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Abstract

Tungsten is a promising plasma-facing material for a future fusion reactor due to
its low erosion yield, high melting point and low hydrogen solubility. However,
irradiation by energetic neutrons created by the fusion processes will induce radiation
defects in the material, which can strongly increase hydrogen retention. Therefore,
it is important to understand the mechanism of defect creation and its in uence on
hydrogen retention in tungsten. Neutron displacement damage is often simulated
by irradiations with high mass ions. It is not clear to what extent the displacement
damage created by the di erent ion species in tungsten is comparable among the
di erent ion species themselves and to what extent it resembles that of neutrons.
To study the radiation damage and D retention behavior caused by irradiation with

di erent ions, polished and recrystallized tungsten samples were irradiated with H,
D, He, Si, Fe, Cu, W at energies between 0.3 and 20 MeV. As di erent ions with
di erent energies were used, the primary recoil spectra and damage rates were also
di erent. Hence, the e ect of the primary recoil energy spectrum and the damage
rate on damage creation and deuterium uptake could be investigated. The dis-
placement damage in tungsten irradiated by the here used ions was calculated using
SRIM. At low damage levels, D retention in self-damaged tungsten increases linearly
with the damage level. At higher damage levels, the D retention saturates. In order
to represent the linear and the saturation regimes, two di erent damage levels of
0.04dpa and 0.5dpa (in the damage maximum) were used. The microstructure of
the damage zone was investigated by transmission electron microscopy (TEM) and
positron annihilation lifetime spectroscopy (PALS). For TEM observations, single
crystalline tungsten samples were used to ensure the same crystal orientation during
the ion irradiations and subsequent observations. Lamellas perpendicular to the
sample surface were prepared to image the damage depth prole. The tungsten
samples were observed under four di erent two-beam diraction conditions. The
damage zone of tungsten irradiated by Si and W up to 0.04dpa and 0.5dpa was
investigated, as representatives for medium to high mass ions. In the 0.04 dpa case,
the damage zone consists of small dislocation loops and dislocation loop clusters.
The di erence in the average loop size was up to 20 In the 0.5dpa samples, a



dislocation line network was found. The dierence in the dislocation line density
between Si-irradiated and self-irradiated tungsten was about ¥ Compared to
the di erences in ion energy and ion mass, these di erences are small. Hence, a
similar damage zone can be expected for the other heavy ions. By comparison with
the SRIM calculated damage depth pro le, a loop-to-line transition was found to
happen at about 0.08-0.1dpa in these samples.

Tungsten was irradiated by H, D, He up to 0.04 dpa and only by He up to 0.5dpa.
The damage zone showed signi cant di erences compared to the damage zone ob-
tained by the higher mass ion irradiations. In the damage zone three to four distinct
subzones were observed. The thicknesses of these zones and the appearance of
the zone found in the region of the damage peak were ion dependent. Tungsten
irradiated by He to 0.04 dpa and 0.5 dpa did not show the loop-to-line transition.
Positron annihilation lifetime spectroscopy was performed with 16 to 18 keV ener-
getic positrons on polycrystalline tungsten samples irradiated by the di erent ions.
No signi cant di erence in the open-volume defect structure in tungsten irradiated
by medium to high mass ions was found.

For studying the hydrogen retention in defects polycrystalline, damaged tungsten
samples were exposed to a low-temperature D plasma at 370 K sample temperature
to decorate the defects. The D depth distribution was measured with nuclear
reaction analysis (NRA) using the DfHe, p) reaction and D desorption spectra
were derived by thermal desorption spectroscopy (TDS). The region of increased D
retention seen in the D depth pro les is in good agreement with the damage range
calculated by SRIM and the damage range seen in TEM. Tungsten irradiated by
medium to high mass ions (Si, Cu, Fe, W) up to 0.5dpa shows similar D depth
pro les. Tungsten irradiated by He shows a signi cantly di erent D depth pro le
with a higher D concentration in the peak. From the comparison of the measured
D depth pro les with the SRIM damage depth pro les, it was found that the D
saturation is already reached at 0.13-0.15dpa. Tungsten irradiated by medium
to high mass ions shows also very similar deuterium desorption spectra in the
0.04dpa and 0.5dpa case, i.e. the D retention is comparable. Despite the large
di erences in the recoil energy spectra between the di erent medium to high mass
ion irradiations, the microstructure and D retention obtained was always similar.
For tungsten irradiated by light ions (H, D, He), the D desorption spectra show
signi cant di erences in the low to medium temperature range between 400- 700 K.
From this work it can be concluded that both the microstructure and the D retention
behavior of tungsten irradiated by di erent medium to high mass ions (Si, Fe, Cu,
W) is identical for high damage levelsX 0.2 dpa) and similar for low damage levels
(<0.1dpa).
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Chapter 1
Introduction

The world’s energy demand is continuously growing and predicted to increase by
28% from 2016 to 2040]1]. The energy demand is growing fast, especially in China
and India. Today, beside the limited fossil fuel resources (oil, gas, coal), renewable
energies (water power, solar, wind, biomass) and ssion are available. Renewable
energy sources (solar and wind energy) su er from discontinuous availability and
limited storage capacity. Fission has an unsolved radioactive waste problem, and, at
least in Germany, is missing public acceptance. Therefore, developing a sustainable
and clean mid- and long-term energy strategy becomes more and more important [1].
Nuclear fusion is a potential sustainable source of energy and a potential solution
for the world energy problem([[2[73].

In a future fusion reactor the power will be obtained by a nuclear reaction between
deuterium (D) and tritium (T). The products of the reaction are helium atoms
and neutrons carrying a substantial amount of energy. This fusion reaction is most
promising as it has a high value of the reaction parameter at relatively low energies,
i.e., a relatively low plasma temperature is needed compared to the other fusion
reactions of hydrogen isotopes[4]. To initiate the fusion reaction, the D-T fuel
has to be heated up to about 10 20keV (corresponding to 150 MK) to overcome
the Coulomb repulsion. At such high temperatures the fuel is in the plasma sate.

It will be heated by ohmic heating, neutral beam injection and high frequency
electromagnetic waves. The energy released by the nuclear reactions can be used to
maintain the hot plasma and to produce electricity[4]. As no material is able to
withstand such high temperatures, the plasma is kept away from the reactor wall by

a strong magnetic eld (magnetic con nement). Today’s tokamak experiments have
reached the plasma temperatures and densities needed for fusion. However, the sizes
of these devices is too small to gain energy as the thermal losses of the plasma are too
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Chapter 1. Introduction

high, to achieve a burning plasma. Nevertheless, the tokamak Joint European Torus
(JET) at Culham, UK reached about 6®6 of the fusion power needed to maintain the
plasma temperature([5, 6]. The International Thermonuclear Experimental Reactor
(ITER) is the next generation tokamak being built in Cadarache, France. It should
demonstrate a ten times higher power production by fusion than the external heating
power. The Demonstartion Power Plant (DEMO) should be the last step before
building a commercial fusion reactor and should demonstrate fuel self-su ciency
and electrical power production[[6].

One key issue in the successful fusion reactor operation is the plasma-wall interaction
[7]. Even with good magnetic con nement, there are areas where the edge of the
plasma comes into contact with the reactor wall. This is necessary to allow pumping
of the fusion reaction product helium, which otherwise would accumulate and dilute
the fuel, degrading the fusion e ciency. In modern devices the magnetic eld lines
guide the edge of the plasma towards a specially designed region of the wall, the so
called divertor to allow the pumping of He. Hence, plasma-wall interactions are not
avoidable, but an integral part of the plant operation([8]. The divertor is subjected
to signi cantly higher particle and heat uxes than the rest of the wall. In ITER,

the expected typical ion and neutral particle uxes at the divertor plasma strike
point are above 1&*'m 2s 1. This corresponds to total uences over 13 m 2 for
each ITER pulse. The expected surface temperatures around the divertor strike
point are between 800K and 1300 K, depending on the exact localization [7]. Hence
the plasma-facing materials and components have to withstand these high particle
uxes and temperatures. The plasma interaction with the plasma-facing materials
can strongly in uence the plasma operation. The erosion of the plasma-facing
materials limits their lifetimes and the impurities entering the plasma cool down the
plasma and dilute it. Deposition on the plasma-facing materials change their surface
and hence their properties. Dust generation due to erosion is also an important
operational and safety issue. For radiation safety, it is important to keep the T
retention as low as possible. In ITER, the total in-vessel T inventory has to be kept
below 700 g[[7].

Among several candidates, tungsten is a promising plasma-facing material due to
its low sputtering yield, high melting temperature and low hydrogen retention. The
hydrogen retention in tungsten varies from below 1@ for single crystalline W and
310 3at.% for polycrystalline W [9]. As discussed above, tungsten will be exposed
to high uxes of energetic deuterium and tritium ions, atoms and molecules as well
as to high uxes of 14 MeV neutrons from the DT-fusion reaction. This n irradiation
will produce defects in the tungsten crystal lattice in which hydrogen isotopes can be



retained, resulting in an increase of the hydrogen retention in damaged tungsten by
orders of magnitudes compared with the undamaged material [10]. Understanding
the nature and development of radiation damage in tungsten and the hydrogen
isotopes retention in n irradiated tungsten is, therefore, a key issue for the safe
operation of future fusion devices.

To investigate the material response under fusion neutron irradiation, a high ux
14 MeV neutron source is needed. Unfortunately, such a source is not yet available.
Fission neutrons have a signi cantly di erent energy spectrum compared with fusion
neutrons, with an average energy of < 2 MeV. Therefore, they can be used only to
a certain extent to investigate the e ects of n irradiation in a future fusion reactor.
Moreover, experiments with tungsten damaged by ssion neutrons are typically
di cult to conduct because of the long exposure times in a ssion reactor and the
long cooling-down times due to the activation of the samples. Additionally, such
irradiations are often not well de ned in terms of temperature and dose raté [11].
lon irradiation is comparatively fast and does not activate the samples. Di erent
ion species with keV - MeV energies are used to simulate the fusion neutron dis-
placement damage in tungsten. According to [1214] heavy ions are a good proxy
for neutrons as they generate dense collision cascades with large defect clusters
which is also typical for neutron irradiation. In hydrogen isotopes retention studies,
ion irradiation has been used for many years to create displacement damage in
tungsten. D retention in tungsten was extensively studied at di erent damage levels
and di erent ion uences and uxes [1519]. As various ions at di erent energies
are used, the primary tungsten recoil energy spectrum for the damage creation is
also dierent. This may a ect the damage distribution and consequently the D
uptake. It is an open question to what extent the displacement damage and the
resulting D retention in tungsten irradiated by di erent ions is comparable with
each other and with displacement damage created by neutrons. The aim of this
thesis is to characterize the radiation damage in tungsten caused by di erent ions
and to correlate the observed microstructure to the obtained D retention. A detailed
description of the aims and used techniques is found in Séct.|2.5.






Chapter 2

Background

2.1 Radiation damage

The rst wall and divertor of a future fusion reactor will be subjected to large uxes

of energetic ions and neutral atoms from the plasma and fast neutrons (with energies
up to 14 MeV) originating from fusion reactions. These particles, impinging on
the wall, cause radiation damage. Energetic neutrals and ions will cause radiation
damage up to a few m depth due to their higher stopping power. The 14 MeV
neutrons, however, exhibit only a small stopping power in the material and can
cause radiation damage throughout the bulk of the material. The incident particles
collide with the plasma-facing target atoms, either elastically or inelastically. Elastic
collisions lead to atomic displacements, called displacement damage, which result in
lattice defects. Inelastic collisions can lead to transmutations.



Chapter 2. Background

2.1.1 Lattice defects

Fig.[2.1 shows the main types of lattice defects: vacancies, interstitials, vacancy and
interstitial clusters, and dislocations [[20]. Some of these defects are intrinsic, like
vacancies, dislocations, grain boundaries, pores, etc. Others can be, for example,
a consequence of the irradiation of the material with energetic particles (radiation
damage). Interstitials in tungsten are already mobile at room temperature and
migrate to sinks, such as dislocations, grain boundaries and surfaces or form clusters.
There are two types of dislocations: edge dislocations and screw dislocations shown
in Fig.2.2a and Fig[2.Ba. These two types can either be of vacancy-type or interstitial-
type, shown in Fig[2.1[20["21]. The crystallographic orientation of a dislocation is
described by the Burgers vectob. A Burgers circuit in a crystal lattice containing

a dislocation is a closed loop connecting atom to atom. It is drawn in Fig.2.2a
and Fig.[2.3 a as the circuit MNOPQ containing the dislocation. When transferring
the same circuit into a dislocation free lattice, the loop will not close, compare
Fig.[2.2 b, Fig[2.3b. The vectoiQM , required to close the circuit in this dislocation
free lattice, is called Burgers vectob and is an important parameter to describe
the crystallographic orientation of a dislocation.

vacancy-type
vacancy  dislocation loop
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Fig. 2.1: Main types of lattice defects [20].
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Fig. 2.2: a) Burgers circuit around an edge dislocation. b) The same circuit drawn in
a perfect crystal does not close. The vector needed to close the circuit is the Burgers
vector. Reprinted from "Introduction to dislocations”, D. Hull and D. J. Bacon, Elsevier
Ltd, (2011), with permission from Elsevier [21].
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Fig. 2.3: a)Burgers circuit around an screw dislocation. b) The same circuit drawn in
a perfect crystal does not close. The vector needed to close the circuit is the Burgers
vector. Reprinted from "Introduction to dislocations”, D. Hull and D. J. Bacon, Elsevier
Ltd, (2011), with permission from Elsevier [21].

2.1.2 Displacement damage

An impinging energetic particle can undergo elastic collisions with target atoms.
A target atom hit by the incident particle, which receives enough energy to leave
its lattice site, is called primary recoil. This primary recoil itself undergoes elastic
collision and will displace further target atoms and so on if its kinetic energy is high
enough. The initial energy is dissipated in about 100 fs5[22].

Whether a recoil is produced in a collision depends on the amount of energy trans-
ferred during the collision event. The average threshold energy, Eh metals, for
permanently displacing atoms, is typically in the range of 10-50eV [12,123]. If the
atom receives a kinetic energy EEy, it is permanently displaced.

This threshold energy depends on the crystallographic direction. The average value
Is the e ective displacement threshold energy. In tungsten the threshold energies
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Chapter 2. Background

for the main crystallographic directionshl0G, h11l, h110 were determined ex-
perimentally to be 42eV inhl00, 44eV in h11l, and 70 eV in h110d direction
[24]. This gives an e ective threshold energy of 55.3eV [24]. Despite of these
experimentally determined values, the American Society for Testing and Materials
(ASTM) recommends using 90 eV for the e ective threshold energy in tungsten25].
This value has been used in many studies and is also used for reasons of comparability
for all damage calculations in this thesis.
One aim of collision cascade theory is to calculate the number of recoils N(E, T) with
initial kinetic energies between T and T+dT produced by a primary recoil slowing
down from energy E[[22, 26]. In a collision, the primary recoil with energy E transfers
the kinetic energy T to the target atom. The target atom will be permanently
displaced if the transferred kinetic energy T minus the binding energy to the lattice
site E, is larger than the threshold energy Efor displacing atoms: T E, Eq.
The incident ion will continue to move if its energy E minus the transferred energy
T is larger than the energy E needed to capture a slow projectile by a vacant lattice
site: E T  E.. With this, two inequalities the multiplication threshold energy
can be de ned as[[22, 26]:

L=Ey+ Ec+ Eq (2.1)

When the energy of the incident particle is larger than the multiplication threshold
(E L) two particles are moving after a collision. IfE <L , only one particle moves
after the collision as the other is captured by the vacant lattice site. With this, the
total number of displaced atoms (E) can be calculated[[22, 26]:
ZE
(E)=1+ ] N(T;E)dT (2.2)

The leading term in Eq[2.2 is the primary recoil and the integral describes the
secondary, tertiary... recoils, i.e. the multiplication by the cascadé&[22].
Under the assumption of hard-sphere scattering f& T, transport theory gives:

, -y _ CE . _
IlmoN(T,E)— ﬁWlth c=1 (2.3)

T=E!

Inserting Eq.[2.3 in Eq[2.2 gives:
(E) = cE=L (2.4)

This result assumes that deviations from Ed. 2|3 are negligible when TE. As the
number of low energetic recoils is much higher than the number of high energetic
recoils this assumption is justi ed. Kinchin and Pease [12, 22, 27] used hard sphere
scattering with c=1 and chose =0 and E.; = Eq4. It was assumed that at energies
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2.1. Radiation damage

higher than the cut-o energy E., the recoils will loose their energy entirely through
electronic stopping. Below E, electronic stopping is ignored and only hard-sphere
elastic collisions with target atoms occur. This results in E{. 2.4 with = 2E4 and
gives the Kinchin Pease (KP) model for atomic displacements]12,122] 27].

8
% 0 E<Eq;
1 Eq<E<L; ,
(E) = with L = 2Eg4 (2.5)
§ £ L<E<E c
o Ecul ECUt < E < 1

This equation was further re ned by Norgett, Robinson and Torrens (NRT) due to
results of computer simulations using binary collision approximation. It was found
that L should be de ned as L = 2E4/0.8. The new factor was found to be energy
and material independent. This is called the modi ed Kinchin Pease equation or
NRT equation [22,[26/28].

Knowing the total number of displaced atoms, one can easily calculate the displace-
ment per atom, called dpa, which is the number of displaced atoms divided by the
number of material atoms in the same volume:

Number of displaced atoms
dpa=

= - - - 2.6
N umber of material atoms in this volume (2.6)

The number of displaced atoms is calculated either with the Kinchin Pease (KP) or
the Norgett Robinson Torrens (NRT) model.

The dpa concept is well known and widely used due to its simplicity. However, it has
been shown experimentally that the actual defect concentration found in a material
after irradiation is not identical to the dpa value but is usually much smaller([29].
This is the case because the assumptions made in this model are only justi ed for
temperatures at 0K, when no subsequent defect migration occurs.

Molecular dynamics (MD) simulations can give a deeper understanding of collision
cascades. In MD simulations the evolution of the trajectories of interacting atoms
with time is calculated by numerical solving of Newton’s equations of motions.
By using interatomic potentials, the forces between the interacting atoms and the
potential energies are determined. MD simulations are very close to reality. A
signi cant drawback of these simulations is their long computing time. Usually,
these kinds of simulations are limited to timescales of below & [30,[31].
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Fig. 2.4: MD simulation of a cascade in gold initiated by a 10 keV gold recoil at a material
temperature of OK [28,[32]. The subimages illustrate the time evolution of a cascade.
The dots indicate the atom positions and their color stands for their kinetic energy. It can
be recognized that a large number of atoms is displaced in the rst stage of the cascade.
During the cooling down of the cascade, almost all displaced atoms recombine with vacant
sites. Reprinted from "Improving atomic displacement and replacement calculations with
physically realistic damage models”, K.Nordlund et al., Nature Communications, (2018),
open access article (CC BY license)[32].

Fig.[2.4 [29] shows the temporal evolution of a collision cascade initiated by a
10keV gold primary recoil in gold. In the rst 0.2ps, a huge number of atoms

Is displaced through ballistic collisions. The number of displaced atoms is similar
to the prediction of the NRT equation. Through subsequent collisions between
the displaced atoms the collision cascade becomes a heat spike. A heat spike
is a dense region of many body collisions which is underdense in the center of
the cascade and overdense at the cascade tails. It eventually has a Maxwell-
Boltzmann like distribution of kinetic energies and lasts for a few tens of picoseconds.
After this phase, the heat spike cools down within a few ps which can be seen
as a recrystallisation process, i.e. the crystal anneals (interstitials and vacancies
recombine). Hence, the remaining radiation damage is much smaller than the
primary damage in the cascade, as can be seen in the last image 0f.[2:¥1[[29, 32].
Therefore, the dpa concept can not be interpreted as the actual defect concentration
but should be understood as a measure of radiation exposure, which simpli es the
comparison between di erent particle irradiations (neutrons, protons, ions).

MD simulations of collision cascades in tungsten gave a better understanding of the
mechanisms in a collision cascade. A. Sand conducted several MD simulations of
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2.1. Radiation damage

150 keV collision cascades in tungsten using di erent interatomic potentials 33,1 34].
It was found that the extent of the molten area in a cascade measured after 250 ps
corresponds well to the nal damage distribution. Large self-interstitial clusters
are found around the molten area. Single self-interstitial atoms are found further
outside this region. Vacancy and vacancy clusters are located in the cascade core.
At 150 keV, no subcascades were found, nevertheless, the molten area of the cascades
was strongly elongated which is a sign that the energy was very close to the threshold
energy for cascade fragmentation.

In the MD simulations both vacancy type and self-interstitial type dislocation loops
were calculated to exist. Dislocations with b#100 and b=hl11 were found as a
result of the collision cascadé [33,34]. However, no dislocations of typethd were
observed in the simulations. The in-situ TEM study using 150 keV self-irradiated
tungsten performed by[[36,36] con rmed the results of the simulations.

It was found that the distribution of defects as a function of their size is following a
power law up to around 300 point defects constituting a cluster. For larger clusters
a deviation from the power law was observed [3[7,138]. The power law size scaling
and the upper size limit was con rmed by in-situ TEM studies at temperatures of
30K at low doses. As at such low temperatures, the lattice defects had reduced
mobility and the observation of the initial damage after a cascade was possililel [39].
Due to the short timescales of MD simulations e ects like long time defect evolution
can not be simulated. All above described MD calculations were conducted at OK,
hence thermal activated defect mobility was not taken into account.

2.1.3 Thermal evolution of radiation defects

At higher temperatures additionally defect migration plays an important role. Inter-
stitials and vacancies can migrate in the material by thermally activated di usion
and annihilate at surfaces, grain boundaries and dislocations. They can also re-
combine or agglomerate to more stable defects such as vacancy clusters, interstitial
clusters or dislocation loops’[12, 40]. There are ve defect annealing stages known
in irradiated metals. Stagel is the onset of self-interstitial mobility, which is found
to be at around 100K in tungsten. Stagell corresponds to the mobility and/or
dissociation of small interstitial clusters and is found to be between 100K and
620K in tungsten. Stagelll stands for the onset of vacancy migration and its
onset is found to be at about 620K in tungsten. The higher stages are still under
discussion, Stage IV may stand for the migration or dissociation of vacancy impurity
clusters. The onset temperature for stage IV in tungsten is at about 910 K. Stage V
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Chapter 2. Background

corresponds probably to the dissociation of defect clusters or formation of voids.
Stage V starts at about 1240K in tungsten[]40, 41]. Hence, at room temperature
the interstitials in tungsten are mobile. There are many studies about radiation
damage in tungsten and its recovery. TEM is a powerful tool to characterize
the radiation damage. Dislocations, voids and defect clusters can be observed in
irradiated tungsten. The defect evolution in irradiated tungsten was studied by
many authors with transmission electron microscopy at di erent temperatures, just
to name fewi[35/°36, 40, 42 44]. Nonetheless, TEM studies provide only a part of
the sought information due to its limited resolution of 1 nm, i.e. single vacancies and
small clusters are not visible in TEM. Therefore, there are many studies of the defect
evolution at di erent temperatures with Positron Annihilation Spectroscopy [45[48].
Defect annealing studies were also performed analyzing the D retention in irradiated
tungsten. Through analyzing the D retention with nuclear reaction analysis and
thermal desorption spectroscopy conclusions about the defect microstructure and
its evolution at di erent temperatures can be made[[49, 50].

2.1.4 Transmutations

Elastic collisions of the incident particles in the material result in displacement
damage, discussed in Seft.2.1.2. Inelastic collisions can result in nuclear reactions.
However, the energy of the neutral atoms and ions reaching the rst wall or the
divertor in a fusion reactor is in general too low to undergo nuclear reactions. Hence,
they collide inelastically only with electrons.

Neutrons, however, can induce various nuclear reactions with tungsten resulting in
long reaction chains. Gilbert et al. [[51] calculated the elemental composition of
pure W after 5-full-power years (5 x 365d) irradiation in DEMO. Fig[ 2.5 shows
the result of the calculation. Beside signi cant concentrations of Re and Os also
Ta, Hf and other elements are found. For all W isotopes, the main reactions with
a high cross section are the (n) and (n,2n) reactions. The (n,) reactions are
dominant for low energetic neutrons with energies below 100 keV whereas the (n 2n)
reactions become dominant above 1MeV neutron enerdy [52]. This changes the
original material and its properties. E.g., the addition of 5 Re to pure W reduces
the thermal di usivity by half. The development of precipitations can change the
materials properties dramatically [53, 54]. Problematic are also the nuclear reactions
that produce gaseous products like helium and hydrogen. Due to the low solubility of
He in W, He bubbles form which can lead to substantial swelling of the material [55].
Another problem is that some of the created nuclids are radioactive thus activating
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Fig. 2.5: Transmutations of pure W during 5 full-power years neutron irradiation
in DEMO rst wall conditions. Reprinted from "Inventory Simulations under Neutron
Irradiation: Visualization Techniques as an Aid to Materials Design", Nuclear Science
and Engineering 177 p.291, M. R. Gilbert et al., Taylor & Francis (2014), Taylor &
Francis reuse for dissertations [51].

the material. The induced radioactivity of W in a fusion reactor is mainly due to
186Re. Around 100 years of cooling down will be required in order to su ciently
reduce the activity of W armor from a fusion reactor([52].

2.2 Neutron energy spectra of a fusion and ssion
reactor

The 14 MeV fusion neutrons are producing radiation damage throughout the ma-
terial. Therefore, one key issue in fusion research is to understand the materials
behavior under such energetic neutron irradiation [11]. The response of the material
to neutron irradiation depends on the exact neutron ux and energy spectrum.
Gilbert et al. [55] calculated neutron energy spectra for di erent areas of DEMO
with a neutron transport code (the calculation was done for the DEMO design
proposed by CCFE in 2009) and found that they di er depending on the location
in the reactor. The ux decreases by several orders of magnitude and the energy
spectrum becomes softer with increasing distance of the plasma-facing component
from the plasma core. This shows the complexity of the problem and demonstrates
that carefully designed calculations and experiments are needed to understand the
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Irradiation parameter | DEMO rst wall | IFMIF high ux | HFR position F8
3MW/m 2 test module
ntotal ux [l/cm?s] | 1.310% 5.710% 3.810%
Damage[dpa/fpy ] 30 20-55 2.5
H [appm/fpy] 1240 1000-2400 1.9
He [appm/fpy ] 320 250-600 0.8
Table 2.1: Displacement damage and gas production in iron for di erent neutron

irradiation facilities [14]

materials response.

To investigate the material response on fusion neutron irradiation dedicated facilities
are required. No fusion reactor is available nowadays which is operating with D-T
fuel and producing the typical fusion neutron energy spectrum. Unfortunately, also
no 14 MeV neutron source with su cient large uxes is available. The International
Fusion Materials Irradiation Facility (IFMIF) is planned to be constructed. IFMIF

will produce a neutron ux by the nuclear reaction Li(d,xn) with a broad peak at
14 MeV [56].

Fig.[2.6 shows the calculated neutron energy spectra for the rst wall of DEMO
and a typical neutron spectrum of a pressurized water ssion reactor (PWR) [55].
Signi cant di erences are observed especially at high energies which are dominant
in a fusion reactor. Signi cant uxes above 12 MeV are observed, resulting in higher
damage levels and an increase of the probability for threshold nuclear reactiong [55].
The average energy of ssion neutrons is typically below 2 MeV. Nevertheless, ssion
neutrons can be used to study the expected material response in a fusion reactor to
some extend. These ssion neutrons slow down in the material creating displacement
damage similar to fusion neutrons. Transmutations typical for the low energy range
can also be studied. One problem of such reactor experiments is the control of
the irradiation parameters like ux, temperature, exact irradiation time making the
results di cult to interpret. Due to the signi cantly di erent energy spectra of
ssion neutrons these will not produce this high amount of displacement damage
and these substantial amounts of gaseous transmutation products (H, He) which
are typical for a fusion reactor. Tab[ 2.l shows the expected irradiation parameters
of DEMO for the rst wall, for IFMIF, and for a ssion high ux reactor (HFR).
Signi cant di erences in the displacement damage production and gas production
between DEMO and HFR reactor are obvious. IFMIF shows more similarity to
DEMO [14].
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Fig. 2.6: Neutron energy spectra of DEMO for the rst wall and a typical neutron
spectrum of a pressurized water ssion reactor (PWR). The left image is showing the
whole energy range in eV. The right image is showing the neutron energy spectrum
between 1-15MeV. Note please the change from logarithmic to linear scaleReprinted
from Publication "Neutron-induced dpa, transmutations, gas production, and helium
embrittlement of fusion materials”, Journal of Nuclear Materials Vol. 442 pp. 755 - 760,
M.R. Gilbert, S.L. Dudarev, D.Nguyen-Manh, S.Zheng, L.W.Packer and J.-Ch. Sublet,
Elsevier (2013), with permission from Elsevier [55].

2.3 lon irradiation as proxy for neutron irradi-
ation

Due to the lack of a 14 MeV neutron source and the signi cant di erences between
the neutron energy spectra of ssion and fusion neutrons, ions are often used as
proxy for neutrons. The irradiation parameters during ion irradiations are much
better de ned than in ssion reactor neutron irradiations. The knowledge of ion
energy, ux, dose rate and irradiation temperature allows fundamental radiation

e ects studies. It is well known that most of the radiation e ects observed in neutron
irradiated materials can be reproduced by using di erent ion$ [57]. Typical neutron
irradiations in ssion reactors require 1-3 years exposure time to reach damage levels
relevant for fusion research. This is accompanied by activation of the sample which
requires at least one year of cooling down time. Such long time spans allow only
few irradiations which makes an understanding of the physical phenomena di cult.
In contrast to neutron irradiations, ion irradiations are much faster due to the higher
damage rate of ions. Damage levels in the range of 1-10dpa are usually reached
within a few to a few ten hours of ion irradiation with little or no induced sample
activation. Hence, ion irradiations are much easier to handle, rendering ions an
important alternative to neutrons [1Z].
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Chapter 2. Background

However, experiments have to be planned carefully taking into account the dif-
ferences to neutrons. lons show large dierences in the energy deposition along
the particle track compared to neutrons. They are slowed down continuously due
to electronic stopping and the long range Coulomb interactions. The interaction
of neutrons with target nuclei can be well described by hard sphere scattering.
Neutrons and target atoms do not interact until the distance between them is equal
to the hard sphere radius. These di erent potentials result in di erent recoil energy
spectra: In a 1 MeV self-ion irradiation of Cu over 8% of the primary recoils have
energies below 1keV, whereas a 1 MeV neutron irradiation of Cu results in about
80% of the primary recoils having energies between 30-60 kéV1[26] 57].

Also other di erences occur between ion irradiation and neutron irradiations. lon
irradiations typically exhibit a high dose rate in comparison to neutron irradiations.
This results in di erent defect arrival rates at sinks (grain boundaries, dislocation,
defect clusters). To obtain comparable defect arrival rates at sinks Mansur et
al. [58, 59] suggested to perform ion irradiations at higher temperatures than
neutron irradiations. In ion irradiation a focused ion beam is often used which
rasters the sample surface in order to obtain uniform irradiation. However, it was
experimentally shown that using rastered or pulsed beams can result in a di erent
microstructure compared to static ion beam irradiations [60 62]. Gigax et al. [61]
observed in self-ion irradiated iron a reduction of swelling due to ion beam rastering.
It is predicted that such beam pulse e ects vanish at very high frequencies. Hence,
care is needed when using pulsed ion beams. When performing ion irradiations,
surface e ects should also be taken into account as they can change the observed
radiation damage discussed in detail by Zinkle et &L.[57]. During ion irradiations
the ions get implanted in the material thus changing the initial material and its
response to radiation[[57, 63]. Neutron induced transmutations can not be simulated
by ions. In addition to the limited ion damage depth, it is di cult to investigate
bulk properties such as thermal conductivity or mechanical properties [57].

When using ions to simulate neutron irradiation, it is important to choose the best
suiting ion species for the problem to be investigated.

Let us assume that the displacement damage of 14 MeV neutrons should be in-
vestigated. Naively one might assume that protons should be a good proxy for
neutrons as they have an almost identical mass. However, the answer depends
on the primary recoil energy spectrum. Not the number of recoils of a particular
energy is most important but the number of defects produced by every primary
recoil is essential. Hence, the primary recoil spectrum has to be weighted by
the number of defects produced by the primary recoils. The fraction of defects
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2.3. lon irradiation as proxy for neutron irradiation

produced by the primary recoils is described by the weighted recoil spectrum W(T).
As an example, Fig. 2.]7 shows the calculated weighted recoil spectrum for neutrons,
protons and heavier ions (Ne, Kr) with 1 MeV incident energy in coppef [1Z,126].
To calculate the weighted recoil spectrum for neutrons or protons, the hard sphere
interaction or the Coulomb interaction was used, respectively. The weighted recoil
spectra for the other particles were calculated using screened Lindhardt cross section
[12,126]. From Fig[2.7, one can see that over %of the calculated damage from the
irradiation with 1 MeV protons are due to primary recoils with energies below 10 keV.
In comparison, only 26 of the damage from the irradiation with 1 MeV neutrons
originates from primary recoils with energies below 10keV. Therefore, protons are
only a poor proxy for neutrons. Neutrons form dense collision cascade whereas
proton irradiation produces mainly small sparse cascades and isolated Frenkel pairs.
The weighted recoil spectrum of Ne or Kr shows more similarities to that of neutrons.
For 1 MeV Kr irradiation of copper, only up to 30% of the calculated damage
originate from primary recoils with energies below 10keV (Fif.2.7). Hence, to
simulate displacement damage caused by neutrons heavy ions should be used[12, 26].
However, it is not possible to obtain all aspects of the microstructure with ion
irradiation originate from 14 MeV fusion neutron irradiation due to the evident

di erences between ions and neutrons. Nevertheless, ions provide the opportunity
to investigate the very complex radiation processes. Depending on the radiation
e ect to be investigated di erent ion species are used. For studying the formation
of cavities in materials light ion irradiations like H or He have been used |64 66]. To
investigate transmutation reactions in tungsten high energetic proton irradiations
can be useful[67]. To understand the displacement damage by neutrons, di erent
heavy ions are widely used [68 71]. There is only a limited number of studies dealing
with the comparison of the response of tungsten to di erent ion irradiations and a
systematic work is needed to get a deeper understanding of the radiation damage in
tungsten caused by di erent ion species.
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Fig. 2.7: Weighted recoil spectra calculated for dierent 1MeV particles in Cu.

Reprinted from "Atomic displacement processes in irradiated metals”, Journal of Nuclear
Materials 216, p.49 , R.S. Averback, Elsevier (1994), with permission from Elsevier[26].
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2.4. Hydrogen in tungsten

2.4 Hydrogen in tungsten

Tungsten is a promising plasma-facing material due to its low sputtering yield,
high melting temperature and low hydrogen retention. The hydrogen retention in
tungsten ranges from below 10 at.% for single crystalline W to 310 3 at.% for
polycrystalline W [9,[72]. In a future fusion reactor it is important to keep the T-
retention as low as possible for radiation safety reasons. For example in ITER, the
total in-vessel T inventory should be kept below 700 @I[7]. Therefore, the hydrogen
retention in tungsten is a key issue for safe operation of a future fusion reactor.
Tungsten will be exposed to high uxes of energetic deuterium and tritium ions,
atoms and molecules as well as to high uxes of 14 MeV neutrons from the DT-
fusion reaction. The irradiation with D, T ions produces radiation damage in near
surface layers while n-irradiation produces radiation damage throughout the whole
W bulk. Experiments and atomistic calculations show that lattice defects in metals
trap hydrogen [73]74]. Hence, the hydrogen retention in irradiated tungsten can be
increased by several orders of magnitude 10, 75].

Fig.[2.8 shows schematically the potential energy diagram for H in W. The surface
Is indicated by the dashed, vertical line. The energy of a Hmolecule is de ned

to be zero at innity. As can be seen in Fig.2J8, the uptake from H in W is
endothermal, as the potential energy of hydrogen in the tungsten bulk is higher
by Es compared to the energy of a K molecule in the vacuum ,i.e. it has a
positive heat of solution. Molecular hydrogen has to be dissociatively adsorbed
at the surface before being absorbed into tungsten, whereas atomic hydrogen can
be absorbed directly. The absorption into tungsten requires the energyEs g.

Of course, an absorbed hydrogen atom can enter back into the adsorbed state at
the surface and can be released as Hfter recombination with another adsorbed
atomic hydrogen. In the bulk, hydrogen can be either in the solute state or can be
trapped in lattice defects. Density functional theory (DFT) calculations show that
solute hydrogen occupies tetrahedral interstitial site§ [76], which is con rmed by ion
channeling experiments[[/7]. The hydrogen atom jumps from one site to another
obtaining the needed energy Ep from thermal oscillations of the atomic lattice.
This process is called thermally activated di usion. The interstitial positions are
shallow minima in the potential energy diagram for hydrogen in tungsten. The
di usive ux is described by Fick’s rst law:

J(r;t)=  Dr C4(r;t) (2.7)
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with D being the hydrogen di usion coe cient and C(r,t) the local concentration

of solute hydrogen. There exists only a limited number of studies which determined
the solubility and di usivity of hydrogen in tungsten. It is generally accepted that
the hydrogen solubility in tungsten is very low. Frauenfelder's measuremenis [78]
of the solubility and di usivity are seen as most reliable as the measurements were
performed at high temperatures of 1100-2400K, at which the amount of hydrogen
trapped in lattice defects should be negligible. Hence, the solubility in tungsten can
be described as:

1:04eV H

S(T)=9 10 %exp T W atmi=

(2.8)

with the heat of solution Es = 1.04eV and the solubility constant $=9 10 3
determined by Frauenfelder[[78]. DFT calculation[76, 79] of &give a value from
0.86t01.04 eV which is in good agreement with [78]. The hydrogen di usivity is
described by the following equation [78]:
0:39eV " m2#
— A 7 '

D(T)=4:1 10 ‘exp TeT o (2.9)
with the activation energy for hydrogen di usion E;=0.39, and the di usion con-
stant is Dy=4.1 10 ’[78]. DFT calculations [/6/79] of the hydrogen di usivity give
a value of about E =0.2 eV which is signi cantly di erent to the measured value of
0.39eV. It was suggested by Heinola et al.[80] to omit the data at 1100 K-1500 K
in Frauenfelder's experiment as at these temperatures hydrogen trapping in defects
might be not negligible. The extrapolation to low temperatures without these data
gives a value of 0.25eV, much closer to the DFT value.

Due to the low solubility of hydrogen in tungsten, the hydrogen retention is governed
by the amount of hydrogen trapped in defects. These defects can be either intrinsic
or introduced by neutron/ion irradiation. Hydrogen gets trapped in lattice defects
due to the reduced electron density at the lattice defects which attracts hydrogen
atoms. Di erent trap sites have di erent hydrogen binding energies. Single vacancies
trap hydrogen less strongly than vacancy clusters, i.e. the binding energy is smaller.
The trap energy Ersp in Fig.[2.§ describes the energy needed to escape the trap.
The trapped hydrogen can be released through thermally activated detrapping.
Hence, the amount of trapped hydrogen atoms decreases with increasing temper-
ature. The role of individual defects on hydrogen retention is dicult to de ne

as it seems that some defects species have similar trapping enerdies([81, 82]. The
detrapping energy of single vacancies is 1.48.02eV as measured by Eleveld and
van Veen [83]. Poon et al.[184] derived a trap energy of 1.34 for the rst D atom at a
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vacancy, based on modeling of D thermal desorption spectra. Zibrov et al. measured
an energy of 1.56 0.06 eV [85]. DFT calculations predict for the detrapping energy
values between 1.27-1.79 eV [79,/80, 86| 87]. The DFT calculation show that a single
vacancy can trap up to 6-12 hydrogen atoms. With increasing number of trapped
hydrogen atoms the detrapping energies decrease! [/3, 88].
Vacancy clusters bind hydrogen more strongly. Nevertheless, the detrapping energy
with respect to the cluster size is unknown. Experimental measurements assign a
detrapping energy of about 2.05eV[89] or 2.1eV 84,190]. The detrapping ener-
gies assigned to dislocations vary strongly in literature. Ogorodnikova et al."[16]
estimated a rather low detrapping energy of 0.85eV from dislocation and grain
boundaries. Manhard[[91] assigned an energy of 1.2Zh11 eV to dislocations. The
detrapping energy of dislocations depends on the type of the dislocation, whether it is
a vacancy type, interstitial type, screw or edge dislocation. In[92] DFT calculations
gave a detrapping energy of 0.53 eV for a screw dislocations and 0.89 eV for an edge
dislocations. In [93] the upper limit for the binding energy of a H atom to the core of
a dislocation was predicted to be 0.97 eV for edge dislocation and 0.57 eV for screw
dislocations.
As described above, hydrogen in tungsten can be either in the solute state or trapped
in defects. Following equations describe the hydrogen di usion and trapping in one
dimension [46/ 94 96]:

@Qx;t) _ @Cs(x;t) ¥ @Qx;t)

@t @% ., Ot

The rst term on the right side of in Eq.P.10 describes the di usive ux (the solute
hydrogen). D(T) is the hydrogen di usivity (compare EqJ2.9) andCs(x;t) is the
local concentration of solute hydrogen. The second term gives the temporal variation
of the concentration of trapped hydrogen in traps of type iC! (x;t), summed over all
possible trap types up to p. The third term S(x,T) stands for the hydrogen source
which can be hydrogen implantation. The temporal variation of the concentration
of trapped hydrogen is governed by trapping and detrapping from defects. This is
described in the following equation:

D(T) + S(x;t) (2.10)

. ,t i i i i :
@@gt) = (MCxt) (lxt) Cixt)  Cixt) (T) (2.11)
!
with '(T) for trapping into trap i (s 1): (T)= iexp - '|£
B
|
with  '(T) for detrapping from trap i (s *): "(T) = étCti (x;t)exp kE_Icit
B
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In Eq.Cti (x,t) is the local concentration of trapped hydrogen in trap type and
I"and 1, are the trapping and detrapping frequencies of trap type | is the
concentration of trap typei [46,94[96].
In this model it is assumed that one trap can hold only one hydrogen atom. However,
DFT calculations and experimental results show that one defect can trap several
hydrogen atoms with dierent trap energies [[/6]. This is described by the II-
level model from K. Schmid et al. [[88, 96]. This ll-level dependent model is able
to describe the isotope exchange in metals at low temperatures. For experiments
using only one hydrogen isotope the classical and Il-level dependent models yield
the same results[[96]. To solve Eds.2]10 ahd 2.11 boundary conditions have to be
chosen. Experiments’[81, 9%, 97] suggest that the recombination rate at the surface
can be assumed as in nitely high which leads to an hydrogen surface concentration
equal to zero: C(x=0, t)=0. Unfortunately, analytic solutions can be calculated
only for few simple problems. A number of computer programs, like for example
TMAP7 [98] TESSIM [99,[100] or MHIMS [101] and others [102Z, 103], is used to
solve the problem numerically.
It was observed that the exposure of tungsten to hydrogen with an energy below the
displacement energy can results in the formation of blisters and cracks in tungsten.
Whether blisters and cracks occur depends on the material temperature, incident ion
energy, ux and uence. This blister and cracks can enhance the hydrogen retention
immensely [91/104, 105].
As hydrogen gets retained in lattice defects acting for it as trap sites, the hydrogen
retention in irradiated tungsten increases with damage level. D retention studies of
self-damaged tungsteri [106, 107] showed that the D retention at low damage levels
increases linearly. At higher damage levels the D retention starts to saturate. At
0.20-0.25dpa (dpa value calculated in the Kinchin Pease mode in SRIM) the D
retention in tungsten is saturated and reaches at room temperature a maximum
value of about 1.8 0.1 at.% deuterium in tungsten [108].
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Fig. 2.8: Potential energy landscape for H at the W surface and W bulk. Egec is the
energy needed for recombination of atomic H to H at the surface and vice versa, Es g
is the energy for absorption, Es the heat of solution, Ep the energy for di usion,
Errap the detrapping energy [9]. Republished with permission of IOP Publishing,
from "Hydrogen in tungsten as plasma-facing material”, J. Roth and K. Schmid, Physica
Scripta, volume 2011, 014031 (2011); permission conveyed through Copyright Clearance
Center, Inc.
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2.5 Objectives of the present thesis

As tungsten is a promising plasma-facing material, large e orts are made to under-
stand the radiation damage of tungsten induced by neutrons and its in uence on
hydrogen retention. As described in sectign 3.2, neutron sources with an energy spec-
trum characteristic for fusion are not available and di erent ion species (Se¢t. 2.3)
are used to simulate neutron radiation damage in tungsten. It is not clear to what
extent the radiation damage and the subsequent hydrogen retention created by the
di erent ion species is comparable and to what extent it resembles that of neutrons.
Only few works exists which deal with the systematic comparison of the response
of tungsten to di erent ion irradiations [68 71]. These works often compare only
one aspect like the microstructure or the hydrogen retention. Therefore, the main
objectives of the thesis are the following:

Characterization of the microstructure of the damage zone in tungsten irradi-
ated by di erent ions.

Investigation of the D retention in tungsten irradiated by di erent ions.

Investigation of the correlation between the microstructure of the damage zone
and the D retention.

In order to tackle the above mentioned objectives, tungsten was irradiated by
di erent ion species (H, D, He, Si, Fe, Cu and W) to damage levels of 0.04 dpa and
0.5dpa at the Max-Planck Institut fr Plasmaphysik (IPP). This ion irradiation
produced displacement damage in tungsten. In the following work, the expression
damage always means displacement damage.

To study the microstructure of the irradiated tungsten, transmission electron micro-
scopy (TEM) at the Warsaw University of Technology (WUT) and positron annihila-
tion lifetime spectroscopy (PALS) at the research neutron source (FRM-II) was used.
TEM is a widely used method to investigate dislocations. To investigate the whole
damage zone, TEM lamellas were cut out of the tungsten samples perpendicular to
the surface with focused ion beam microscopy (FIB). This provided the possibility
to investigate the dislocation structure throughout the whole ion damage range. As
with TEM vacancies and small vacancy clusters can not be resolved, PALS was used
to investigate these kind of defects.

To study the D retention in tungsten the samples were D loaded at the low- ux
deuterium plasma device PlaQ at IPP. The plasma conditions during D loading
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were chosen such to prevent additional displacement damage during loading. To
investigate the D retention behavior in tungsten nuclear reaction analysis (NRA)
and thermal desorption spectroscopy (TDS) were performed at IPP. With NRA
using the reaction DEHe, p) D concentration depth pro les were derived. Through
TDS the D desorption spectra were obtained.

In the next chapter3, most of the experimental and analysis techniques are in-
troduced. In chaptef4, the damage calculation with SRIM and the irradiation
parameters are described. The following chaptérs 5 ahd 6 are presenting the results
of this work. In chapter[§, the results about the microstructure obtained by TEM
(Sect]5.1) and PALS (Secf. 5]2) are presented. In the following chapfér 6, the results
on the D retention in tungsten are described. In chaptél 7, a discussion of the results
obtained by all three methods is given and a short outlook on possible future research
topics.
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Chapter 3

Experimental apparatus and
analysis

3.1 Sample preparation prior to irradiation

Single crystalline W samples were cut from a high-purity single crystalline tungsten
rod (diameter 10 mm). It was grown along thehlOG crystallographic direction

by electron-beam oating zone melting at the Institute of Solid State Physics in
Chernogolovka, Russia [109, 110]. The accuracy of the crystallographic orientation
of the rod is 2. Samples with a thickness of 1.5mm were cut by spark erosion
from the rod. Before cutting into slices, two sides of the rod were removed res-
ulting in the sample shape shown in Fig.3]1, with a long edge and a short edge.
This shape was chosen in order to have the possibility to orient the crystal with
respect to its primitive cell. To remove residue from the spark erosion the samples
were mechanically polished with a nal grinding step of P4000 SiC paper. After
mechanical polishing the samples were cleaned in an ultrasonic bath successively
with acetone, isopropanol, high purity acetone and nally followed by rinsing with
distilled water. In the next step, the samples were electro-polished with 1.5 %
NaOH at 19 V for 3 min to mirror-like nish with the machine LectroPol-5 from
Struers. Laue X-ray diraction was conducted at the Technical University Munich
from several polished samples. It was found that the surface normal was within 4
from the h100 direction. The h100 direction in the X, y plane was found to be
about 43 1 with respect to the long edge of the sample. Prior to the irradiation,
the samples were outgassed at 1200 K for 30 min and annealed at 2000 K for 5 min
by electron bombardment in an ultra high vacuum € 10 ° Pa). Polycrystalline W
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long edge i

[

Fig. 3.1: Shape of the single crystalline W samples.

samples of a size of 10x 10x 0.7 nimand a purity of 99.97 wt.% manufactured by
Plansee SE, Austria were used [111]. All samples were from the same manufacturing
batch, i.e. the texture and purity of the samples was comparable. These samples
were mechanically polished with a nal grinding step of P2500 SiC paper and then
cleaned as the single crystalline samples in an ultrasonic bath. In the next step,
they were electro polished with 1.5 % NaOH at 19 V for 15 min in a in-house
made apparatus to mirror-like nish. After polishing the samples were outgassed at
1200 K in an ultra high vacuum for 30 min. To reduce intrinsic defects and to anneal
the distortions introduced by the polishing process, the samples were annealed at
2000 K for 5 min by electron bombardment in an ultra high vacuum<10 ° Pa).
After the re-crystallization process, the initial (as delivered) dislocation density is
reduced by about two orders of magnitude to 1.91.4 10’m 2 [112].

3.2 lIrradiation of the samples
at the Tandem accelerator

Irradiations of the samples were performed at the implantation beamline of the
3 MV tandem accelerator of the Max-Planck Institut fr Plasmaphysik. For the
irradiations the samples were mounted on a water-cooled copper holder to prevent
temperature rise of the samples during irradiation, Fig.3.2. In order to suppress
channeling of the incident ions, the single crystalline samples were not mounted
directly on the water-cooled sample holder but were tilted in two perpendicular
directions. A wedge-shaped top piece was designed to be placed on the sample
holder. On top of this wedge, the single crystalline W samples were mounted
using a circular molybdenum mask with an opening area of 7 mm in diameter, see
Fig.3.2a. The samples were tilted of about 12in one direction. Additionally,
the sample holder was rotated by 8to tilt the sample in the second direction.
This gives an angle of about 14between the ion beam direction and the surface
normal. This procedure ensured the irradiation of the single crystal in an arbitrary
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3.2. Irradiation of the samples
at the Tandem accelerator

Cu wedge-shaped Mo mask Cu sample holder
top piece

(@) Sample holder used for damaging of single
crystalline W samples.

sample

(b) Sample holder used for damaging of polycrystal-
line W samples.

Fig. 3.2: Sample holders used during sample irradiation with di erent ions.

crystallographic direction far away from the three main axidi00, h1d, h1d.

lon beam channeling in axial direction was, therefore, suppressed. The single
crystalline samples were always oriented in the same wayt (due to the uncertainty

of the crystal orientation) to ensure the same crystallographic orientation during
irradiation.

The poly-crystalline W samples were xed directly with a molybdenum mask with
an opening area of 9 9 mn¥ to the water-cooled copper holder, compare Fig. 3.2b.
To measure the ion current during irradiation a water-cooled aperture with four
Faraday cups at the corners is placed in front of the sample holder. In order to
damage the whole sample surface homogeneously and to measure the current with
the Faraday cups, the ion beam is scanned over the area of the front aperture and
the faraday cups. Due to this current measurement the ion ux incident on the
sample can be calculated. The W irradiation was found in [113] to be homogeneous
within 2%.
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3.3 Electron microscopy

During this work mainly six di erent electron microscopes were used. Due to the
di erent strengths and weaknesses of the di erent devices, di erent microscopes had
to be used depending on the sample to be observed and the problem to be solved.
Five of the used microscopes are operated at the material science department at the
Warsaw University of Technology (WUT).

For imaging the surface after irradiation and D loading, two scanning electron
microscopes were used: FEI Helios NanoLab 600 at IPP Garching and Hitachi SU
8000 at WUT. Both microscopes are equipped with detectors for secondary electrons
and backscattered electrons. The observations at the FEI Helios NanoLab 600 and
Hitachi SU 8000 microscopes were conducted at an acceleration voltage of 10KkV.
Helios is additionally equipped with an ion beam column, which uses G#&ons up to

an energy of 30 keV for cross sectioning allowing in situ cross-sectioning and imaging
of the sample. This microscope was used for the investigation whether blisters were
formed on the sample surface or just below the sample surface during D loading.
The lamella preparation for TEM observations was made using the focused ion beam
microscope FIB FB-2100 Hitachi at WUT which uses Gaions at an acceleration
voltage of 40 keV for cutting.

During the thinning of the FIB lamella with precision electro polishing the surface
state and the transparency of the lamellas were monitored using the microscope
Hitachi 5500 in WUT. This microscope is a SEM equipped with a STEM detector.
The operator can use either the SEM or the STEM modus in one apparatus,
thus reducing setup-times. Beside the normal entry for macroscopic samples this
microscope has a side-entry for TEM holders, making observations of TEM lamellas
very convenient. The observations were conducted at an acceleration voltage of 10-
20kV for the SEM modus and 30kV in the STEM modus.

During thinning of the TEM lamella with the ion milling machine (Gentle mill 2HI
Technoorg LINDA), the lamellas were observed using a STEM Hitachi HD 2700 both
at WUT, which uses the same TEM holder as the ion milling machine. This STEM
is Cs-corrected and was operated at 200 kV, which allows a nominal resolution down
to 0.1 nm. It was also used for further investigations of the radiation-damage zone.
It is equipped with various detectors, namely a bright eld (BF) detector, a high-
angle annular dark eld (HAADF) detector (also called Z-contrast) and a secondary
electron (SE) detector, providing complementary contrasts.

For the investigation of the dislocation structure of the damage zone mainly the
classical TEM Jeol Jem 1200 at WUT was used. A classical TEM in comparison
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to a STEM has the strength that it allows easily observations under well de ned
di raction conditions. It has also a better diraction contrast than a STEM. To
achieve well de ned di raction conditions a Gatan double tilt holder was used with
which the sample can be tilted in both axes by 20 .

3.4 Sample preparation for TEM

For TEM observations, the samples have to be su ciently thin to be transparent
for electrons. Therefore, sample preparation is challenging. As tungsten is a high
Z material, tungsten samples are transparent at thicknesses of about 100 nm and
below at an electron energy of 120 keV.

In this work, the radiation-damage zone as a function of depth should be investig-
ated. Hence, a method is needed enabling to take out a thin piece of the material
perpendicular to the sample surface. This can be achieved by cutting a lamella with
a focused ion beam.

For optimal transparency, the lamella should be very thin€ 100 nm). If the lamella
gets too thin during the preparation, the lamella will start to bend which results in
bend contours (appearing as dark shadows) in the image. This makes the observation
more di cult or even impossible. The challenge of lamella preparation is, therefore,
to get a lamella as thin as possible and not too much bent. The thickness of tungsten
lamellas at which they show a good transparency and are not yet too much bent for
observation is 80 10 nm.

The TEM lamellas were prepared in two steps: rst a lamella of a thickness of 200-
300 nm was prepared using the FIB FB 2100 Hitachi microscope. In a second step,
this lamella was thinned by a gentle Ar beam of 0.5-1keV to the desired thickness
of 80 10nm using the ion mill machine: Gentle Mill (2HI) Technoorg LINDA.

For systematic studies of the dislocation microstructure, it was required to have
lamellas with a similar crystallographic orientation. To achieve this, the tungsten
single crystal was rotated in the vacuum chamber of the microscope such that the
surface of the cut out lamella was normal to thdil0Qd direction within 3. To
protect the lamella surface from the ion beam during the cutting process, the desired
area was coated with tungsten by ion-driven sputter deposition, Fig.3.3a. In the
next step, the material surrounding this region is removed by ion-beam sputtering,
Fig. 3.3b. Only a thin connection between the future lamella and the bulk material
is retained, compare Fig. 3.3b. In the next step, the sample is tilted by 6@nd the
oor of the lamella is cut by the ion beam from the bottom. Then the sample is
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tilted back to 0 and a manipulator is inserted into the vacuum chamber, Fig. 3.3c.
This manipulator is attached to the lamella by W deposition. Then the bridge to the
bulk material is removed by sputtering and the lamella can be lifted out, Fig. 3.3d.
At this stage, the lamella is around 1 m thick. The lamella is then moved to a
special grid for TEM lamellas, Fig. 3.3e. After attaching the lamella to the grid by
W deposition, the manipulator can be detached by sputtering. The lamella is then
thinned gradually using ion beams with gradually lower currents until a thickness
of 200-300 nm is reached, Fig. 3.3f.

The described preparation of the lamella with the focused ion beam introduces
radiation damage by the beam, called FIB damage. To reduce this FIB damage,
the lamella has to be further thinned with a method which does not introduce
further radiation damage or at least introduces much less. A promising method
was precision electro polishing described in [114]. In this method, the sample is
electropolished at about 7V with an electrolyte solution containing 300940, 99
NaOH and 4509 glycerol. Due to the addition of glycerol the polishing process is
slowed down. This method was studied extensively during this thesis. It turned out
that the method was not usable for thinning relatively thick lamellas of 200-300 nm,
because the lamellas were not uniformly thinned resulting in the appearance of holes
in the lamella. Even at the edges of the holes the lamellas were not transparent. This
method, therefore, requires much more investigation in order to become practically
applicable.

Therefore, it was decided to use gentle ion milling for thinning the lamellas. In this
process, the lamella was exposed to the low energetic Ar ion beam of 0.5-1keV in the
Gentle Mill (2HI) Technoorg LINDA for three minutes. After this time the surface
guality and transparency of the lamella was checked by the microscope STEM HD
using its SE and STEM modus. Depending on its transparency, the lamella was
further thinned for another three minutes. This process was repeated several times
until the desired transparency, i.e. thickness was reached. In sum, every lamella
had to be thinned for around 10-20 min. Nearly every lamella survives this thinning
process and can be used for further investigations. Every second lamella is of very
good quality. During the gentle milling with low energetic Ar ions, the FIB damage
on the lamella surface is reduced. As tungsten is very sensitive to any kind of ion
irradiation also an Ar ion beam of only 0.5 keV will introduce itself radiation damage.
This damage is very close to surface due to the small Ar energy and is seen as small
dislocation loops which do not disturb the observations. Such a prepared lamella is
then ready for TEM observations.
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(@) W depostion to pro- (b) Sputtering of the (C) Insertion of a manipu-
tect the lamella surface material surounding the lator
lamella

(d) Lifting out of the (e) Placing the lamellaon  (f) Further thinning of
lamella using the manipu- the TEM grid the lamella to the desired
lator thickness

Fig. 3.3: Steps in the preparation of a TEM lamella with a FIB microscope [115].
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