 4.13. All sputtering yields are measured in the
perpendicular 100 eV Ar irradiation. In the figure, simulation data is marked as blue
dots and a reference value of 0.25 marked as a red dot. The reference value equals to
the portion of the fuzz pillar’s top surface area in relation to the whole simulation cell’s
surface area. Therefore, the reference data point illustrates a limiting case of infinite
fuzz pillar height, where all the sputtering occurs on the top of the fuzz pillar and this
top area sputters as a pristine (001) surface. In the same scenario, projectiles, which
hit between the pillars, cannot cause sputtering due to the infinite fuzz pillar height,
because any sputtered atom will redeposit in the pillar, except for the extremely
unlikely case of θoutgoing ≡ 0◦. The y-axis of the graph shows the sputtering yield of
the observed fuzz surface normalised by the pristine (001) surface sputtering yield.
The x-axis of the graph, on the other hand, presents the height-distance (HD) ratio of
the simulated fuzz surface setup. As explained in subsection 3.2, the sizes of simulation
cell surface area and top area of fuzz pillar are kept constant in all simulations. Only
the height of the fuzz pillar is varied. Here we mark the height of the fuzz pillar as
h, the length of the pillar side as l and the length of the simulation cell side as L.
All these variables are also illustrated in Fig. 4.14. Because of the PBC, we can write
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Figure 4.13: Normalised sputtering yield as a function of height-distance ratio
h/(L − l) in perpendicular 100 eV Ar irradiation. The reference value illustrates
a limiting case of infinite fuzz pillar height. See Fig. 4.14 for variable definitions.
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(a) HD = 0.167 (b) HD = 1.0 (c) HD = 3.0

Figure 4.14: The subfigures illustrate the effect of varying fuzz pillar height and show
three different height-distance ratio cases. Fuzz pillar height h, pillar side length l
and bulk side L are marked explicitly to the middle graph. Height-distance ratio is
then calculated as h/(L− l).

the shortest distance between two fuzz pillars as L − l, which in this setup happens
to also be equal to fuzz pillar side length 6a300K, where a300K is the lattice constant
defined in subsection 3.2. The height-distance ratio is hence written as h/(L − l)

ie. the fuzz pillar height divided by the shortest distance between two pillars in the
periodic boundary condition picture. For example, a height-distance ratio value of
one therefore corresponds to the fuzz surface where the pillar is as tall as the distance
between two pillars.

Fig. 4.13 shows that simulated sputtering yields do not reach the reference data
point value even with the tallest simulated fuzz pillar height. To examine how surface
atoms sputter in the simulations, we also counted how many times each individual
atom sputters during the bombardment of all 30 000 ions in each fuzz pillar setup. The
results for the 24a tall fuzz pillar are shown in Fig. 4.15 in two different color codings.
Fig. 4.15a shows the linear coding from zero sputtering (blue) to the maximum single
atom sputtering value 67 (red) and Fig. 4.15b shows binary color coding where at
least once sputtered atoms are marked red and not sputtered atoms are marked blue.
As suspected, the figures show that most of the sputtering occurs on the top of the
fuzz pillar, in the case of tallest simulated fuzz pillars. However, we also see that
some atoms still sputter from the bottom surface and from the fuzz pillar walls which
explains why the simulated sputtering yield values do not reach the reference data
point.

Fig. 4.13 also shows that the shortest simulated fuzz pillar, which is only one
atom layer high, has notably lower sputtering yield than the pristine (001) surface.

48



(a) Color coding (0, max) (b) Color coding (0,1)

Figure 4.15: Figures show the number of times each individual atom sputters during
24a fuzz pillar simulations using two different color codings. The left figure shows
linear color coding from zero times sputtered atoms (blue) to maximum single atom
sputtering value 67 (red). The second figure shows binary color coding, where atoms
which are sputtered at least ones are marked red, and atoms which have not sputtered
are marked blue.

Fig. 4.16 presents the above explained graph of sputtering per atom for the one atom
layer fuzz pillar case. The figure shows that the sputtering yield is lower because
the single atom layer locks surface atoms around the pillar sides and not because the
single atom layer pillar would block or collect already sputtered atoms. By locking we
mean that the first row of surface atoms around every side of the fuzz pillar do not
sputter and, therefore, reduces the total number of surface atoms available to sputter
compared to a pristine (001) surface. The 100 eV bombardment energy is too low
to cause sputtering deeper in the material and practically only atoms from the first
surface layer sputter in every fuzz pillar simulation case.

Generally, the simulated results appear to be consistent among each other showing
that the sputtering yield decreases when to the fuzz pillar height is increased. The
height-distance value 0.416 sticks little out from the rest of the dataset, but it appears
to be related to variation caused by the finite number of simulations. If we look
at the number of times each individual atoms is sputtered in that case, we notice
that the atoms between pillars have sputtered less compared to lower height-distance
cases but there just happens to be more sputtering on the top of the pillar. There
is only a few previously published studies which address the sputtering properties of
tungsten fuzzy or periodic surfaces [27,82]. In the Ref. 27, experimental measurements

49



were carried on the sputtering yields of He-induced tungsten fuzzy surfaces under
Ar bombardment. The study states that increase in the fuzz layer thickness causes
the sputtering yield to rapidly decrease and it saturates at a level around 10% of
the smooth surface when the fuzz layer thickness is > 1 µm. In the other study,
Ref. 82, the sputtering yields of periodic wavelike surfaces were studied under ion
bombardment using Sigmund’s theory of ion sputtering. This study suggests that the
sputtering yield can either increase or decrease compared to pristine surface depending
on parameters characterising the surface morphology and the direction of the incident
ion beam. In both cases, the comparison of previously published results to the ones
presented in this work is problematic because the Ref. 27 and Ref. 82 address periodic
structures whose thicknesses or heights are orders of magnitude larger than the fuzz
height used in this work. However, the interesting point in our results is the clear
decrease in the sputtering yield is seen as the fuzz pillar height increases, starting
already from one atom layer high fuzz structures.

Figure 4.16: The graph, which illustrates sputtering per each individual atom, shows
now the surface atom locking as the result of a fuzz pillar. Locked surface atoms are
seen as blue on both sides of the one atom layer tall fuzz pillar.
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5 Conclusions

In this thesis, the sputtering of tungsten surfaces were simulated under Ar and He ion
irradiation focusing on the effect of surface orientation. The effect of random surface
orientation on the sputtering yield was studied studied under fusion relevant condi-
tions and the results were compared with commonly investigated low index surface
sputtering yields. We note that the simulated case of purely randomly selected sur-
faces may not exactly correspond to experimental samples, because the macroscopic
manufacturing methods may favor the formation of some low index surfaces. This
study should, therefore, be considered as the limiting case in which the sample is
processed such that the surface orientation is completely random.

We found some similarities between the sputtering yields of average random sur-
face and low index surfaces. However, for most incoming angles, the magnitude of the
sputtering yield differs between the random surface and low index surfaces or even
between the different low index surfaces. In perpendicular or low incoming angle irra-
diation, the average random surface has sputtering yields between low index surfaces
for almost all irradiation energies. We also saw that our result agreed with previously
published experiments and simulations, which were available for the perpendicular
irradiation cases. For higher incoming angles, especially those close to parallel to the
surface, we observed radical changes in the sputtering yield. For example, the aver-
age random surface always had the largest sputtering yield at the highest incoming
angles. Additionally, there were cases where the sputtering yield did not drop to zero
even at the maximum incoming angle bombardment and those cases were explained
by features on top of the specific random surfaces. We also explained how low index
surface sputtering and reflection yields can be directly compared with presented chan-
neling maps for these specific configurations. Comparisons showed a clear correlation
where the both sputtering and reflection yields were decreased when the surface was
bombarded into a strong channeling direction.

The outgoing angles of sputtered tungsten atoms and reflected projectile ions
were also measured in angular intervals, which could be compared with experimental
results in the future. The results showed differences between the outgoing angle
profiles for the average random surface and the low index surface. The low index
surfaces presented usually a more defined peak around a surface specific outgoing
angle, whereas the random surface showed a much more boarder outgoing angle peak.

Finally, the sputtering yield study was expanded to tungsten fuzzy surfaces under
perpendicular Ar irradiation. The effect of fuzz height on the sputtering yield was

51



measured by modelling fuzzy surfaces as tungsten pillars and using periodic boundary
conditions. We found that the sputtering yield of fuzzy surfaces decreases rapidly
as the fuzzy layer height increases. It was also observed that the sputtering yield
decreases clearly even with the fuzz pillar height of a few atom layers.
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