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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 influence 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 different ion species in tungsten is comparable among the
different 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
different 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 different ions with
different energies were used, the primary recoil spectra and damage rates were also
different. Hence, the effect 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 different damage levels of
0.04 dpa 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 profile. The tungsten
samples were observed under four different two-beam diffraction conditions. The
damage zone of tungsten irradiated by Si and W up to 0.04dpa and 0.5 dpa 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 difference in the average loop size was up to 20%. In the 0.5 dpa samples, a



dislocation line network was found. The difference in the dislocation line density
between Si-irradiated and self-irradiated tungsten was about 10%. Compared to
the differences in ion energy and ion mass, these differences are small. Hence, a
similar damage zone can be expected for the other heavy ions. By comparison with
the SRIM calculated damage depth profile, a loop-to-line transition was found to
happen at about 0.08-0.1 dpa in these samples.

Tungsten was irradiated by H, D, He up to 0.04 dpa and only by He up to 0.5 dpa.
The damage zone showed significant differences 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 different ions.
No significant difference 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 D(®He, p)a reaction and D desorption spectra
were derived by thermal desorption spectroscopy (TDS). The region of increased D
retention seen in the D depth profiles 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
profiles. Tungsten irradiated by He shows a significantly different D depth profile
with a higher D concentration in the peak. From the comparison of the measured
D depth profiles with the SRIM damage depth profiles, 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
differences in the recoil energy spectra between the different 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
significant differences 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 different medium to high mass ions (Si, Fe, Cu,
W) is identical for high damage levels (>0.2dpa) 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 fission are available. Renewable
energy sources (solar and wind energy) suffer 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, [3].

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 field (magnetic confinement). 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



Chapter 1. Introduction

high, to achieve a burning plasma. Nevertheless, the tokamak Joint European Torus
(JET) at Culham, UK reached about 60% of the fusion power needed to maintain the
plasma temperature [3, 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-sufficiency
and electrical power production [6].

One key issue in the successful fusion reactor operation is the plasma-wall interaction
[7. Even with good magnetic confinement, 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 efficiency. In modern devices the magnetic field 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 significantly higher particle and heat fluxes than the rest of the wall. In ITER,
the expected typical ion and neutral particle fluxes at the divertor plasma strike

1. This corresponds to total fluences over 1026 m~2 for

point are above 10** m~2s~
each ITER pulse. The expected surface temperatures around the divertor strike
point are between 800 K and 1300 K, depending on the exact localization [7]. Hence
the plasma-facing materials and components have to withstand these high particle
fluxes and temperatures. The plasma interaction with the plasma-facing materials
can strongly influence 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 10~ for single crystalline W and
3-1072 at.% for polycrystalline W [9]. As discussed above, tungsten will be exposed
to high fluxes of energetic deuterium and tritium ions, atoms and molecules as well
as to high fluxes 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 flux
14 MeV neutron source is needed. Unfortunately, such a source is not yet available.
Fission neutrons have a significantly different 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 effects of n irradiation in a future fusion reactor.
Moreover, experiments with tungsten damaged by fission neutrons are typically
difficult to conduct because of the long exposure times in a fission reactor and the
long cooling-down times due to the activation of the samples. Additionally, such
irradiations are often not well defined in terms of temperature and dose rate [11].
Ion irradiation is comparatively fast and does not activate the samples. Different
ion species with keV - MeV energies are used to simulate the fusion neutron dis-
placement damage in tungsten. According to [12-HI4] 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 different damage levels
and different ion fluences and fluxes [I5HI9]. As various ions at different energies
are used, the primary tungsten recoil energy spectrum for the damage creation is
also different. This may affect 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 different 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 different ions
and to correlate the observed microstructure to the obtained D retention. A detailed

description of the aims and used techniques is found in Sect.[2.5]






Chapter 2

Background

2.1 Radiation damage

The first wall and divertor of a future fusion reactor will be subjected to large fluxes
of energetic ions and neutral atoms from the plasma and fast neutrons (with energies
up to 14MeV) 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 pum 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.
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2.1.1 Lattice defects

Fig. 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.[2.2)a and Fig.[2.3]a. 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 vector b. 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.2.3]b. The vector QM, required to close the circuit in this dislocation
free lattice, is called Burgers vector b and is an important parameter to describe

the crystallographic orientation of a dislocation.

vacancy-type
vacancy  dislocation loop

interstitial-type
dislocation loop

self-interstitial vacancy
atom cluster

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)].

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 fs [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 E,; in metals, for
permanently displacing atoms, is typically in the range of 10-50eV [12, 23]. If the
atom receives a kinetic energy E>E,, it is permanently displaced.

This threshold energy depends on the crystallographic direction. The average value

is the effective displacement threshold energy. In tungsten the threshold energies
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Chapter 2. Background

for the main crystallographic directions (100), (111), (110) were determined ex-
perimentally to be 42eV in (100), 44eV in (111), and 70 eV in (110) direction
[24]. This gives an effective 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 effective threshold energy in tungsten [25].
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 E,; for displacing atoms: T'— Ej, > E,.
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 defined as [22], 26]:

L=E,+E.+ Ey4 (2.1)

When the energy of the incident particle is larger than the multiplication threshold
(E > L) two particles are moving after a collision. If £ < 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 v(FE) can be calculated [22], 26]:

V(E) =1+ /LE 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 cascade [22].

Under the assumption of hard-sphere scattering for £ > T', transport theory gives:

. ck .
T}lElrgON(T7 E) = 2 with ¢ =1 (2.3)

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

This result assumes that deviations from Eq.[2.3 are negligible when T— E. As the
number of low energetic recoils is much higher than the number of high energetic
recoils this assumption is justified. Kinchin and Pease [12], 22] 27] used hard sphere

scattering with c=1 and chose E,=0 and F.,;, = F,. It was assumed that at energies
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2.1. Radiation damage

higher than the cut-off 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 Eq.2.4 with L = 2E; and
gives the Kinchin Pease (KP) model for atomic displacements [12}, 22} 27].

0 E < Ey,
1 E; < E<L,
V(E) = a with L = 2, (2.5)
£ L < E < By,
%udf E.:. <E <o

This equation was further refined by Norgett, Robinson and Torrens (NRT) due to
results of computer simulations using binary collision approximation. It was found
that L should be defined as L = 2E;/0.8. The new factor was found to be energy
and material independent. This is called the modified Kinchin Pease equation or
NRT equation [22] 26, 2§].

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)

Number of material atoms in thisvolume

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 justified for
temperatures at 0 K, 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
significant drawback of these simulations is their long computing time. Usually,

these kinds of simulations are limited to timescales of below 1 us [30, [31].
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Energy (eV)

Fig. 2.4: MD simulation of a cascade in gold initiated by a 10 keV gold recoil at a material
temperature of 0K [29, 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 first 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 first 0.2 ps, 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 of Fig. [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 simplifies the
comparison between different 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

150keV collision cascades in tungsten using different interatomic potentials [33], [34].
It was found that the extent of the molten area in a cascade measured after 250 ps
corresponds well to the final 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=(111) were found as a
result of the collision cascade [33,134]. However, no dislocations of type b=(110) were
observed in the simulations. The in-situ TEM study using 150 keV self-irradiated
tungsten performed by [35], 36] confirmed 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 [37, [38]. The power law size scaling
and the upper size limit was confirmed 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 possible [39].
Due to the short timescales of MD simulations effects like long time defect evolution
can not be simulated. All above described MD calculations were conducted at 0 K,

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 diffusion
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 five 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
620 K in tungsten. Stagelll stands for the onset of vacancy migration and its
onset is found to be at about 620 K 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 1240 K 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 different temperatures, just
to name few:[35], [36], 40} [42-144]. 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 different temperatures with Positron Annihilation Spectroscopy [45H48].
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 different 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 Sect.[2.1.2] Inelastic collisions can result in nuclear reactions.
However, the energy of the neutral atoms and ions reaching the first 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. [5I] 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 significant 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,y) and (n,2n) reactions. The (n,y) reactions are
dominant for low energetic neutrons with energies below 100 keV whereas the (n2n)
reactions become dominant above 1MeV neutron energy [52]. This changes the
original material and its properties. E.g., the addition of 5% Re to pure W reduces
the thermal diffusivity 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

12
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Fig. 2.5: Transmutations of pure W during 5 full-power years neutron irradiation
in DEMO first 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 sufficiently

reduce the activity of W armor from a fusion reactor [52].

2.2 Neutron energy spectra of a fusion and fission

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 [I1]. The response of the material
to neutron irradiation depends on the exact neutron flux and energy spectrum.
Gilbert et al. calculated neutron energy spectra for different 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 differ depending on the location
in the reactor. The flux 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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[rradiation parameter | DEMO first wall | IFMIF high flux | HFR position F8
3MW /m? test module

n total flux [1/cm?s] | 1.3-10%° 5.7-10' 3.8-10™

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:

irradiation facilities [14]

Displacement damage and gas production in iron for different neutron

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 sufficient large fluxes is available. The International
Fusion Materials Irradiation Facility (IFMIF) is planned to be constructed. IFMIF
will produce a neutron flux 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 first wall of DEMO
and a typical neutron spectrum of a pressurized water fission reactor (PWR) [55].
Significant differences are observed especially at high energies which are dominant
in a fusion reactor. Significant fluxes above 12 MeV are observed, resulting in higher
damage levels and an increase of the probability for threshold nuclear reactions [55].
The average energy of fission neutrons is typically below 2 MeV. Nevertheless, fission
neutrons can be used to study the expected material response in a fusion reactor to
some extend. These fission neutrons slow down in the material creating displacement
damage similar to fusion neutrons. Transmutations typical for the low energy range
can also be studied. Omne problem of such reactor experiments is the control of
the irradiation parameters like flux, temperature, exact irradiation time making the
results difficult to interpret. Due to the significantly different energy spectra of
fission 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.[2.1] shows the expected irradiation parameters
of DEMO for the first wall, for IFMIF, and for a fission high flux reactor (HFR).
Significant differences in the displacement damage production and gas production
between DEMO and HFR reactor are obvious. IFMIF shows more similarity to
DEMO [14].

14



2.3. lon irradiation as proxy for neutron irradiation

_ letls A ol .
= T L R R R R R R EEF EEEEE EEPEEREE I Rt
= = E |3
72 letl4 g E {[ Fusion (DEMO FW) ——
g § g g ' FiSSiOH (PWR) ............
o £ letl3 2= Do
N2 =7 le+l4 A 3
= 2 R A R | I % 28 E
25 levld il 25
k= i/ [ Fusion DEMO FW) —— HIE ot .
Sy lerllpf- Fission (PWR) =ssssseeee | 2T letl3 -
=3 A Y ;
2 ter0p b2

le+09 .mJI Ly .umJI soound coond vod ol vood 4ol le+12  — : T e e I=I T e

1e-01  le+01  1e+03  le+05  le+07 2 4 6 8 10 12 14
Neutron energy (eV) Neutron energy (MeV)

Fig. 2.6: Neutron energy spectra of DEMO for the first wall and a typical neutron
spectrum of a pressurized water fission 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 scale. Reprinted
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 [53].

2.3 Ion irradiation as proxy for neutron irradi-

ation

Due to the lack of a 14 MeV neutron source and the significant differences between
the neutron energy spectra of fission and fusion neutrons, ions are often used as
proxy for neutrons. The irradiation parameters during ion irradiations are much
better defined than in fission reactor neutron irradiations. The knowledge of ion
energy, flux, dose rate and irradiation temperature allows fundamental radiation
effects studies. It is well known that most of the radiation effects observed in neutron
irradiated materials can be reproduced by using different ions [57]. Typical neutron
irradiations in fission 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 difficult.
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 [12].
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However, experiments have to be planned carefully taking into account the dif-
ferences to neutrons. Ions show large differences 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 different potentials result in different recoil energy
spectra: In a 1 MeV self-ion irradiation of Cu over 80% 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 keV [26, [57].

Also other differences occur between ion irradiation and neutron irradiations. Ion
irradiations typically exhibit a high dose rate in comparison to neutron irradiations.
This results in different defect arrival rates at sinks (grain boundaries, dislocation,
defect clusters). To obtain comparable defect arrival rates at sinks Mansur et
al. [58, BY] 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 different
microstructure compared to static ion beam irradiations [60-H62]. 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 effects vanish at very high frequencies. Hence,
care is needed when using pulsed ion beams. When performing ion irradiations,
surface effects should also be taken into account as they can change the observed
radiation damage discussed in detail by Zinkle et al.[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 difficult 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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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 copper [12], 26].
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, 26]. From Fig.[2.7} one can see that over 70% of the calculated damage from the
irradiation with 1 MeV protons are due to primary recoils with energies below 10 keV.
In comparison, only 2% 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 1MeV Kr irradiation of copper, only up to 30% of the calculated damage
originate from primary recoils with energies below 10keV (Fig.. 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
differences between ions and neutrons. Nevertheless, ions provide the opportunity
to investigate the very complex radiation processes. Depending on the radiation
effect to be investigated different ion species are used. For studying the formation
of cavities in materials light ion irradiations like H or He have been used [64H66]. To
investigate transmutation reactions in tungsten high energetic proton irradiations
can be useful [67]. To understand the displacement damage by neutrons, different
heavy ions are widely used [68H71]. There is only a limited number of studies dealing
with the comparison of the response of tungsten to different ion irradiations and a
systematic work is needed to get a deeper understanding of the radiation damage in

tungsten caused by different ion species.
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Fig. 2.7: Weighted recoil spectra calculated for different 1MeV particles in Cu.

Reprinted from "Atomic displacement processes in irradiated metals’, Journal of Nuclear
Materials 216, p.49 , R.S. Averback, Elsevier (199/4), with permission from Elsevier [20].
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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 3-1073 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 g [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 fluxes of energetic deuterium and tritium ions,
atoms and molecules as well as to high fluxes 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 Hy molecule is defined
to be zero at infinity. As can be seen in Fig.2.§ the uptake from H in W is
endothermal, as the potential energy of hydrogen in the tungsten bulk is higher
by AEg compared to the energy of a Hy 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 energy AEg_g.
Of course, an absorbed hydrogen atom can enter back into the adsorbed state at
the surface and can be released as Hy after 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 sites [76], which is confirmed by ion
channeling experiments [77]. The hydrogen atom jumps from one site to another
obtaining the needed energy AEp from thermal oscillations of the atomic lattice.
This process is called thermally activated diffusion. The interstitial positions are
shallow minima in the potential energy diagram for hydrogen in tungsten. The

diffusive flux is described by Fick’s first law:

J(r,t) = —DVC,(r, 1) (2.7)
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with D being the hydrogen diffusion coefficient and C(r,t) the local concentration
of solute hydrogen. There exists only a limited number of studies which determined
the solubility and diffusivity of hydrogen in tungsten. It is generally accepted that
the hydrogen solubility in tungsten is very low. Frauenfelder’s measurements [7§]
of the solubility and diffusivity are seen as most reliable as the measurements were
performed at high temperatures of 1100-2400 K, at which the amount of hydrogen
trapped in lattice defects should be negligible. Hence, the solubility in tungsten can
be described as:

(2.8)

S(T>_9.1036xp(—1.04ev> [ H }

kT W - atm?t/?

with the heat of solution Eg = 1.04eV and the solubility constant Sp=9-10"3
determined by Frauenfelder [78]. DFT calculation [76, [79] of Eg give a value from
0.86t0 1.04eV which is in good agreement with [78]. The hydrogen diffusivity is
described by the following equation [78]:

_ —0.39¢eV m?

D(T)=4.1-10""exp (/{:BT> [5] (2.9)
with the activation energy for hydrogen diffusion Ep=0.39, and the diffusion con-
stant is Dg=4.1-10"7[78]. DFT calculations [76} [79] of the hydrogen diffusivity give
a value of about Ep=0.2eV which is significantly different to the measured value of
0.39¢V. 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. Different trap sites have different hydrogen binding energies. Single vacancies
trap hydrogen less strongly than vacancy clusters, i.e. the binding energy is smaller.
The trap energy AEr,q, in Fig.[2.8 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 difficult to define
as it seems that some defects species have similar trapping energies [81, [82]. The
detrapping energy of single vacancies is 1.43+0.02eV as measured by Eleveld and
van Veen [83]. Poon et al. [84] derived a trap energy of 1.34 for the first D atom at a
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vacancy, based on modeling of D thermal desorption spectra. Zibrov et al. measured
an energy of 1.564+0.06eV [85]. DFT calculations predict for the detrapping energy
values between 1.27-1.79 eV [79, 80, 86l 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 [73], 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, O0]. 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 1.25+0.11 €V 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 0.57eV 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 diffusion and trapping in one
dimension [46], 94-96]:
2 P i

&%f“:(D@f”ﬁf”)—gjmé?”+suﬁ (2.10)
The first term on the right side of in Eq.[2.10| describes the diffusive flux (the solute
hydrogen). D(T) is the hydrogen diffusivity (compare Eq.2.9) and Cy(z,¢) is the
local concentration of solute hydrogen. The second term gives the temporal variation
of the concentration of trapped hydrogen in traps of type i, C¢(x, ), 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:

oCH (z,t ; ; . . i
gt):aawmaﬂ4m%w—q®¢»—qm@5@) (2.11)
: ] . . .1 . . _EZ
with o'(T") for trapping into trap 7 (s~ ): o/ (T) = viexp (k; T>
B

with 3(T) for detrapping from trap i (s™): B%(T) = v.,Ci(x,t)exp ( ? ;f)
B
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In Eq. Ci(x,t) is the local concentration of trapped hydrogen in trap type i and
vl and v, are the trapping and detrapping frequencies of trap typei. 7! is the
concentration of trap type 7 [46, [94H96].

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 different trap energies [76]. This is described by the fill-
level model from K.Schmid et al. [88] 06]. This fill-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 fill-level dependent models yield
the same results [96]. To solve Eqs.22.10] and boundary conditions have to be
chosen. Experiments [81), [95], 97] suggest that the recombination rate at the surface
can be assumed as infinitely 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 [102, 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, flux and fluence. This blister and cracks can enhance the hydrogen retention
immensely [91, 104], T05].

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 tungsten [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 1.840.1at.% deuterium in tungsten [108].
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Fig. 2.8: Potential energy landscape for H at the W surface and W bulk. AEg,. is the
energy needed for recombination of atomic H to Hy at the surface and vice versa, AEg_p
is the energy for absorption, AEg the heat of solution, AEp the energy for diffusion,
AEq,qp the detrapping energy [9]. Republished with permission of IOP Publishing,
from "Hydrogen in tungsten as plasma-facing material”, J. Roth and K. Schmid, Physica

Seripta, 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 efforts are made to under-
stand the radiation damage of tungsten induced by neutrons and its influence on
hydrogen retention. As described in section[2.2], neutron sources with an energy spec-
trum characteristic for fusion are not available and different ion species (Sect.[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
different 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 different ion irradiations [68H71]. These works often compare only
one aspect like the microstructure or the hydrogen retention. Therefore, the main

objectives of the thesis are the following:

o Characterization of the microstructure of the damage zone in tungsten irradi-

ated by different ions.
o Investigation of the D retention in tungsten irradiated by different 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
different 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 fiur 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-flux

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 D(*He, p)a: D concentration depth profiles were derived. Through
TDS the D desorption spectra were obtained.

In the next chapter[3] most of the experimental and analysis techniques are in-
troduced. In chapterfd] the damage calculation with SRIM and the irradiation
parameters are described. The following chapters[f] and [6] are presenting the results
of this work. In chapter[5] the results about the microstructure obtained by TEM
(Sect.[5.1) and PALS (Sect.[5.2)) are presented. In the following chapter[] the results
on the D retention in tungsten are described. In chapter|[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 10mm). It was grown along the (100) crystallographic direction
by electron-beam floating 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 1.5 mm 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 final 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 finally 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 finish with the machine LectroPol-5 from
Struers. Laue X-ray diffraction was conducted at the Technical University Munich
from several polished samples. It was found that the surface normal was within 4°
from the (100) direction. The (100) 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 (<107° Pa). Polycrystalline W
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Fig. 3.1: Shape of the single crystalline W samples.

samples of a size of 10x 10x 0.7mm? and a purity of 99.97 wt.% manufactured by
Plansee SE, Austria were used [I11]. 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 final 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 finish. 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 (<107 Pa).
After the re-crystallization process, the initial (as delivered) dislocation density is
reduced by about two orders of magnitude to 1.941.4-10m~? [112].

3.2 Irradiation 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 fiir Plasmaphysik. For the
irradiations the samples were mounted on a water-cooled copper holder to prevent
temperature rise of the samples during irradiation, Fig.3.2l 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 7mm in diameter, see
Fig.|3.2al The samples were tilted of about 12° in one direction. Additionally,
the sample holder was rotated by 8° to tilt the sample in the second direction.
This gives an angle of about 14° between the ion beam direction and the surface

normal. This procedure ensured the irradiation of the single crystal in an arbitrary
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at the Tandem accelerator

Cu wedge-shaped Mo mask Cu sample holder
top piece

(a) Sample holder used for damaging of single

crystalline W samples.

(b) Sample holder used for damaging of polycrystal-

line W samples.

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

crystallographic direction far away from the three main axis (100), (110), (111).
Ion beam channeling in axial direction was, therefore, suppressed. The single
crystalline samples were always oriented in the same way +4° (due to the uncertainty
of the crystal orientation) to ensure the same crystallographic orientation during
irradiation.

The poly-crystalline W samples were fixed directly with a molybdenum mask with
an opening area of 9 - 9 mm? 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 flux incident on the
sample can be calculated. The W irradiation was found in [IT3] to be homogeneous
within 2%.
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3.3 Electron microscopy

During this work mainly six different electron microscopes were used. Due to the
different strengths and weaknesses of the different devices, different 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 10kV.
Helios is additionally equipped with an ion beam column, which uses Ga™ ions 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 Ga™ ions at an acceleration
voltage of 40keV 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 0.1nm. It was also used for further investigations of the radiation-damage zone.
It is equipped with various detectors, namely a bright field (BF) detector, a high-
angle annular dark field (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 defined
diffraction conditions. It has also a better diffraction contrast than a STEM. To
achieve well defined diffraction 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 sufficiently 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 difficult 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: first 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+10 nm 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 the (100) 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.[3.3bl In the next step, the sample is tilted by 60° and the
floor 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.[3.3d
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 pum thick. The lamella is then moved to a
special grid for TEM lamellas, Fig.[3.3¢] 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.[3.31

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 [I14]. In this method, the sample is
electropolished at about 7V with an electrolyte solution containing 300 g H,O, 9g
NaOH and 450 g 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
quality 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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(a) 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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3.5 TEM and TEM observation

In a TEM a parallel electron beam is transmitted through the sample to form the
image. The sample has to be very thin to be transparent for the electrons. The
image arises due to the interaction of the electrons with the specimen. It is then
magnified and focused on a fluorescent screen or a CCD camera. Fig.[3.4 shows the
TEM setup after the electrons passed the specimen [116]. A TEM has two main
operation modes: the diffraction mode and the imaging mode. The operator is able
to change between the diffraction pattern and the image of the specimen just by
changing the strength of the intermediate lens.

The two most important image contrasts in a TEM are the mass thickness contrast
and the diffraction contrast. The mass thickness contrast arises between thicker or
higher Z parts versus thinner or lower Z regions in the specimen. Electrons are more
strongly scattered at high Z materials or thicker regions meaning that less electrons
reach the image plane and these regions appear darker in the image. For crystalline
specimens the strongest image contrast is due to the diffraction of the electrons at
planes which satisfy the Bragg condition, called diffraction contrast.

By using the selective area diffraction (SAD) aperture it is possible to observe the
diffraction pattern of a specific region of the sample, called selective-area diffraction.
Every diffraction pattern shows a bright central spot which contains the electrons
which passed the specimen without diffraction (direct beam) and additional bright
spots which contain the electrons diffracted at certain planes (diffracted beams). The
image can be formed using either the direct beam, or all, or some of the diffracted
electrons. To form an image from the direct beam, the central spot in the diffraction
pattern is chosen by inserting the objective aperture and changing the strength of
the intermediate lens to get the image. Such an image is called bright field image
(BF image). In a BF image all regions which do not diffract the beam appear bright
and regions with other crystallographic orientation, dislocations or distortions of
the crystal lattice, which diffracted the beam, appear dark. When the diffracted
electrons are used to form the image the image is called dark field image [TT6HITE].
The strongest contrast in a BF image is achieved if the sample is tilted such that
only two spots are visible in the diffraction pattern, i.e. the direct beam and one
diffracted beam. This situation appears when one set of planes (corresponding to
the diffraction vector g) satisfies or nearly satisfies the Bragg condition. This two-

beam conditions has to be set up carefully by observing the Kikuchi diffraction
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pattern ( and by maximizing the contrast in the BF image [IT6HI18]. The Bragg
condition is satisfied when the Kikuchi lines intersect the direct beam spot and
the diffracted beam spot, then the deviation parameter s is exact zero, Fig.|3.5,
Under such conditions the contrast is very sensitive to any kind of deviation from
the diffraction condition. This is called dynamical BF image. Dislocations, weak
lattice strains, weak distortions of the crystal lattice are well visible. An image with
a contrast less sensitive to any kind of strain but more confined to the physical
size of the diffracting dislocations is the kinematical BF image. A kinematical BF
image is taken under a specific two-beam condition with a s-parameter > 0, which
means that the Kikuchi lines are shifted from the diffraction spots, see Fig.|3.5. The
operator first sets a BF image with s=0 and then tilts the specimen slightly away
from the Bragg condition by observing either the Kikuchi lines or until the image
shows the best contrast between dislocations and background (the contrast due to
weak strain fields disappears) [T17-119].

When observing dislocations with a TEM under a specific diffraction condition g, one
has to keep in mind that only dislocations with Burgers vector b not perpendicular
to g are visible. If bog=0 is set, the dislocations will disappear [IT6HI18]. It has
been observed in [120] that the determined dislocation densities can differ from one
diffraction condition to another due to the invisibility criterion. Therefore, defect
densities should not be measured based on just one TEM image taken under a
specific diffraction condition. They should be determined under several diffraction
conditions. When comparing TEM images from different samples it is important to
compare always images recorded under the same diffraction condition [120].
Therefore, the damaged tungsten samples were observed under four different diffrac-
tion conditions. The Burgers vectors b of the dislocations are low indices vectors of
type (111), (110), (100) ) as this dislocation orientations have the lowest formation

. The Kikuchi diffraction pattern arises from electrons which were incoherently scattered and pass
the sample at random directions. A part of these incoherently scattered electrons satisfies the
Bragg condition and are diffracted at the crystal planes. This diffraction pattern appears as lines
beside the normal diffraction spots. The Kikuchi lines are very sensitive to every kind of tilting

the specimen, therefore they are used to orient the crystal properly.
. The deviation parameter s is a vector in the reciprocal space which is a measure of the deviation

from the Bragg condition. s=0 means the Bragg conditions is exactly satisfied.
. Bracket convention as in [2I]: Square brackets [ | are used for specific directions.

Angle brackets ( ) denote a group of directions of the same crystallographic type.

Round brackets ( ) are used for planes and

curly brackets { } are used for a family of planes of the same type.

For vector g plane brackets are used, as this vector corresponds to the diffraction at the planes

respectively.
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energy. Experimental observations show that interstitial dislocations have either the
Burgers vector b=ag/2(111) or b=a((100) with a, the lattice constant. Eyre and
Bullough [121] expect that interstitial point defects aggregate on the {110} plane
as a single platelet of b=ay/2(110). The dislocation core is a high energy stacking

fault and is removed by the following two equations:

%[110] + %[OOTJ — %[Hﬂ (3.1)
%[110] + %[Tm] — ao[010] (3.2)

However, the reaction [3.2] has a very low probability at room temperature. In
[122] small loops of b=1/2(110) up to a size of 0.9-2 nm were observed in tungsten
irradiated by 60 keV Au. Therefore, the authors stated that after reaching a critical
size the loops shear to remove the stacking fault by Eq.[3.1] [122]. Masters [123]

suggests that two mobile loops of b=+(111) can undergo the following reaction:

;[111] + ;[111] — [001] (3.3)

This statement is supported by the results of [120]. MD simulations [33], [34] show
that vacancy-type and interstitial type dislocation exists. Dislocations of b=(100)
and b=(111) were found to be a direct result of the collision cascade suggesting
that due to the high energy in the collision cascade the probability of reaction [3.2]
increases. Interstitial type and vacancy type loops of Burgers vector b=(111) and
b=(100) were observed to be present in self-irradiated tungsten [35]. From the above
discussion dislocations with a Burgers vector of b=(111) and b=(100) can be ex-
pected. It is important to choose such diffraction vectors g which are perpendicular
to this kind of Burgers vectors, to investigate which kind of dislocations disappear
under which diffraction condition [120]. Fig.[3.6]show the diffraction pattern of the
low index zone axes in a bee crystal [I18]. For a quantitative analysis a zone axis
should be chosen which contains the desired g vectors and in which the g vector
can be easily distinguished. Therefore, the zone axis [100] and [110] would be good
choices as their diffraction patterns are not fully symmetric (Fig.a and b). The
[111]-zone (Fig.[3.6]c) axis would be not a good choice as the diffraction pattern is
symmetric and it is impossible to index the diffraction spots at different diffraction
pattern in the same way, as the diffraction pattern may be rotated.

It was decided to take the [100] zone axis (Fig.[3.6a).

The lamella was tilted to the zone axis [100]. After obtaining the diffraction pattern

of the zone axis [100], the specimen was tilted such to get the different two-beam
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conditions with the four diffraction vectors g= (-200), (020), (-110), (110). The
images were taken at these four diffraction conditions in the kinematical BF mode
to get the best possible contrast as described above.

Table shows under which diffraction condition g which dislocations with Burgers
vector b vanish. To determine the Burgers vector of a specific dislocation, one should
trace the specific dislocation through different diffraction conditions and find the g
at which the dislocation disappears. However, at high dislocation densities this
is impossible. To determine the relative contribution of different Burgers vectors
and their densities, the statistical method described in Prokhodtseva et al. [120]
may be helpful. In this method, the families within the Burgers vector are treated
equally and three independent families with the Burgers vector of type (100), (111),
(110) are considered, respectively. As it is known which dislocation orientations are
observed, the following equations can be derived for the used diffraction conditions
(-200), (020), (-110), (110), see Eq.3.4f Ng stands for the dislocation density
observed under the diffraction vector g and Ny, is the dislocation density of the

Burgers vector b.

1 1
Ng—(-200) = 5 No=(100) + Nb=(111) + 5 Nb=(110)

3 2
1
Ng—(020) = §Nb:<100) + Np=q11) + Np=(110) (3.0
2 1 3 ’
Ng—(—110) = ng:(mo) + §Nb:<111> + ZNb:mo)
2 1 3
Ng—(110) = ng:<1oo> + §Nb:(111) + ZNb:(llo)

When single dislocations are clearly visible the dislocation density for a known
lamella thickness can be determined by two methods. One method is counting
the total number of dislocations in a part of the image which gives the number
of dislocations in a certain volume (#) The second method, especially useful at
higher dislocation densities, is the line intersection method. In the line intersection
method arbitrary lines are drawn in the image and the number of intersection of the
lines with the dislocations are counted. Having the number of intersections N and
knowing the lamella thickness t and the length of the drawn lines 1, the dislocation
density p can be calculated with Eq.[3.5] giving the dislocation density in the units
of . [124, [125)].
N

P = 11 (3.5)

Having the dislocation densities under different diffraction conditions, these can be

inserted in Eq. [120].

37



Chapter 3. Experimental apparatus and analysis

A B
:’ 4+—— Specimen —— e
i M
] Remove WAL, Ohjective lens
\ I( | N_fl'!Lin:
L [ e— ] — WS ()hjcclive aperture
5 {back focal plane)
Fixed P
SAD aperture :
[ . — E——
Intermediate —— Remove
I image | _ aperture
' [ <+— Change —# 1 Intermediate
strength lens
Second
intermediate
'image'
<& Fixed =+ 2> Projector lens
strength 7
Dilfraction pattern Final image
% Screen —# >
¥

Fig. 3.4: TEM imaging lens setup. Note please that this image shows only the TEM lens
setup after the incident electrons passed the specimen. It shows the two main operation
modes of a TEM:

A) projection of the diffraction pattern on a viewing screen and B) projection of the
image on the viewing screen.

For imaging the diffraction pattern the intermediate lens selects the back focal plane of
the objective lens as object to magnify. In imaging mode the strength of the intermediate
lens is set such that the image plane of the objective lens (the image) is magnified.
Reprinted by permission from Springer Nature: Springer "Transmission Electron Micro-
scopy Basics I" by David B. Williams, C.Barry Carter, Springer Nature, (1996) [116]
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dynamical bright field s=0,
bright field

/ \s Kichuchi lines

direct beam diffracted beam

kinematical bright field s>0

@" ]
Diffraction pattern in microscope

Fig. 3.5: The upper part of the image shows the position of the Kickuchi lines and the
diffraction points in a dynamical bright field image. The lower part shows the position
of the Kikuchi lines versus the diffraction spots in a kinematical bright field image [IT9].
Reprinted from "Characterisation of radiation-damage microstructures by TEM', Journal

of Nuclear Materials 216, 124 (1994), M.L. Jenkins, Elsevier (1994), with permission
from Elsevier [I19].
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g\b 100 010 001 111 -111 | 1-11 | 11-1 | 110 -110 | 011 01-1
(-200) v i i v v v v v v i i
(020) i v i v v v v v v v v
(-110) v v i i v v i i v v v
(110) v v i v i i v v i v v

Table 3.1: Invisibility criteria for dislocation depending on their Burgers vector b and

the diffraction condition g. visible (v), invisble (i)
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3.6 Positron annihilation lifetime spectroscopy

Positron annihilation lifetime spectroscopy (PALS) is a method to detect open-
volume defects like vacancies, vacancy clusters, dislocations and grain boundaries.
As a non destructive method it allows repeating measurements to observe the defect
evolution after different treatments of the sample [126H128].

Fig.[3.7] shows schematically the principle of the technique.

0.511 MeV £ AE

Sample
H
Positron / \\ Diffusion
source (100 nm)
Thermalization
(1 ps)
Y

Fig. 3.7: Schematic illustration of positron annihilation. In Positron lifetime spec-
troscopy the time between the positron implantation and its annihilation in the bulk
is measured, as schematically marked by the dashed line. In Doppler broadening
spectroscopy the energy and angular deviation of the two v quanta is measured, giving

information about the momenta of the annihilating electrons.

In this technique an energetic positron is injected into the material. Within few
picoseconds the positron looses its energy by ionization, excitation of atoms and
scattering at phonons until it is thermalized. Then it diffuses through the solid. It
can be described as a wave package being delocalized over many elementary cells.
A positron experiences a repulsion from the positive atomic nuclei, therefore, every
open-volume defect is a minimum in the potential energy landscape for the positron.
Hence, the positron can be trapped there. Trapped in a defect it is in a localized
state. The positron will finally annihilate with an electron either from the free state
in the bulk or from the trapped state in the defect with one of the surrounding
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3.6.  Positron annihilation lifetime spectroscopy

electrons. The electron density in an open volume defect is reduced thus increasing
the lifetime of the positron being trapped. In this way, the lifetime of a positron
reflects the size of the open volume defects [126, 129]. The positron electron pair
turns in most cases into two ~ rays which in the center of mass system fly exactly
in the opposite direction carrying the energy of 511keV each. In the lab system, a
deviation # from 180° and an energy shift AE is observed due to the momentum
of the annihilating electron. In positron lifetime spectroscopy, the time between
the injection of the positron and the annihilation of the positron is measured. The
number of annihilation events in time is detected, giving the lifetime spectrum Z(t).
It can be described by a sum of exponential decays with relative intensities I; and
lifetimes 7; convoluted with an instrumental time resolution function R(t) and a
constant background B.

Z(t) = o L (i>
(t) = R(t) ® (ZO e ) + B (3.6)
[; and 7; are the relative intensities and positron lifetimes from the defect type i
and Iy and 7y represent the annihilation from the free bulk state. The sum over the
intensities should add to unity: Zfio I; = 1. The average lifetime of a positron in the
investigated material is defined as: 7, = >V, I;; [126]. For PALS measurements
typically a Na?? 3+ source is used. The positrons emitted by Na*? have a broad
energy spectrum up to 0.5 MeV. This results in mean positron implantation depths
of 10-160 um depending on the material to be investigated. For studying near surface
layers a low energetic positron beam is needed. There are also positron sources which
produce positrons by pair production with lower energies [126], resulting in smaller

implantation depths. The positron implantation profile p(z, E) is described with:

T T’
plz, E) = TRZ " €Xp <_4R,2,> (3.7)

with the mean implantation depth approximated by R, = (40/p)E"® [nm], E the
incident positron energy in keV and p [g/cm?] the density of the material. Fig.
show the implantation profiles in tungsten obtained from Eq.[3.7]

In this work, PALS was performed at the pulsed low-energy positron beam sys-
tem (PLEPS). This system is attached to the high-intensity positron beam source
NEPOMUat the research reactor FRM-II in Garching [127] 130, 131]. In NEPOMUC
thermal neutrons from the reactor are directed on a 80% enriched '3Cd and based on

the nuclear reaction 1'3Cd(n,y)!4Cd high energetic 7 rays are produced. Through a

4. NEPOMUC: NEutron-induced POsitron source MUniCh
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Fig. 3.8: Positron implantation depth calculated with Eq. for different positron
incident energies. Note the positron implantation profile is normalized to unity.

structure of Pt foils the positron are produced through pair production, i.e. v rays
are converted into positron electron pairs. Pt is also applied as a moderator for the
positrons. The primary positron beam is then guided through a magnetic field. To
further moderate the beam and to improve the beam brightness the positron beam
is directed on a 100 W single crystal resulting in few eV positrons [I30]. Such a
beam enters the PLEPS system, schematically shown in Fig.[3.9 At the entrance to
the PLEPS system, the positrons pass an energy filter to further narrow the energy
distribution of the beam. The pulsed positron beam of 150 ps FWHM at a frequency
of 50 MHz is produced in the pulsing system consisting of a pre-buncher a chopper
and a buncher. The positrons pass through a drift tube to keep the transit time from
the exit of the pulsing system to the target constant for all implantation energies.
Then they are accelerated to the desired energy between 0.1-18 keV. A Wien filter
in front of the target chamber is used to suppress backscattered positrons from the
sample. The positron pass then through a field free Faraday cage and are implanted
in the sample. The annihilation 7 quanta are detected by a photomultiplier with a
BakF, scintillator located behind the sample. The lifetime spectrum is collected. The
time between the annihilation and the following pulse is measured by an external
clock [127, [131].
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3.6.  Positron annihilation lifetime spectroscopy

In this work, in order to collect the lifetime spectrum, positron implantation energies
of 16-18 keV were used. In each spectrum 4-10° events are collected. The count rate
is up to 10* counts/s. The instrument function is determined with a p-type SiC
reference sample with a well known bulk and surface lifetimes.

The lifetime spectra were evaluated using the POSWIN software developed at the
Technical University of Denmark. It performs an iterative least square fitting of a
model function described by Eq.[3.6] Fig.[3.10]shows as an example a measured life-
time spectrum fitted with four exponential functions, corresponding to four different

lifetimes.
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Fig. 3.9:
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Schematic view of the pulsed low-energy positron beam system PLEPS

[131]. Reprinted from "Status of the pulsed low energy positron beam system (PLEPS)
at the Munich Research Reactor FRM-II ', Applied Surface Science 255, p.35 , P. Sperr,
Elsevier (2008), with permission from Elsevier|[131]
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Fig. 3.10: Positron lifetime spectrum fitted with four exponential functions.
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3.7 Deuterium plasma exposure - PlaQ

To study the D retention in damaged tungsten, the irradiated samples were D loaded.
For this purpose, the samples were exposed to a low temperature D plasma from the
electron-cyclotron-resonance (ECR) plasma source PlaQ [132]. Fig[3.11] shows the
PlaQ device schematically [132]. The magnetic field of 87.5mT for the ECR plasma
is created by a water-cooled magnetic coil. The magnetic field is chosen such to
get the electron cyclotron resonance. The standard conditions for a discharge are
a Dy gas pressure of 1Pa and a microwave power of about 140 W. The plasma is
confined in a steel mesh cage with an aperture at the bottom of the cage. The plasma
beam reaches the sample holder through this aperture. A tungsten grid is mounted
behind the aperture to shield the samples from the microwave radiation. The base
vacuum pressure being in the range of 2-107° to 3-107° Pa which is achieved by
overnight pumping. Prior to each plasma exposure, the plasma beam is blocked by
a shutter not to reach the samples for the first 30 min-60 min. This is done in order
to reach stable plasma conditions and to remove impurities of the plasma exposed
surfaces. Up to 8 samples can be mounted on the target holder for simultaneous
deuterium loading. Electrically conductive samples like tungsten can be biased up
to Upies = —600V through the sample holder with a DC power supply for varying
the D impinging energy. Under standard operating conditions the ion flux was
quantified in [I32] and consists of 94% D7 ions, 3% D3 and 3% DT. The total
ion flux is between 10 and 10*° D/m?s and is assumed to be constant when using
the same experimental conditions. The mean ion energy taking into account the
plasma potential of -15V and the negative bias set on the sample holder Up;,, gives
an average ion energy of E=eUp;.,s+15eV. The mean energy per deuteron of the
dominant ion species D7 is, hence, one third of the average ion energy. The sample
holder temperature and, hence, the sample temperature is stabilized with an open

circuit thermostat filled with silicon oil [132].
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Fig. 3.11: Schematic overview of the electron-cyclotron-resonance plasma source PlaQ
[132]. Republished with permission of IOP Publishing, from 'Quantification of the
deuterium ion fluzes from a plasma source’, A.Manhard et al., Plasma Sources Science
and Technology 20, 015010 (2011) ; permission conveyed through Copyright Clearance
Center, Inc.[132]

All samples damaged to the same dpa value were exposed to the deuterium plasma
simultaneously. The D exposure time for the 0.5 dpa samples was 86 h and 48 h
for the 0.04 dpa samples. These exposure times were chosen based on preparatory
measurements ensuring the whole damage zone to be D loaded. The temperature of
the samples during implantation was kept at 370 K with a bias voltage of -10 V bias
during loading. These conditions result in a mean energy of 8 eV/D and a D flux
of 7.2 -10% % and were chosen such to prevent additional displacement damage
during the loading and to prevent blistering. As blisters can considerably enhance
D retention [I33] the surfaces of the loaded samples were checked by the scanning
electron microscope FEI Helios NanoLab 600 at IPP Garching.

At selected places of the samples focused ion beam cross sectioning was conducted
to check whether blisters occur in the near surface layers. No blisters at all were
found on the samples.
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3.8 Nuclear reaction analysis

Nuclear Reaction Analysis (NRA) is an important method for composition analysis,
especially of light elements in heavier materials. In this method, an ion beam
is directed on a sample containing the light element to be analyzed. The beam
ions can undergo a nuclear reaction with the target atoms. Detecting the reaction
products provides information about the amount and depth profile of the element
under consideration.

The nuclear reaction D(*He,p)a is commonly used to detect deuterium in solids
[134], [135]. By the analysis of the a energy spectra and proton energy spectra,
depth profiles of D can be derived. This nuclear reaction is the most suitable reaction
for deuterium depth profiling due to its high Q-value of 18.4 MeV. Using incident
energies of 0.5-4.5MeV results in high energetic protons of 12.0-13.5 MeV (at the
proton detector position at 135°) and a’s of 1.2-3.1 MeV (at the a detector position
at 102°). These high energies are advantageous as the backscattered 3He particles
can be easily stopped by a foil installed in front of the detector. Hence, the signal of
the high-energetic protons is usually background free [134]. The total cross section
of this reaction has a broad maximum around 630 keV with a maximum total cross-
section of about 850mb: This relatively high cross-section allows high detection
sensitivity and a low detection limit below 100 ppm. Differential cross sections
for various reaction angles have been measured by a number of authors [I35HI37].
The maximum analysis depth in tungsten is about 7.4 ym for 4.5 MeV 3He ions due
to the high stopping power of tungsten. To be able to derive depth profiles with
reasonable depth resolutions several incident 3He energies have to be used. The
depth resolutions obtained by this method vary from 100nm for the near surface

layers to 1-2 ym for large depths [134].

Nuclear reaction analysis (NRA) with D(*He,p)a was performed to obtain the D
depth profiles and the D amount in the damaged samples. Seven different energies
of the 3He beam between 500 keV and 4500 keV were used to get D depth profiles up
to a depth of 7.4 um. The measured proton and « spectra were utilized. The proton
spectra were collected by two semiconductor detectors. The first proton detector has
a depletion depth of 2000 um and a solid angle of 30.26 4+ 1.18 msr and is located at
the reaction angle of 135°. The second proton detector has a larger solid angle and
will be called large proton detector. It has a depletion depth of 3500 um and a solid
angle of 77.5+3.0msr. It is located also at 135°. In front of the proton detectors,
a foil is installed to prevent backscattered *He ions from reaching the detectors. In

front of the first proton detector, a foil consisting of a 5 um thick Ni layer and a
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12 pm thick Mylar foil coated with 10nm Au is positioned. The Ni foil faces the
target. In front of the large proton detector, a foil consisting of a 50nm Au layer
and 50 pm Mylar is installed. The alpha spectra are collected by a semiconductor
detector with a depletion depth of 700 yum installed at 102° and a solid angle of
7.65+0.26 msr. A 3.5 um Mylar C foil is installed in front of the detector to block
the backscattered *He ions.

The detected energy spectra are a convolution of the deuterium depth distribution,
the energy dependent differential cross sections, the stopping powers in the elements
and the experimental conditions such as solid angle of the detector and number of
incident He ions. The determination of the deuterium depth profiles requires a
simultaneous fitting of the simulated spectra by SIMNRA [138] to the measured «
and proton spectra and deconvoluting them by the program NRADC as described
in [139] using SIMNRA 7.01 as simulation kernel [I38]. Additionally, at each energy
a deuterated carbon thin film (a-C:D) sample was measured for energy calibration.
Cross section data from [I36] were used. Given the energy spectra, NRADC applies
Bayesian statistics to find the most probable deuterium depth profile with the
least amount of free parameters. The program first finds an optimum numbers
of layers and then conducts a Markov Chain to find the best depth sampling and
concentration describing the data. The maximum likelihood approach is applied to
the fitting of the experimental data and the determination of the confidence interval.
This procedure gives then the most probable D depth profile. The user can define a
minimum depth resolution within the Markov chain sampling in the program. If the
program calculates a layer thickness below this depth resolution, this solution will
be rejected. To calculate the minimum depth resolution at a given depth ResolNRA
was used [140].

The resulting D concentration depth profiles are step profiles. The step widths are
due to the limited depth resolution of the nuclear reaction analysis method [134].
The steps are showing the average D concentration in a given depth interval. In a
recent upgrade of NRADC a new method for representing the statistical uncertainty
accumulated during the final MCMC optimization was introduced. The detailed
description can be found in [141], 142]. The D depth profiles are shown with their
30 uncertainty determined by NRADC in Fig.[3.13
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Fig. 3.12: Differential cross section of the D(*He,p)a nuclear reaction for a laboratory
angle of 135° experimentally determined by Wielunska et al. [I36]. The solid line

represents the Moller, Besenbacher differential cross section determined for 135° [143].
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Fig. 3.13: Typical D concentration depth profile obtained by NRADC for tungsten
irradiated by He up to 0.5dpa. The steps in the depth profiles are due to the limited
depth resolution of NRA. The steps show the average D concentration for a given depth
interval with a 3¢ uncertainty in light green.
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3.9 Thermal desorption spectroscopy

Thermal desorption spectroscopy (TDS) is a method which allows to study the
behavior of gaseous constituents in solids. One drawback of NRA in investigating
the D inventory is its limited depth range. 4.5 MeV 3He can reach a depth of only
7.0 ym in tungsten. TDS is able to provide information about the D inventory
of the whole sample and gives information about the desorption mechanism and
the binding energies. To perform TDS, a D containing sample has to be heated
in ultrahigh vacuum. With increasing temperature, the probability increases that
a D atom trapped in a defect receives enough energy to escape the trap. When
being detrapped the D atom diffuses through the lattice reaching either the surface
or being trapped again. When reaching the surface the D atom recombines and
desorbs into the vacuum. The desorbed gases are detected by a mass spectrometer.
The pressure in the vacuum chamber is defined by the flux of the desorbing particles,
the pumping rate and the leak rate. The leak rate and the pumping rate is assumed
to be constant in time ensuring a constant background signal. The TDS vacuum
system and the heating rate of the sample are chosen such that the increase of the
pressure is small. In this case, the desorption flux is proportional to the pressure
rise. To quantify the desorbed amount of D, a calibration is conducted using a
calibrated leak.

Fig.[3.14) shows schematically the TESS installation at IPP which was used to carry
out the TDS measurements in this work. In the TESS setup, the main vacuum
chamber is connected to a quartz tube in which the samples are inserted. The
background pressure is about 107° Pa after pumping for a few days. The quartz
tube has a side arm allowing the storage of several samples to avoid breaking the
vacuum during sample change. Prior to the measurement, the section of the glass
tube which is heated during the TDS measurement is annealed at 1300 K to reduce
the background signal from particles adsorbed at the glass surface. For the TDS
measurement, the sample is brought via a piece of nickel (in the tube) and a magnet
(outside the tube) to the measurement position. The other samples are located
in the side arm. To heat the sample an external tubular oven is moved over the
measurement position. The side arm is far away from the heated area and is cooled
via a compressed air flow to avoid temperature rise of the samples stored there.
The samples were heated in the quartz tube of the TESS experiment [144] with a
linear oven temperature ramp of 3 K/min from 300 K to 910 K. During the heating

ramp the desorbed gases were analyzed by a quadrupole mass spectrometer [144].
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Fig. 3.14: Schematic overview of the TESS setup used for the TDS measurements.
Reprinted from "Redeposition of amorphous hydrogenated carbon films during thermal
decomposition”, Journal of Nuclear Materials 376, 160, E.Salancon et al., FElsevier
(2008), with permission from Elsevier[144]

The signals of mass channels 1, 2, 3, 4, 14, 16, 17, 18, 19, 20, 27, 28, 29, 32, 44
were recorded. As only the oven temperature is measured during the measurement
and not the real sample temperature, a temperature calibration was executed after
the measurement. For this, a thermocouple wire of type K was spot welded to a
W sample of identical size and the sample temperature was recorded during the
ramp. In this way, the measured oven temperature could be linked to the actual
temperature of the sample.

Deuterium desorbs mainly as Dy (mass 4) and HD (mass 3) with a small contribution
of HDO (mass 19) and D2O (mass 20). After each measurement a Dy gas flow cal-
ibration was performed using a calibrated leak to link the measured intensity to the
actual deuterium flow. The deuterium desorption flux was determined by summing
up the D amount from mass channels 3 and 4, after background subtraction. The
amount of D desorbed in form of HDO and D,O was negligible for all investigated
samples.
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Chapter 4
Damage Calculation

In this work, the displacement damage and subsequent D retention in tungsten
irradiated by different ions (H, D, He, Si, Fe, Cu, W) should be studied. To conduct
a comparison of D retention in tungsten irradiated by different ions, a comparable
thickness of the radiation damage zone, where the deuterium gets trapped, is fa-
vorable. Therefore, the incident ion energies were chosen such that they always
produce a damage zone of about 2 um with a damage peak at around 1.5 ym. The
incident ion energies and irradiation fluences were chosen based on displacement
damage calculations by SRIM 2008.04 [145]. SRIM is a program to calculate
the energetic ion-solid interactions. SRIM uses the Monte Carlo approach in the
binary collision approximation (BCA). In BCA the collisions between the incoming
ion and the atoms in the material are treated as independent sequences of binary
collisions with straight ion trajectories between the collisions. The ions are assumed
to experience only electronic stopping. The material structure is assumed to be
amorphous, therefore, crystallographic effects like for example ion channeling are
not taken into account. BCA simulations are much faster than MD simulations
due to the neglect of the many-body interaction. Therefore, they are only valid for
ion energies above several tens of eV. The resulting different incident energies are
listed in Tab.[d.I] The incident energies cover a wide energy interval from 0.35 MeV
for H to 20 MeV for W irradiation. In order to characterize radiation damage,
the displacement per atom (dpa) concept was used [29, [146] which was introduced
in Sect.2.1] For the dpa calculations SRIM was run for the different ion species
at the given incident energies (Tab., using the damage calculation mode "lon
Distribution and Quick Calculation of Damage', calculating 10° incident ions for
each ion species. In this program mode, the recoil/damage calculation uses the

Kinchin-Pease model. A tungsten displacement threshold energy of 90 eV was used
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Fig. 4.1: Calculated damage depth profiles in tungsten damaged by W, Cu, Si, Fe, He,
D, H ions. Left y-axis: dpa value for damaging up to 0.04 dpa in damage peak maximum;

right y-axis: dpa value for damaging up to 0.5 dpa in damage peak maximum.

and the lattice binding energy was set to zero as recommended in [25]. The file
vacancy.txt gives the calculated number of vacancies produced by the incident ions
and the recoils [145].

Taking this, the dpa value for a given irradiation fluence and vice versa was calcu-
lated with Eq.[4.1]

sum of vacancies

dpa = - fluence (4.1)

material density

This method of dpa calculation gives values comparable to the calculation method
recommended by Stoller et al. [147]. All used dpa values, in this work, are calculated
in this way. Other works such as [I5] or [I6] used SRIM in the program mode
"Detailed Calculation with full Damage Cascades" with a threshold energy of 90 eV
giving around twice as large dpa values compared to the here used dpa values [147].
The damage depth profiles as calculated by SRIM for the different irradiations are
shown in Fig.l4.1l The damage profiles have a damage peak at around 1.5 um, as
only one incident energy was used. The irradiation fluences given in Tabd.1] were
calculated with Eq.[4.T] such that the values of 0.04 dpa and 0.5 dpa are reached
at the damage peak maximum. The different damage levels were chosen based on
experiences from other studies. The D retention as function of the damage level

was studied in [I5]: D retention in self-damaged tungsten shows a linear increase at
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small dpa values and saturated above 0.2 dpa meaning that additional irradiation of
the sample, i.e. higher dpa values do not increase the D retention further [106, [107].
Note please that in [106] 107] the damage level was calculated in SRIM with full
cascade mode. The saturation level was found there at about 0.5 dpa corresponds
to a damage level of 0.23 dpa calculated in the way as described above. Therefore,
one part of the tungsten samples was damaged to the low dpa value of 0.04 dpa
representing the linear regime, in which D retention is proportional to the amount of
damage. The other part was damaged to the high dpa value of 0.5 dpa to represent
the saturation regime. The damage level is accurate within 10%. In the 0.5dpa
damage level, this uncertainty should not make a large difference as the D retention
is in any case in the saturation regime at 0.5 dpa. For the 0.04 dpa damage level this
uncertainty could affect slightly the D retention behavior.

In the following work, the different tungsten samples will be named after the ion
they were irradiated with and the damage level in the peak maximum. For example,
the tungsten sample damaged by Cu up to 0.5dpa is called Cu0.5dpa sample. For
the ion species H, D, He, the expression light ions is used. Si is described as medium
mass ion. The ion species Fe, Cu, W are called high mass or heavy ions. The
expression "damage" is used to describe "displacement damage'. After D loading
in a low-temperature D plasma, the D retention in these samples was investigated
using nuclear reaction analysis (D(*He, p)a) and thermal desorption spectroscopy
as described in Ch.B.7H3.9l

In Tab.[d.1] all ion species and their incident energies and fluences are listed. The
amount of backscattered ions is in all irradiations <1% and hence negligible. That
in turn means that all incident ions for damaging are implanted into the samples.
Using different energies for obtaining a similar damage range unavoidably results
in different recoil energy spectra because of the various incident ion energies and
because of the different energy transfer due to the varying ion masses. The recoil
spectra, shown in Fig.[4.2] were calculated by A. Sand from the University of Helsinki
using MDRANGE [148]. It is a molecular dynamics (MD) based code to simulate
energetic ions in crystalline material. In MDRANGE, the interaction of the ion
with atoms in the target material is described by the universal ZBL repulsive
potential [I49]. The ion trajectory is calculated by integration of the equations
of motion. Interactions between target atoms are neglected. This provides a high
computational efficiency with the accuracy of full MD for calculations of energetic
projectiles. Electronic stopping data of the projectile in the material is taken from
SRIM and is added as a friction force. For the high mass ions Fe, Cu and W, 10000

ion trajectories were calculated, while for the medium mass to light ions Si, He,
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ion | incident max. fluence in | fluence in
energy energy ion/cm? ion/cm?
(MeV) of recoils | corresponding corresponding

(MeV) to 0.04 dpa to 0.5 dpa

W | 20.3 20.3 1.36- 10%3 1.71- 10*

Cu |9 6.9 4.44- 1013 5.55- 1014

Fe | 9 6.4 5.23- 1013 6.54- 1014

Si | 7.5 3.5 1.34- 101 1.68- 10

He | 1 0.083 5.00- 10%° 6.25- 106

D [0.35 0.015 2.72- 10

H [ 0.35 0.0076 7.96- 1016

n |14 0.3045

Table 4.1: Irradiation parameters used in the presented experiments. Comparison with
14 MeV neutrons is shown in the last row.

D and H, which cause fewer energetic recoils and, hence, require more statistics,
100000 trajectories were calculated. The obtained energy distributions of recoils
were then scaled to the respective ion fluences used in this work for the 0.04 dpa
samples (see column 3 in Tab.[1.I). The distribution is given for the total number
of recoils per square cm through the whole implantation depth. Fig.[4.2] shows the
calculated primary recoil energy spectra in tungsten irradiated by the here used ions.
Additionally shown is the primary recoil spectrum in tungsten under DEMO first-
wall neutron irradiation as calculated by Gilbert et al. [I50]. The vertical lines mark
the energy intervall between 42 eV and 90eV. 42 eV is the experimentally determined
lowest displacement energy in tungsten in the crystallographic direction (100) [24]
and 90eV is the displacement energy in tungsten recommended for use by ASTM
[25]. Hence, for recoils with energies below this marked energy interval, no further
damage production is expected. From Fig.[4.2] it can be seen that the primary recoil
energy spectrum resulting from the irradiation with low mass ions (H, D, He) shows
a strong decrease up to the highest possible recoil energy for the specific ion. A
large fraction of these primary recoils has only a low energy and is, therefore, not
able to produce further damage (energy range below the two vertical line in Fig..
The irradiation with medium to high mass ions (Si, Fe, Cu, W) leads to primary
recoil distributions which decreases not as steeply as for the light ions and extends
to much higher maximal recoil energies. The primary recoil distribution for neutron
irradiation under DEMO first-wall conditions is relatively flat over a large energy

interval. The maximal recoil energy for the here applied ion irradiation conditions
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Fig. 4.2: Primary recoil energy spectra for the 0.04 dpa irradiation for the different
ions calculated by MDRANGE as described in the text. Additionally the primary recoil
spectrum in tungsten calculated by Gilbert et al. [I50] under DEMO hepb (helium-cooled
pebble-bed) first wall neutron irradiation is shown. Note please the different units of it
on the right y-axis. The vertical lines mark the displacement energy of 42eV and 90eV

in tungsten.

is listed in Tab.[.I] These maximal recoil energies span a very wide range. While a
0.35 MeV proton can at most transfer 7.2keV to a W atom, a 7.5 MeV Si produces
recoils up to 3.5 MeV and 20 MeV W up to 20 MeV. The maximal recoil energy for
14 MeV neutrons is about 300 keV and lies in the middle of the range covered here.
Hence, the effect of the primary recoil energy on damage creation and deuterium
uptake in tungsten can be studied.

A second quantity which varies when using different ions is the ion dependent
damage efficieny and the resulting damage rate. Different ions have a different
damage efficiency, i.e. produce a different amount of displacement. Tab.[1.2] shows
the calculated number of vacancies per incident ion. It can be seen that for medium
to high mass ions (Si, Fe, Cu, W) most of the radiation damage is produced by the
recoils and not by the incident ion itself. This situation is different for light ions (H,
D, He), there the radiation damage originating from the incident ions is of the same
order or even higher than the radiation damage due to the recoils. Due to technical
limitations, the ion current during the irradiations is also different depending on the
ion species used. Due to the ion-dependent damage efficiency different irradiation

fluences are needed to obtain the same dpa value in the damage peak. Therefore,
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ion | vacancies pro- | vacancies pro- | vacancies in | damage
duced by ions | duced by re- | total rate in d;'l
coils
W 1 0.036 1.82 1.86 4.4-107°
Cu | 0.029 0.54 0.57 2.2:1074
Fe | 0.028 0.46 0.48 1.3.107*
Sio| 0.023 0.17 0.19 6.7-107°
He | 0.0031 0.0020 0.0051 2.8-1076
D | 712 107 2.21- 1074 9.33- 10~* 1.1.10°¢
H | 2.74- 1074 4.4-107° 3.18- 1074 6.7-10°7
Table 4.2: Vacancies produced in tungsten per incident ion in the damage peak

maximum. The last column shows the obtained damage rate (d”%) for the different

ions in the damage peak maximum.

not only the recoil energy spectra differ but also the damage rates (dpa/sec.). The
resulting damage rates in the damage peak maximum are also listed in Tab.[d.2]
Schwarz-Selinger [113] showed for self-damaged tungsten, at comparable damaging
parameters as used in this work, that different damage rates do not influence the D
retention in tungsten. Hence, the assumption is justified that for the experiments
reported here, the D retention is independent of damage rate.

In order to minimize chemical effects of the implanted ions their concentrations
should be low. Fig.[4.3] shows the resulting maximum atomic percentages as a
function of depth as calculated by SRIM [145].
implanted ions ranges from 3 to 51ppm in the damage peak maximum in the
samples W 0.5dpa, Cu0.5dpa, Fe0.5dpa and Si0.5dpa. In the samples irradiated
with W, Si, Fe, Cu, Si up to 0.04dpa, the implanted ion amount is more than

The atomic percentage of the

ten times smaller. It is assumed that such small impurity concentrations do not
significantly influence the displacement damage and the D retention behavior in
tungsten, however, this can not be completely excluded. In contrast, the irradiations
with H, D, He result in concentrations of the order of 0.5-4at.% in the maximum.
It was reported that He bubbles were observed at a fluence of 5.0-10'¢ % at room
temperature [I51]. Therefore, the formation of He bubbles has to be expected
especially in the tungsten samples irradiated by helium up to 0.5 dpa since in that
case the used fluence was 6.2-10'° -2 Also for hydrogen isotopes bubble formation
has to be taken into account. A threshold for blistering of tungsten implanted by
keV H or D was reported to be between 10'%-10°0 25 Tt can be assumed that the

blistering mechanism is strongly correlated with a preceding H bubble formation
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[I52H154]. The here used energies in H and D irradiations were in the keV energy
range. The fluences for H and D were 0.8 and 0.3-10'" -%; were below the reported
values. Although the H bubble formation cannot be completely ruled out for the
H0.04dpa and D 0.04 dpa samples its possible influence on the here shown results

is expected to be not significant.
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Fig. 4.3: Implanted ion depth distributions for the samples Si0.5dpa, He0.5dpa,
He0.04dpa, D0.04dpa and HO0.04dpa as calculated by SRIM. The implanted ion
concentration in the samples irradiated by W 0.5dpa, Cu0.5dpa, Fe0.5 dpa are of the

order of 3-51 ppm and hence not visible in the upper image.
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Characterization of the

microstructure

In this chapter, the results of the investigation of the microstructure of tung-
sten irradiated by different ions with transmission electron microscopy (TEM) and
positron annihilation lifetime spectroscopy (PALS) are presented. For the TEM
investigations, single crystalline tungsten samples were prepared as described in
Sect.[3.1] and irradiated as described in Sect.[3.2 The irradiation parameters are
given in Ch.[d] After the irradiations thin lamellas were cut from the samples
perpendicular to the sample surface as described in Sect.[3.4 The microscopes and
methods used in this study are described in Sect.[3.3] and 3.5

The open volume defect structure was investigated by PALS. For this study poly-
crystalline tungsten samples were used. The samples were prepared and irradiated
as described in Sect.3.I] and B2l The method used is introduced in Sect.[3.6
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5.1 TEM of W irradiated by different ions

The dislocation structure of tungsten samples damaged by H, D, He, Si, W were
investigated by transmission electron microscopy and partly by scanning transmis-
sion electron microscopy. Tungsten was damaged by He, Si, W to a damage level
of 0.04dpa and 0.5dpa. H and D damaged samples were only prepared at 0.04 dpa.
Preparatory TEM observations of tungsten irradiated by different ions were done on
polycrystalline W samples. As described in Sect.[3.5] due to the invisibility criterion,
it is important to observe the dislocation structure of the different samples under
at least three different two-beam diffraction conditions to be able to compare it.
The average diameter of the grains in the used recrystallized polycrystalline W
samples is about 20 um. Therefore, a TEM lamella contained only one or two
grains. Sometimes the grains in a lamella were oriented in such a way that even
tilting with the double tilt holder in +20° was not enough to obtain the same two-
beam diffraction conditions in all observations. Additionally, the images of a lamella
which is tilted in the TEM by more than 10° are of lower quality. A second problem
is that the dislocation structure obtained by the irradiation may be dependent on
the grain orientation during irradiation. Channeling effects may change the local
defect density. To compare the dislocation structure one should investigate grains
of the same crystallographic orientation during irradiation. This is very difficult to
conduct in a polycrystalline material. Therefore, it was decided to use for the TEM
analysis single crystalline W samples of the crystallographic direction (100).

In order to characterize damaged tungsten with different ions in a systematic way,
a standard observation procedure was defined. Single crystals were always oriented
identically during irradiation as described in Sect.[3.2] avoiding channeling in high
symmetry axis.

The TEM lamella were prepared by FIB such that the lamella surface normal was
directed in the (100) direction within £4°, compare Sect. Such a prepared
lamella could be easily brought exactly in the [100] zone axis by slightly tilting with
the Gatan TEM double tilt holder.

After obtaining the diffraction pattern of the zone axis [100] the specimen was tilted
such to get the different two-beam conditions of the four diffraction vectors g:
(-200), (020), (-110), (110). The images were taken at these four two-beam diffrac-
tion conditions in the kinematical bright field (BF) mode to get the best possible
contrast.

This way of observation is very systematic giving the possibility to see how the defect

structure changes at different two-beam conditions. It provides the possibility to
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determine whether there are Burgers vectors which are more frequent than others.
Figs.[5.1a]-p.1d and [5.2h-[5.2d show typical TEM images of self-damaged tungsten
up to 0.04 dpa and, respectively, up to 0.5 dpa at the four different two-beam condi-
tions. In all images, the surface of the samples is not shown to avoid overexposure of
the camera during recording and to have a good contrast. The surface is parallel to
the upper end of the image. To measure the damage range summarized in table[5.1]
additional images at lower beam intensity containing the surface were taken.

The damage zone is clearly visible in the upper half of the image as a darker region,
exemplary marked in Figl5.1] The incident ions create radiation damage in form of
interstitials, interstitial cluster, vacancies, vacancies cluster and dislocation loops
or lines. Interstitials are mobile at room temperature in tungsten and, hence,
not present in the damage zone. Dislocation loops and lines can be observed in
a TEM image. They appear black in the BF image. Hence, an highly damaged
region will appear darker. In the lower half of the image undamaged tungsten
is visible. Although tungsten was only irradiated up to a depth of 2-2.6 um it
shows a significant amount of small dislocation lines, loops and very small loops
appearing as small dots. Fig.[5.3]shows an image of an undamaged tungsten sample
for comparison. The same dislocation structure is visible as in the lower part of the
images of irradiated tungsten. These visible dislocations are due to residual damage
introduced during FIB cutting. The FIB damage is already reduced as far as possible
by thinning the lamella with low energy Ar ion milling, see section[3.4 Therefore,
this residual FIB damage has to be handled as background. The damaged zone shows
a significantly higher dislocation density and is still clearly distinguishable. The
shadows in the images Fig.[5.1a]-[5.1d] are bend contours. A thin lamella is always
slightly bent and in these bent regions the two-beam condition is not fully satisfied,
resulting in shadows in the image. For analysis of the dislocation microstructure,
only the unbent part of the lamella can be taken into account. This area is marked
exemplarily in Fig.[5.1c, To investigate the damage region, images at different
magnifications were taken, using the transmission electron microscope Jeol Jem
1200 and partly the scanning transmission electron microscope Hitachi HD 2700.
The images shown in this chapter were taken with TEM Jeol Jem 1200 unless

otherwise noted.
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(b) W 0.04 dpa sample, image taken under the two-beam condition g=(020)
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(d) W 0.04 dpa sample, image taken under the two-beam condition g=(110)

Fig. 5.1: Tungsten damaged by 20 MeV tungsten ions to a damage level of 0.04 dpa in
the damage peak maximum. The images were taken under the four different two-beam
diffraction conditions g: (-200), (020), (-110), (110)
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Fig. 5.2: Tungsten damaged by 20 MeV tungsten ions to a damage level of 0.5 dpa in
the damage peak maximum. The images were taken under the four different two-beam
diffraction conditions g: (-200), (020), (-110), (110). The images were rotated such that

the sample surface is parallel to the upper image edge.
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Fig. 5.3: Undamaged tungsten lamella. Image taken at a depth of 0.7-1.7 um at two-
beam condition g=(-200). Only residual FIB damage is visible.
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5.1.1 Dislocation structure of self-damaged tungsten

Figs.[p.1al{5.1d] show an overview of the W 0.04 dpa sample at different two-beam
diffraction conditions. From these images the overall appearance of the damage
zone under the different diffraction conditions can be studied. In the upper half
of the image up to a depth of 1.9 um, a clearly visible damage zone is observed.
At depths larger than 2.3 um, the typical undamaged tungsten structure with the
residual FIB damage is observed. Between the depth 1.9 ym and 2.3 ym, a part
of the damage zone is observed which is less clearly visible, this is the drop to
Odpa. The whole damage zone extends up to 2.3um. In comparison, SRIM
predicts a deeper damage zone up to 2.5 um for tungsten irradiated by 20.3 MeV
tungsten ions, compare Tab.[5.1] To study the radiation damage in detail, additional
images at higher magnifications were taken. Fig.[5.4] shows a magnified image of the
damage zone in the depth range of 1.2-1.9 um taken under the two-beam condition
(-110). It can be seen that the radiation damage zone in the W 0.04 dpa sample
consists of dislocation loops and not further defined black regions. Dislocation
lines are not found throughout the whole damage zone. The black regions diffract
the electrons more strongly which means that in these regions the crystal lattice
deviates from (100). Further observations at higher magnifications showed that at
the edges of those black regions the dislocation loop density is higher than anywhere
else in the damage zone. Therefore, it can be concluded that these black regions
are agglomerations of dislocation loops also called dislocation loop clusters. Each
dislocation creates its own strain field and if the dislocation density in a region
is very high, the strain fields sum up and the crystal lattice can get a slightly
different crystallographic direction, i.e. the crystal lattice is distorted. This area is
then observed as a black region in the BF image. The dislocation density in the
sample W 0.04 dpa is apparently so high that in the whole damage zone clusters
of dislocation loops, observed as black regions, are formed. Figs.[5.1al5.1d] show
that the damage zone is getting darker in the depth of 1.0-1.8 yum, i.e. the damage
zone is there dominated by the black regions. Apparently, the dislocation density
in this depth is even higher than in smaller depths. This is in good agreement with
the calculated damage depth profiles (compare Fig.. The damage peak for self-
damaged tungsten is located in a depth of about 1.3 um, which corresponds to the
depth where many of the black regions are observed. This means that with higher
damage level a higher dislocation density in form of the amount of black regions is

observed.
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Throughout the whole damage zone and in all four two-beam conditions, dislocation
loops are observed. At first glance, it seems that the dislocation loop size is always
of the same magnitude. To check whether this is indeed the case, the size of around
1000 dislocation loops was measured. First of all, it should be checked whether
the average loop size varies with the set two-beam condition at which the image
was taken. Therefore, the loop size was measured from four images taken at the
different two-beam conditions. The images used for analysis were all taken at a
high magnification in a depth of 1.2-1.9 um. In this depth the damage level is well
defined as this is the depth at which the damage maximum of 0.04 dpa is reached.
Only clearly visible dislocation loops were counted. To measure the dislocation loop
size, 200 dislocation loops were marked in each image, i.e. the area enclosed by the
dislocation loop was marked. Then the images were binarized and the marked area
enclosed by the dislocation loop was evaluated by the graphical software Bruker-
CT-Analyser (compare Fig.. Most of the dislocation loops are not perfectly
circular, therefore, a quantity is needed to compare the size of the dislocation loops.
For this, the program calculates the equivalent circle diameter given the object area.
Fig.[5.6] shows the histograms for the different two-beam diffraction conditions and
Tab.[5.2] summarizes the average loop diameters calculated from the 2001oops. To
estimate the uncertainty of the average loop diameter, the average diameter was
evaluated in this way from the same image three times and from a different image,
taken at the same depth in the sample, two times. An uncertainty of £0.7 nm of the
average dislocation loop diameter was found. From the histograms and the average
loop diameters, no significant dependence of the loop size and the set two-beam
diffraction condition is found. The average loop diameter is very similar at all four
two-beam diffraction condition, see Tab.[5.2 The differences are in the uncertainty
margin. Therefore, the dislocation loop size can be averaged over all four two-beam
diffraction conditions giving an average loop size of 7.84+0.7 nm. Fig.[5.7 shows the

sum histogram of the four histograms.
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Incident observed observed SRIM calculated
ion damage  depth | damage depth | damage range
for 0.04 dpa for 0.5dpa

\W% 2.3 pm 2.6 pm 2.5 pm

Si 2.0 pm 2.3 pm 2.2 pm

He 1.9 ym 1.9 pm 1.9 ym

D 2.0 pm X 2.0 pm

p 1.4 pm X 1.8 pm

Table 5.1: Observed damage range and calculated damage range for the different
samples.

U. von Touissant fitted a log normal distribution (Eq.[5.1]) [155] to the sum histogram
by minimizing chi?, compare Fig.. With Eq. [155], the expectation value
E(x) and standard deviation /Var(X) of the distribution were calculated and are
summarized in Tab.[5.3] The expectation value was found to be 7.32nm. It is smaller
than the arithmetic average as more loops with smaller diameter were found, giving

an asymmetric distribution.

fa) = e (—””(H‘)) (5.1)

202

2

E(x) = eap(p+ =) (5.2)

Var(z) = E(x) - y/exp(o? — 1)

It was also checked whether the average loop diameter is similar in different damage
depths. For this, dislocation loops were marked on images taken at a damage depth
between 0.5- 1.2 yum. The obtained dislocation loop sizes are in very good agreement
with the ones listed in the table. For example, the average loop diameter from 200
loops in a depth between 0.5 - 1.2 ym under the two-beam diffraction condition (-110)
is 7.8nm and under (-200) it is 7.7nm. This means that in the W 0.04 dpa sample
throughout the whole damage zone the dislocation loop size is about identical. Note
please that the damage level is not constant with depth as shown in Fig.[4.1] At
0.5 um depth the damage level is about 0.02dpa and then reaches 0.04dpa at a
depth of 1.4 um. Obviously, irradiation of tungsten with tungsten ions to damage
levels between 0.02 and 0.04 dpa will lead to identically sized dislocation loops. The
dislocation loop density will be different with different dpa but not the size.
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Dislocation loop diameter in nm

Diffraction con- | W0.04 dpa Si0.04 dpa D 0.04 dpa
dition sample sample

(-200) 74+ 0.7 59 £ 1 21.1 £ 0.7
(020) 8.3 £ 0.7 6.9 £1 22.1 £0.7
(-110) 7.8 £ 0.7 5.5 £ 1 15.8 = 0.7
(110) 7.5+ 0.7 72+ 1 15.6 = 0.7
average 7.8 £0.7 6.4+ 1 15.6-22.1
diameter

Table 5.2: Average dislocation loop diameter in nm under the different two-beam

diffraction condition.

W 0.04 dpa Si0.04 dpa
sample sample
expectation 7.32 5.82
value (nm)
standard 2.48 2.10
deviation (nm)

Table 5.3: Expectation value and standard deviation of the log-normal distribution
fitted to data of the W 0.04 dpa sample, compare Fig.
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Fig. 5.4: Magified damage zone of sample W 0.04dpa in a depth of 1.2-1.9 ym under

two-beam diffraction condition (-200)
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(a) 200 marked dislocation loops in the

b) Binarized i f th ked dislo-
damage zone of the W 0.04 dpa sample at a ( ) Harized thage O. . ¢ tarke . 150

. cation loops. From this image the image
depth of 0.5-1.2 um at the two-beam condi-

tion (-110). This depth corresponds to the
depth in which the damage peak maximum
of 0.04 dpa is reached.

analysis program Bruker CTAn determined
the equivalent circle diameter to the area of

the dislocation loops.

Fig. 5.5: Procedure for the determination of the dislocation loop size as described in
the text.

Let us now turn to the self-damaged tungsten with a damage level of 0.5 dpa. Based
on the knowledge gained from the W 0.04 dpa sample, one could naively think that
the damage zone in W 0.5 dpa sample will be fully dominated by black regions, as
the damage level of this sample is even higher. This is not the case. Figs.[5.2h-[5.2d
show an overview for the W 0.5dpa sample. The damage zone of W (0.5dpa has a
width of 2.6 yum. The damage zone found in W 0.04 dpa has a width of only 2.3 pym.
Obviously, the damage level in the W 0.04 dpa sample is already that low at depths
larger than 2.3 um that the radiation damage is not observable any more. Whereas,
in the W 0.5 dpa sample, the damage level is over 10 times higher in this depth and,
hence, the radiation damage is still observable, which explains the larger observed
width of the damage zone in W 0.5 dpa. SRIM calculated a damage zone up to 2.5 ym
which is in good agreement with the observed 2.6 ym deep damage zone in W 0.5 dpa,
Tab.[5.1] Fig.[5.8 shows the damaged region of W 0.5 dpa sample at a similar depth
as does Fig.[5.4] for the W 0.04 dpa sample. The damage zone appears brighter than
the damage zone of W 0.04 dpa sample. It consists mainly of dislocation lines and
dislocation loops sorted in chains forming a dislocation line network up to a depth
of 1.9-2.0 um. Beside the dislocation lines and dislocation loop chains, few isolated
dislocation loops are visible which are of comparable size as found in W 0.04 dpa.
Between the dislocation line structures, the typical residual FIB damaged tungsten

is visible. Hardly any black regions are found up to a depth of 1.9-2.0 um. As no
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Fig. 5.6: Dislocation loop size distribution in W 0.04 dpa in a depth of 0.5-1.2 um under
the different two-beam diffraction conditions: (-200), (020), (-110), (110). Plotted is the
equivalent circle diameter obtained from the average object area.
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Fig. 5.7: Sum histogram obtained by summing up the histograms at defined two-beam
conditions. In total 800 loops in the W 0.04 dpa sample in a depth of 1.2-1.9 um were
counted to obtain this histogram.
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black regions are observed in this depth the dislocation line density can be estimated
with the line intersection method [124],[125]. For this, nine arbitrary lines were drawn
in the image at a depth between 1.0 um and 1.7 um and the number of dislocation
intersections with the lines were counted. With this procedure, the dislocation
line density was calculated with Eq[3.5] Tab.[5.4] lists the obtained dislocation line
densities under the different two-beam diffraction conditions. It was assumed that
the lamella thickness is around 80nm =+ 10nm. This value is taken from previous
electron energy loss spectroscopy (EELS) measurements of tungsten lamellas. This
value is also in good agreement with the thickness estimation done in the FIB
microscope when the lamella was positioned edge-on to the viewing direction. The
error in the dislocation line density is mainly due to the uncertainty of the lamella
thickness and due to the finite number of lines. When comparing the dislocation
line densities with the gob invisibility criterion in Tab.[5.4] no connection is found
within the experimental uncertainty. Therefore, an average dislocation line density
can be calculated based on the four two-beam diffraction conditions. The average

dislocation line density is 6.5-10"* 2%

. This observation shows that with increasing
damage level most of the dislocation loops which started to agglomerate (observed at
W 0.04dpa) sort themselves into dislocation loop chains or turned into dislocation
lines (observed at W0.5dpa). The observed dislocation lines can be either large
dislocation loops with a diameter larger than the lamella thickness or are dislocation
lines which start and end at vacancy clusters. Between the dislocation lines, no black
regions are observed: this means that the strain fields are low. The dislocation line
network seems, therefore, energetically more favorable. Hence, a development from
dislocation loops with high strain fields at 0.04 dpa to a network of dislocation lines
with low strain fields at 0.5 dpa happened. As visible in Figs.[5.2h-[5.2d, starting at a
depth of 1.9-2.0 um, again dislocation loops and black regions like in the W 0.04 dpa
sample are observed. This region is 0.55 4+ 0.03 um wide and appears darker due
to the presence of black regions. At first glance, one might think that this is the
damage maximum like in the W 0.04 dpa sample. This is not the case because, as
described above, the dislocation loops develop to dislocation lines at high dpa. From
Fig.[4.1] it gets clear that at a depth of 1.9-2.0 um the damage level is already only
0.1dpa as the dpa levels drops sharply from 0.5dpa at 1.3 um to Odpa at 2.6 ym.
Therefore, at the end of the damage zone in the W 0.5 dpa sample the initial stage

of dislocation loops and black regions can be observed as in the 0.04 dpa case.
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Fig. 5.8: Magified damage zone of sample W 0.5dpa in a depth of 1.1-1.8 um under

two-beam condition (-200)

5.1.2 Dislocation structure of tungsten damaged by silicon

Tungsten was irradiated to 0.04 dpa and 0.5 dpa with 7.5 MeV Si-ions.

As the Si ions are much lighter than tungsten ions and have a different incident
irradiation energy the primary recoil energy spectrum is different. According to
Tab.[4.1] the maximum energy of a tungsten recoil atom which had collided in a
head on collision with a 7.5 MeV Silicon ion is only 3.5 MeV . Therefore, a difference
in the dislocation microstructure can be expected.

First, the Si0.04dpa sample will be discussed. In the images of the Si 0.04 dpa
sample a damage zone up to a depth of 2 um is visible, Fig.[5.9] In the first 0.6 um,
only sparse small dislocation loops and dislocation dots are observed. In this work
very small dislocation loops of a size of 1-2nm are called dislocation dots as it is
nearly impossible to identify them as loops. From a depth of about 0.6 um on, larger
dislocation loops are found, which are similar in size to the loops found in sample
W 0.04dpa and are starting to dominate the dislocation structure. At a depth of
0.08 0.1 um black regions are starting to be visible. As in the W 0.04 dpa samples
these black regions are dislocation loop clusters with high strain fields. Apparently,
up to this depth the dislocation density is too low and the dislocation loops do not
agglomerate, i.e. black regions are not observed. From a depth of 0.8 um on black
regions are observed, meaning that the dislocation loop density is high enough and
some dislocation loops agglomerate/cluster and in these agglomerations/clusters the

strain fields are high causing a distortion in the crystal lattice. In contrast to the
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W 0.04 dpa sample the damage zone of Si0.04 dpa sample shows only from a certain
depth dislocation loop clustering observed as black regions. In the W 0.04dpa
damage zone all over the zone dislocation loops and black regions were observed.
To understand this difference, one has to compare the SRIM calculated damage
profiles for tungsten damaged by silicon and self-damaged tungsten from Fig.[4.1]
The damage depth profile for tungsten damaged by silicon has a narrower damage
peak maximum and the damage level at the surface is smaller compared with self-
damaged tungsten. The damage level in 250 nm depth in the Si0.04 dpa sample
is 0.006 dpa and increases to 0.04 dpa at a depth of 1.5 yum. Whereas in a depth of
250 nm the damage level in W 0.04 dpa sample is already 0.02 dpa. In the Si0.04 dpa
damage zone black regions between the dislocations start to be visible at a depth
of 0.8 um. At this depth the Si0.04dpa samples is damaged to a damage level
of 0.01dpa whereas the W 0.04dpa exhibits a dpa level of already 0.03dpa at
this depth. From this comparison with the calculated damage depth profile it is
found that up to 0.01 dpa dislocation loops are formed, which are not dense enough
to cluster. With increasing depth and, hence, damage level the density of the
dislocations increases and at a damage level of about 0.01dpa it is so high that
the dislocation loops cluster and black regions are observed. As the SRIM depth
profiles are that different for Si and W a meaningful comparison of the damage
zone is only possible in the region of the damage peak maximum. In this region
the damage level in both samples is around 0.04 dpa and, hence, comparable. The
damage zone of Si0.04 dpa seems to be very similar to W 0.04 dpa. Nevertheless it
seems that the dislocation loops found in the region of the damage peak maximum
are somewhat smaller than the loops found in W 0.04 dpa.

To quantify this statement around 800 dislocation loops in a depth of 1.1-1.8 ym
were counted, which is the region of the damage peak. As in the case of the
W 0.04 dpa sample the loop sizes under the two-beam diffraction conditions:
(-200), (020), (-110), (110) were determined. The results are summarized in Tab.[5.2]
No dependence between the set two-beam diffraction condition and loop size was
found. The average dislocation loop diameter in the Si0.04dpa is 6.4nm. As for
W 0.04 dpa a log normal distribution was fitted to the sum histogram Fig.[5.11} The
results are summarized in Tab.[5.3] The expectation value was found to be 5.82 nm.
It seems that the dislocation loops found between 0.6 yum and 1.1 um are all of a
similar size as in the damage peak region of 1.1-1.8 um. To check this statement
additional 200 dislocation loop were counted in the depth between 0.8 um and
1.2 um. Indeed the average dislocation loop diameter found in these depth is nearly

identical.
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To estimate the uncertainty of the determined average dislocation loop diameter
each image was analyzed several times. An uncertainty of 41 nm was determined.
This uncertainty is slightly higher than in the W 0.04 dpa sample. The reason for it
is the high number of small dislocation loops in the Si(0.04 dpa sample which make
the procedure more difficult giving an uncertainty of +1nm.

Summarizing, between 0.8 - 2 ym also no dependence was found between the damage
depth and dislocation loop size. From 0.8 um up to the end of the damage zone and
in all four two-beam diffraction conditions the size of the dislocation loops is the
same. Tab.[5.2] summarizes the observed average diameter under the different two-
beam diffraction conditions.

The average dislocation loop diameter in the Si0.04dpa is 6.4+1nm. It is indeed
smaller than the average loop diameter found in self-damaged tungsten W 0.04 dpa
of 7.8£0.7nm. Taking the uncertainties into account the difference does not seem
to be large. The expectation value obtained from the fit to the histogram, is for
Si0.04 dpa 5.82nm and for W 0.04 dpa it is higher namely 7.32nm. When comparing
this difference with the differences in the recoil energy spectra Fig.[1.2) and Tab.[4.]]
during the irradiation with 7.5 MeV Si ions and 20 MeV tungsten ions, the difference
in the dislocation loop diameter can be considered to be small. Fig.[5.11] shows
the sum histogram obtained by summing up the histograms for the four two-beam
diffraction conditions. Comparing the sum histograms from sample Si0.04 dpa and
sample W 0.04 dpa shows that more small sized loops are found in the Si0.04 dpa

sample.

80



5.1. TEM of W irradiated by different ions

Dislocation line density in 1047
m

Diffraction condition | W 0.5dpa sample Si0.5dpa sample
(-200) 6.0+1.0 6.0+1.0

(020) 6.24+1.0 5.04+1.0

(-110) 6.7+1.0 5.741.0

(110) 7.241.0 6.2+1.0

average  dislocation | 6.5£1.0 5.741.0

line density

Table 5.4: Dislocation line density in W0.5dpa Si0.5dpa obtained by the line
intersection method.

Fig.[5.10] shows the Si0.5dpa sample. The damage zone is 2.3 yum wide, which is
again in good agreement with the calculated damage depth of 2.2 ym by SRIM,
Fig.[4.1] In the Si0.5dpa sample dislocation lines and chains of dislocation loops
and few isolated dislocation loops and hardly no black regions up to a depth of 1.9 ym
are found. That means that also in the case of tungsten damaged by silicon ions with
further irradiation most of the dislocation loops with high strain fields in between
(observed in the Si0.04 dpa sample) turn into dislocation lines or sort themselves in
chains with low strain fields (observed in Si0.5dpa). This dislocation line network
is very similar to the W 0.5 dpa sample. The dislocation line density in a depth of
1.0-1.7pum was again determined by the line intersection method. The dislocation
densities under the four two-beam diffraction conditions are listed in table5.2l The
average dislocation line density in Si0.5dpa is 5.7 ~1014%. It is slightly lower than
the dislocation line density in W 0.5 dpa. From the calculated damage depth profile
for the Si0.5dpa, it can be deduced that at the depth of 0.25 um the damage level
is about 0.08 dpa. At this depth a dislocation line network is already observed in
the image. From this we can conclude that between 0.08 dpa-0.1dpa most of the
dislocation loops sort themselves into chains or turn into dislocation lines. At the
end of the damage zone starting at a depth of about 1.9 um a zone with dislocation
loops and black regions of a width of 0.35+0.03 um is found. At this depth the
damage level is about 0.1dpa. This is again very similar to the W 0.5 dpa sample
with the difference that the dislocation loop zone in W 0.5dpa is wider, namely
0.55+0.03 pm. This can be also well understood when comparing the calculated
damage depth profiles. The Si damage depth profile decreases more steeply than
the W damage depth profile and this is observed as a narrower dislocation loop zone

at the end of the damage zone in the Si0.5 dpa sample than in the W 0.5 dpa sample.
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Fig. 5.9: Tungsten damaged by silicon to a damage level of 0.04 dpa in the damage peak
maximum under the two-beam diffraction condition (020). The left image is showing an
overview over the whole damage zone. The image was rotated such that the sample
surface is parallel to the upper image edge. The right image is an image taken at higher

magnification in the damage peak maximum depth.
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Fig. 5.10: Tungsten damaged by silicon to a damage level of 0.5 dpa in the damage peak

maximum under the two-beam diffraction condition (020). The left image is showing

an overview over the whole damage zone. It image was rotated such that the sample

surface is parallel to the upper image edge. The right image is an image taken at higher

magnification in the damage peak maximum depth.
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Fig. 5.11: Sum histogram obtained by summing up the histograms at defined two-beam

diffraction conditions. In sum 800 loops in Si0.04 dpa sample in a depth of 0.5-1.2 um

were counted to obtain this histogram.
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5.1.3 Dislocation structure of tungsten damaged by helium

Tungsten was also irradiated with the low mass ion He to a damage level of 0.04 dpa
and 0.5dpa. The maximum energy of a recoil after a head on collision with a 1 MeV
He ion is 80 keV. Therefore, the recoil energy spectrum strongly differs to the medium
to high mass ions, Fig.[4.2] This results in less damage produced by the tungsten
recoils. 40% of the radiation damage is done by the incident He ions itself. This is
not the case in the W or Si irradiation where most of the damage originates from
the recoil atoms: During W irradiation only 2% of the radiation damage are caused
by the incident ions. In the Si irradiation it is already 12%, compare Tab.[4.2]
Figs[5.12] and show the images of the irradiated tungsten with He: He 0.04 dpa
sample and He 0.5 dpa sample, respectively.

First, the He 0.04 dpa sample is discussed. The damage zone extends up to 1.9 um
depth and four different subzones can be distinguished. Fig.[5.13| shows the STEM
image of the He 0.04 dpa sample in which the whole damage zone with the surface is
visible. In the first 120-150 nm, a zone of dense dislocations and few black regions
is observed (zonel). Such a zone up to 0.2 um was also observed at some not
irradiated tungsten samples. Therefore, zone 1 can be an artifact introduced during
the preparation of the lamella. Up to a depth of 1.1-1.2 ym, only sparse small
dislocation loops and dots are found (zone2). Between 1.2 pum and 1.6 um, an
almost fully black zone is found (zone3). In this zone, the dislocation density is
very high and, therefore, the zone is dominated by dislocation loop clusters with
high strain fields, observed as black regions. This zone corresponds to the damage
peak maximum. From Fig.[4.1] it is known that the 0.04 dpa level is reached at
1.4 pm depth. Zone 3 is 0.4 pm wide which is in perfect agreement with the calculated
damage depth profile shown in Fig.[4.Twhich gives a damage peak FWHM of 0.4 ym.
It is almost impossible to identify single dislocation loops in this zone. Below the
damage peak follows a zone of only small dislocation loops and dots up to 1.9 um
(zone4), which is assigned to the drop from the half maximum to 0dpa until the
typical undamaged tungsten dislocation structure is visible. From the analysis of the
Si0.04 dpa sample, it was concluded that at >0.01 dpa the dislocation loop density
is so high that they start to agglomerate and form black regions. Exactly this is also
observed in Fig.[p.12] At 1.1 um, the damage level of around 0.01 dpa is reached as
shown in Fig.[4.1]

On the other hand, the damage zone of He0.04 dpa is different in comparison to
Si0.04dpa or WO0.04dpa. In the W0.04dpa only one zone dominated by black

regions could be distinguished. In the Si0.04 dpa damage region, a smooth transition
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from a zone of isolated dislocation loops to a zone dominated by dislocation clusters
and black regions is observed. In contrast, in the He 0.04 dpa sample four distinct
subzones in the damage zone are observed. This shows that He as a light ion
produce a totally different damage zone as Si or W. As in the damage peak, the
single dislocation loops are not visible due to the high strain fields, the size of the
dislocation loops was determined in a depth between 0.7-1.0 ym. In this zone mainly
dislocation loops visible as dislocation dots of a size from 1nm-3nm are present,
which is close to the maximum possible image resolution. Hence, a specification of
the average size of the dislocation loops is not possible. The average size of 100
dislocations, which were clearly visible as dislocation loops, was determined under
g=(200) to be 54+1nm.

Tungsten was also irradiated with He to a 0.5dpa level. This lamella had to be
more thinned than the other lamellas otherwise the damage zone was only one
black zone. No single dislocation lines or loops could be observed. It seemed
that the crystal has a totally different crystallographic direction. By analyzing the
diffraction pattern of the damaged zone and the undamaged tungsten, it was found
that the crystallographic direction is identical. Therefore, it can be concluded that
the damage zone is dominated by high strain fields causing locally a high crystal
distortion. This results in many dense black regions observed as one black zone.
After further thinning, the dislocation structure started to be visible, see Fig.[5.14]
One could expect from Si 0.5 dpa and W 0.5 dpa sample that in the He 0.5 dpa sample
a network of dislocation lines will be found. This is, however, not the case. Many
small loops with high strain fields in between them (visible as black regions) are
found. These small loops have formed a sort of lines but they did not turned into
dislocation lines as in W 0.5dpa or Si0.5 dpa sample. The whole damage zone has
a very high strain field, therefore, it is clear that this situation is energetically not
favorable. Obviously, something is preventing the loops to join to larger dislocation
loops or lines and to form an energetically favorable dislocation line network. He
bubbles in tungsten irradiated by He to similar dpa values were observed in many
other studies [I51], 156, [157], and could be the underlying reason. Therefore, it was
decided to look for He bubbles in a He (0.5 dpa sample at high magnification with
the Hitachi HD STEM 2700. Polycrystalline tungsten irradiated with He to 0.5 dpa
was taken for this study. To be able to see small bubbles the sample had to be
even thinner (20-50 nm) than for the dislocation microstructure studies. In a nearly
two-beam BF image, the dominant contrast is the diffraction contrast. However, the
mass contrast is also observable. In a high angle angular dark field (HAADF') image
the dominant contrast is the mass contrast. Fig.[5.15a] shows the BF image of the
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Fig. 5.12: Tungsten damaged by helium to a damage level of 0.04 dpa in the damage
peak maximum under the two-beam diffraction condition (020).

He 0.5 dpa sample and Fig.[5.15b] shows the HAADF image of the He 0.5 dpa sample
at the same sample position. In the BF image small white dots are visible. These
dots are not small dislocation loops as they would appear black, in the BF image.
In a BF image thicker regions appear dark due to mass contrast, therefore, these
bright dots might be missing material, i.e. voids or bubbles. If these bright dots
are voids or bubbles they will appear as dark dots in the HAADF image. Fig.
shows the HAADF image of the same sample position. Indeed most of the bright
dots appear as dark dots in the HAADF image. This result is a hint that He bubbles
of a size of about 1nm are present. The He bubbles can be preventing the small
dislocation loops to join together to form large dislocation loops, i.e. a dislocation

line network similar to the W 0.5dpa or Si0.5dpa sample.
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Damage
zone

0.5 pm

Fig. 5.13: STEM image of tungsten damaged by helium up to a damage level of 0.04 dpa
in the damage peak maximum. In this image, the four zones of the damage zone are
especially well visible. Zone 1: small dislocation loops and black region

Zone 2: sparse dislocation dots and small dislocation loops.

Zone 3: dislocation loops with high strain fields in between (damage peak).

Zone 4: sparse dislocation dots and loops (drop to 0dpa).
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Fig. 5.14: Tungsten damaged by helium to a damage level of 0.5dpa in the damage
peak maximum under the two-beam diffraction condition (020). The image was rotated

such that the sample surface is parallel to the upper image edge.
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(b)

Fig. 5.15: STEM images of He0.5dpa taken at high magnification with Hitachi HD
2700. The upper image (a) is a BF image. The lower image (b) is a HAADF image of
the same sample position. The white dots in the BF image which appear as black in
the HAADF image are probably He bubbles. The red arrows show exemplarily few He
bubbles.
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5.1.4 Dislocation structure of tungsten damaged by deu-

terium

Tungsten was also damaged by deuterium to a damage level of 0.04 dpa. Deuterium
is a low mass ion, hence, some similarity to the He damage zone can be expected.
However, hydrogen bubbles are not expected. They were observed at higher flu-
ences in literature [I52H154], therefore, there may be significant differences to He.
Fig.[5.16|shows the damage zone of tungsten damaged by deuterium at the two-beam
diffraction condition (020). The damage zone is 2 ym thick.

Similar to the He 0.04 dpa sample, four distinct damage zones can be observed. The
first 0.3 um (zone 1) is characterize by dense dislocations and black regions. Up to
a depth of 1pum only sparse, small dislocation loops and dots are found (zone2).
Between 1and 1.6 ym, a zone with large dislocation loops is found (zone3). This
depth corresponds to the damage peak depth where 0.04 dpa is reached. Below this a
zone of only small dislocation loops and dots follows down to 2 um (zone4) which is
similar to zone 2. This zone 4 is assigned to the tail of the damage depth profile. The
dislocation loops in zone 3 observed under two-beam diffraction conditions(020) and
(-200) seems larger than these observed under (-110) and (110). To check whether
the dislocation size in the damage peak maximum region depends on the two-
beam diffraction condition again 200 dislocation loops at each two-beam condition
were counted. Fig.[5.17] shows the histograms at the different two-beam diffraction
conditions. The average diameter under (-200) is 21.1nm, and under (020) it is
22.1 nm, whereas under (-110) it is only 15.8 nm, and under (110) it is 15.6 nm. The
uncertainty is estimated to be 0.7nm. The histograms also show that large sized
loops are found mostly for g= (020) and (-200). It has to be noted that in no
other sample such large dislocation loops were found. When comparing this to the
invisibility criterion gob from Tab.[3.1] the large loops can be of type (111) as all
four types of (111) are visible under (-200) and (020), and only 1/2 of this type of
loops are visible under (-110) or (110), compare Tab.[3.1] This is not the case for
the (100) type or (110) type dislocations. A part of those dislocations also vanish
under g= (-200) and (020). As under (-110) and (110) not all (111) type dislocation
disappear this is also an explanation why some large sized loops are found under

these two-beam diffraction condition.
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Fig. 5.16: Tungsten damaged by deuterium to a damage level of 0.04dpa in the
damage peak maximum under the two-beam condition (020). The same four zones as in
He 0.04 dpa sample (compare Fig. are observed. The image was rotated such that
the sample surface is parallel to the upper image edge.

Summarizing, tungsten irradiated with D shows indeed similarity to tungsten irra-
diated with He as the same four distinct damage zones are observed. One significant
difference is that large dislocation loops with an average diameter of 15-22nm are
observed in the depth of the damage peak maximum (zone 3). It seems there is no

process which hinders the dislocation loops to grow to such large diameters.
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Fig. 5.17: Dislocation loop size distribution in D 0.04 dpa in a depth of 1.0-1.7 gm under
the different two-beam conditions: (-200), (020), (-110), (110). Plotted is the equivalent
circle diameter obtained from the average object area.
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5.1.5 Dislocation structure of tungsten

damaged by protons

Tungsten was also damaged by protons to 0.04 dpa. Fig.[5.1§ shows an overview of
the damage zone of H0.04 dpa sample. Unfortunately, the lamella was of bad quality
which can be seen in the large amount of FIB damage in the lower part of the image.
As the diffraction contrast in the STEM images obtained from Hitachi STEM HD
2700 is not that strong as in images from Jeol Jem 1200, it was decided to show
the STEM images of this sample for a better visibility of the damage zone. The
analysis under the four two-beam diffraction conditions was done with images taken
with Jeol Jem 1200 and will be discussed. Fig.[5.18 shows the BF image and the
dark field (DF) image of the damage zone. In a dark field image dislocations appear
bright which make them better visible. As in the D 0.04 dpa and He 0.04 dpa we see
below the surface, a zone of small dislocation loops up to a depth of 0.3 ym (zone 1).
Below this, a zone of small dislocation loops and dots is observed. From a depth
of 0.6to 1.4 um a zone with dislocation loops and long dislocation lines is observed.
The depth of this zone corresponds to the depth of the damage peak maximum
(see damage depth profile in Fig.. A zone4 as in the samples He 0.04 dpa and
D 0.04dpa was not observed, but this is probably due to the bad quality of the
lamella. The sample was investigated with the TEM Jeol at the four two-beam
diffraction conditions. In (-200) and (020) the dislocation lines are clearly visible in
zone3. In (-110) and (110) the long dislocation lines are not visible and, therefore,
the whole damage zone is weaker visible. Most of the dislocation lines is vanishing
under the two-beam diffraction conditions (-110) and (110) and are well visible under
(-200) and (020). This is a hint that these long dislocation lines have a Burgers vector
of type (111) as the large dislocation loops in the D 0.04 dpa sample.
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Fig. 5.18: Images of the damage zone of tungsten damaged by protons (p0.04dpa
sample) taken by the STEM HD 2700. For better visibility of the damage zone, a bright
field image (right side) and a dark field image (left side) are shown. In a BF image
the dislocation lines or loops appear black. In a DF image the contrast is inverted, i.e.
the dislocation loops and lines appear white. The same first three distinct zones in the
damage zone as in He0.04 dpa and D 0.04 dpa samples are observed (compare Fig
Fig. . Zone 4 is not visible, probably, due to the bad quality of the lamella.

5.1.6 Advanced quantitative analysis of the TEM images

To observe all dislocations and to investigate the existence of dominant Burgers
vectors, each sample was observed under at least four diffraction conditions. Because
of the g o b invisibility criterion, dislocations with a Burgers vector perpendicular to
the diffraction vector are not visible. The samples were, therefore, brought into the
zone axis [100] and then tilted to the four diffraction conditions (-200), (020), (-110)
and (110). Figs.[p.1al[p.1d| show the W 0.04 dpa sample under these four diffraction
conditions. Looking at the recorded images, it seems that the amount of damage
is always comparable in the four different diffraction conditions. Of course, this
impression has to be verified by a more quantitative method than just the visible
appearance. For the samples W 0.5 dpa and Si0.5dpa, the dislocation line density
was determined by the line intersection method (Tab.[5.4) and indeed the dislocation
line density was the same within the error bars under all four diffraction conditions.
For the He0.04 dpa, He0.5dpa, Si0.04dpa and W 0.04 dpa this method could not
be applied because of the large amount of black regions in the damage zone. It is
very difficult to quantify the number of dislocations in these black regions as single
dislocation loops are only weakly visible at the edge or are not visible at all in these

regions. In this case, the line intersection method as well as manual counting of
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dislocations is impossible. Therefore, a method is needed which gives the amount
of damage in the samples without the need to count single dislocations. A method
was developed to quantify the amount of radiation damage observed in the images.
The TEM images for each diffraction condition were binarized using the programme
Bruker-CT-Analyser. Before the binarization was conducted the region in the image
which should be analysed was chosen. Usually, bend contours are visible which
would complicate the setting of the binarization threshold due to a different grey
scale histogram. Therefore, only regions of the image free from such artifacts were
used, shown exemplarily by the red frame in Fig.[5.1¢. This part of the image was
used in the binarization and is shown in Fig.[5.19al The binarization was performed
in two steps. In the first step, a global binarization was performed in which the
program sets all grey values below a threshold value to black and the grey values
above the threshold are set to white, compare Fig.[5.19b] The image after this global
binarization reproduces the microstructure only very roughly. To reproduce also
smaller structures in the TEM image, in the following step, adaptive binarization
is performed at the TEM image parts not excluded by the global binarization. For
the adaptive binarization, two parameters are needed: a radius given as the number
of pixels and a constant given in the difference in grey values. The program then
analyses the image in the specified radius step by step. If in this radius the difference
between the grey values is higher than the value set in the constant, these pixels will
be set to black otherwise to white. With this procedure, smaller structures can be
also analyzed and artifacts because of changing lamella thickness are minimized. The
threshold for the global binarization, the radius and the constant for the adaptive
binarization were chosen manually for each image such that the final binarized image
reproduces the dislocation structure seen in the image best, compare Fig.[5.19¢

From the binarized images the fraction of black pixels was counted for each line
of pixels with the program Micrometer, developed at WUT [I58, [159], giving the
fraction of black pixels with respect to the depth, compare Fig.[5.20 It should
be noted that with this method not the dislocation density is counted but the
appearance of the radiation damage. The information whether loops, lines or black
regions were observed is lost. The result is a dimensionless number: the fraction of
black pixels. As shown in the previous Sect.[5.1.1[5.1.2] in the dpa range between
O0and 0.08 dpa for Si and W irradiation a higher irradiation dose causes a higher
density of dislocation loops with more black regions, i.e. a higher fraction of black
pixels in the binarized image with damage level. This situation changes at a damage
level between 0.08-0.1 dpa with the loop-to-line transition. At damage levels higher

than 0.1dpa, a dislocation line network with hardly any black regions is found.
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Fig. 5.19: Binarization of the image of the W 0.04 dpa sample.
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Fig. 5.20: Fraction of black pixels versus depth found in the W 0.04 dpa sample from

the binarized image for the four different diffraction conditions.

Therefore, tungsten irradiated by Si and W with damage levels not higher than
0.1dpa can be investigated with this method. In tungsten damaged by He, no loop-
to-line transition was observed (Sect.. In this case, a higher damage level up
to 0.5 dpa means a higher dislocation loop density with more black regions, i.e. a
higher fraction of black pixels in the binarized images with damage level. Hence,
for the samples W 0.04 dpa, Si0.04 dpa, He 0.04 dpa and He 0.5 dpa, the binarization
method can be used to investigate the amount of radiation damage under the four
diffraction conditions. For these samples, the fraction of black pixels with respect to
depth was determined from the binarized images. Fig.|[5.20| shows exemplarily the
depth profiles of the fraction of black pixels for the sample W 0.04 dpa under the
four different diffraction conditions. It can be seen that the black to white profile
is increasing from the surface with depth reaching its maximum at around 1.3 ym
depth, which is in good agreement with the SRIM damage depth profile, Fig.[4.1]
After the maximum it is decreasing. No dependence of the determined amount of

damage with the set diffraction condition is found within the accuracy.
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Fig. 5.21: Averaged depth profile of fraction of black pixels from the four depth profiles
of the four diffraction conditions. The depth profile was smoothed by averaging over
20 pixel lines. The image in the background shows the binarized image from which the
depth profile was determined.

For all samples (W 0.04 dpa, Si0.04dpa, He0.04dpa and He0.5dpa) investigated
with this method, no difference in the amount of damage and the range of the
damage zone were observed within the set diffraction conditions. Therefore, it can be
stated that within the experimental accuracy the dislocation density is comparable
for the investigated samples under the different diffraction conditions. As the depth
profiles registered under the different diffraction conditions are nearly identical an
average depth profile was determined from them. To smooth the depth profile curve

20 pixel lines were summarized giving for each sample depth profile curves, compare

Fig.[5.21}

98



5.1. TEM of W irradiated by different ions

5.1.7 Discussion of the observations

The dislocation structures in the damage zones of self-damaged and silicone ion
damaged tungsten were very similar in both damage levels of 0.04 dpa and 0.5 dpa.
In the W0.04 dpa and Si0.04 dpa samples, small dislocation loops and dislocation
loop clusters with high strain fields in between (black regions) were observed. No
significant difference in the loop size was found with the set diffraction condition.
The damage zones in the two samples were found to be comparable in the region
of the damage peak maximum, as there the damage level is in both samples is
comparable. The average loop size in the region of the damage peak maxima in W
0.04 dpa and Si 0.04 pda was 7.84+0.7nm and 6.4+1.0 nm, respectively. Therefore,
only a difference up to 20% was found for the loop size in Si0.04 dpa with respect
to WO0.04dpa. However, when taking the uncertainty ranges into account the
differences seem to be rather small. In the W0.5dpa and Si0.5dpa samples, a
dislocation line network consisting of dislocation lines and dislocation loop chains
was found. The dislocation line density was found to be independent from the
set diffraction condition and was (6.5+1)-10" 2% in the W0.04dpa sample and
(5.7£1)-10" % in the Si0.5dpa sample. The difference in the dislocation line
density found in Si0.5dpa with respect to WO0.5dpa is up to 12%. Therefore,
only small differences were found in the damage zone of tungsten damaged by W
and tungsten damaged by Si. The loop-to-line transition was found to take place
in both samples at about 0.08-0.1dpa. Due to different incident ion energies in
the Si and W irradiations and different ion masses, significant differences are found
in the primary recoil energy spectra, compare Tab.[4.1] and Fig.[d.2l The damage
efficiency of incident Si ions compared to incident W ions is also different (about
one third smaller), compare Tab.[4.2] In [160] the dependence of average damage
rate and dislocation structure was studied. A difference in the average damage rates
about a factor of 20 (ion beam scanned with 1kHz over the sample) resulted in only
small differences in the dislocation structure, which were all within the uncertainty
ranges. In our study, the beam was also scanned over the sample surface with
1kHz, the average damage rates are listed in Tab.[d.2l The ion current during
Si irradiations was higher than during W irradiations. The average damage rate
obtained during Si irradiations is of a factor 1.5 higher as during W irradiation,
compare Tab.[4.2] Hence, no differences in the dislocation structure due to different
average damage rates are expected. Therefore only the differences in the recoil
energy spectra of Si and W ions could influence the dislocation structure in this

study. In spite of the large differences in the recoil energy spectra only small
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differences were observed in the dislocation structure between tungsten irradiated
by Si and self-damaged tungsten. From this it can be concluded that tungsten
irradiated by other high mass ions will show a very similar dislocation structure, at
least when using similar average damage rates. What can be expected from these
results for the D retention? As the damage zone in terms of dislocations is very
similar for tungsten irradiated by medium to high mass ions it can be expected
that the D retention should be similar as well. By studying the D retention of
such samples it can be estimated to what extent the dislocation structure may
govern the D retention. The following calculations are only rough estimations. The
damage zone of W0.5dpa visible in Fig.[5.2] consists mainly of dislocation lines
up to 2um depth. The dislocation line density (Tab. was determined by the
line intersection method to be (6.5+1)-10' % With this the possible D amount
retained in the dislocation lines can be roughly estimated. Let assume that a D
trap site can be found at every interatomic distance. The damage depth was found
to be 2.6 yum from which up to 2 um the dislocation line network is found. The
volume of the damage zone governed by dislocation lines of a 1 cm? sample is hence
2.0-10% yum?® (W 0.5dpa). From this the total dislocation length is calculated. The
total dislocation length is found to be 1.3-10" ym. Dividing the total length with the
lattice constant of 0.316 nm of tungsten gives the total number of 5.4-10'* possible
trap sites/cmZ. As one vacancy site can trap up to 6 hydrogen atoms at room
temperature [73] the number of trapped D in W 0.5 dpa can vary between 5.4-10
and 32.4-10* D atoms/cm? trapped in the dislocation lines up to 2 um depth. Note
please that this is only the lower limit as only good visible dislocation lines were
counted to obtain the dislocation line density. The small dislocation loops and dots
were not counted. They can also contribute to the D retention significantly.

The estimation of trapped D in W 0.04 dpa sample at dislocation loops is more diffi-
cult as the dislocation loop density could not be evaluated due to the high numbers of
loops and black regions. To estimate the possible amount of D atoms retained in the
dislocation structure in the W 0.04 dpa sample the following Gedankenexperiment
is done: From TEM images of W 0.04 dpa it is known that dislocation loops of an
average diameter of 7.8 nm are found all over the damage zone. To calculate the
possible amount of D atoms/cm? trapped in the dislocation structure let us imagine
a lamella of a thickness of 100 nm with a width of 1 cm and a depth of 2.3 ym equal to
the depth of the damage zone. Say every 10 nm a dislocation loop of 7.8 nm diameter
is found. This results in 2.3-10% loops in the lamella. 1cm contains 10° layers of
100nm thickness. Therefore, 2.3-10' dislocation loops per cm? are expected. One

loop has a diameter of 7.8 nm. The dislocation loop circumference is then 24.5nm.
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At every interatomic distance a possible D trap site is located, which can eventually
trap 1-6 D atoms [73], which results in about 78-468 D atoms trapped around such
a dislocation loop. Having 2.3-10'% dislocation loops per cm? results in about 1.80-
10.8-10' D atoms/cm?. The above presented calculations should be seen as very
rough estimation of the amount of D trapped by dislocations. The values are only a
lower limit of the possible D amount trapped in dislocations and will be compared

to the D retention found in self-damaged tungsten in Chap.[6]

The damage zone of tungsten damaged by light ions (H, D, He) up to 0.04dpa
is significantly different in comparison to that created by medium to high mass
ion irradiation. In H0.04dpa, D 0.04dpa and He0.04 dpa samples three to four
subzones in the damage zone are observed, while in the W 0.04 dpa and Si 0.04 dpa
cases no subzones could be distinguished. Zone 1 might be an artifact introduced
during preparation as such a zone up to 0.2 um was observed at some not irradiated
tungsten sample, when the protective deposited tungsten layer was sputtered away
during lamella preparation. Zone?2 is nearly identical in all light ion irradiations.
Zone 3 depends on the used ion species. In He 0.04 dpa small dislocation loops with
high strain field are observed, whereas in D 0.04 dpa large dislocation loops and in
H0.04dpa long disloaction lines are found. Zoned4 is assigned to the tail of the
damage depth profile. There are several differences in the light ion irradiation
compared to high mass ion irradiation. Firstly, light ion irradiation results in
not dense collison cascades in contrast to high mass ion irradiations, where dense
collision cascades are present [I2]. Secondly, the recoil energy spectra resulting
from the irradiation with light ions differs, see Fig.[.2] This results in dramatically
lower damage efficiencies than for medium to high mass ions , compare Tab.[4.2]
Thirdly, due to technical reasons, a different ion current during the irradiations is
obtained. Hence, the average damage rate (dpa/s) found in light ion irradiation is
1-2 orders of magnitude smaller. In [I60] a difference in the dislocation structure
of self-damaged tungsten was observed depending whether the beam was scanned
over the sample or not. Therefore it can be concluded that large differences in the
average damage rate can result in differences in the dislocation structure. On the
other hand in the Si0.04 dpa sample in the first 0.6 um small dislocation loops and
dislocation dots were found similar to the zone 2 found in the light ion irradiations. It
was concluded that this is because of the significant differences in the damage depth
profile. The damage level in Si0.04 dpa in small depths is about 3 times lower than in
W 0.04 dpa, Fig.[4.1] SRIM calculates similar damage depth profiles for H0.04 dpa,
D 0.04dpa, He0.04 dpa and Si0.04 dpa. Despite this fact the dislocation structure
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is significantly different, with distinct zones. It can be that SRIM calculates a too
high damage level for H0.04 dpa, D 0.04 dpa, He 0.04 dpa, which would explain the
extended zone 2. Hence, it is not clear whether the subzones observed are due to
differences in the primary recoil energy distribution or due to the significant lower
damage rate or simply due to differences in the damage depth profile. To solve this

problem further investigation are needed.
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5.2 Open volume defects - Positron annihilation

spectroscopy of tungsten samples

The polycrystalline W samples irradiated by H, D, He, Si, Fe, Cu, W were analyzed
by positron annihilation lifetime spectroscopy with positrons of an incident energy
of 16-18keV. In Fig.[5.22] the lifetime spectra are shown. A significant difference
in the slope is observed for the undamaged sample compared to the damaged
samples. Between the damaged samples smaller differences in the lifetime spectra
are observed. The largest differences among them are seen between light ions and
medium to high mass ions. In the 0.5 dpa and 0.04 dpa case (Figs.|5.22a] and [5.22b)),

it can be recognized that the lifetime spectra of tungsten damaged by high mass

ions (Fe, Cu, W) are almost identical. The lifetime spectrum for tungsten damaged
by Si lies in between. In the 0.04 dpa case (Fig., it can be recognized that the
lifetime spectra of tungsten damaged by H, D, He are also almost identical.

The mean implantation depth for 18 keV positrons is about 0.2 um and extends
up to 0.6 pm, compare Fig.[3.8f Therefore, only a small part of the damaged zone
is probed by the positrons. Additionally, the samples do not exhibit the same
damage level in a depth of 0.2 um. The W 0.5 dpa samples reaches a damage level
of 0.25dpa in 0.2 ym depth. The Si0.5 dpa sample reaches a damage level of only
0.07dpa in this depth, compare Fig.[d.I Therefore, the question arises whether the
small differences observed in the lifetime spectra are coming from differences in the
defect structures or are due to the different damage levels in the sample. To answer
this question, it was decided to irradiate tungsten with Si and Cu such that the
same damage level of 0.01 dpa, 0.1 dpa and 0.5dpa is reached in 0.2 um depth and
that the damage level is flat in the depth interval of 0.1-0.4pm. Cu and Si were
chosen as in the lifetime spectra (Fig. of tungsten damaged by Cu and Si small
differences were observed. Tungsten was irradiated with 7.5 MeV Si ions and 9 MeV
Cu ions which gives a relatively flat damage depth profile at the depth interval
of 0.1-0.4 pm. Fig.[5.23| shows the obtained damage depth profiles for the 0.01 dpa
and 0.1dpa case. Fig.[5.24] shows the lifetime spectra obtained for the six different
samples. In Fig.[5.24D] the undamaged tungsten sample is shown as reference as
well. It can be observed how the slope changes with increasing damage level. This
is observed for tungsten damaged by Si as well as for tungsten damaged by Cu.
The observed change can be due to two different reasons. It can be that with a
higher damage level the defect types produced are different or that due to different

defect concentrations (higher defect concentration with higher damage level) the
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Fig. 5.22: Positron lifetime spectra at 18 keV positron incident energy for polycrystalline
tungsten damaged by H, D, He, Si, Fe, Cu, W with energies specified in Tab.[£.1] up to

0.04dpa (a) and 0.5dpa (b) in the damage peak maximum.
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Fig. 5.23: SRIM damage depth profiles for tungsten irradiated by Si and Cu such to
reach the damage level of 0.01 dpa or 0.1 dpa at 0.2um depth.

distributions of the trapping of the positrons differ which leads to this observed
differences in the spectra. Fig.|5.25|shows the lifetime spectra of tungsten damaged
by Si and Cu up to different damage levels in 0.2um depth in one figure. It can be
seen that the lifetime spectra are identical at all three damage level. Therefore, it can
be concluded that the difference observed in Fig.[5.22] between tungsten damaged by
Cu and Si are due to the different damage levels in the positron probing depth and
not due to the different defect structure. The measured PALS spectra were evaluated
by PALSfit. They were fitted with three to four exponential functions corresponding
to three to four lifetime components. The decomposition is sometimes difficult to
interpret as it can be ambiguous due to the high sensitivity of the exponential fits
to the noise in the data. The average lifetime is a more stable quantity to analyze.
Tab.[5.5] shows the average lifetimes for the measured samples. It can be seen that
the average lifetime is very similar for tungsten irradiated by Cu and tungsten
irradiated by Si to the same damage level in 200nm. This was expected as the
lifetime spectra are also identical. It can be observed that the average lifetime is
increasing with the damage level. That means that positrons live longer in more
damaged tungsten. With higher damage level, the defect density is higher and this
leads to less positrons annihilating from the defect free bulk and more positrons
annihilating from the trapped state. The decomposition in four lifetimes is similar

for all six samples but the intensities of the lifetimes vary. The decomposition of the
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dpa in || Si Cu

0.2 pm

0.01 201.8 ps 202.4 ps
0.1 225.8 ps 221.9ps
0.5 234.1ps 241.3 ps

Table 5.5: Average lifetimes determined by fitting four exponential functions to the

liftime spectra.

lifetime spectra in four components show that most of the positron 69-88 % have a
lifetime of 190 ps-220 ps which corresponds to trapping in mono-vacancies and di-
vacancies in tungsten [129]. This shows that the differences observed in Fig.[5.244]
and between the different damage levels are not due to other defect types in
the different damage levels but due to the different defect density and distribution
in the different damage levels. In Fig.[5.22a] and the life time spectra of the
samples irradiated by high mass ions show not much difference which is, therefore,
a sign of a similar defect structure.

From this, it can be deduced that for tungsten irradiated by medium to high mass

ions the open volume defect structure is similar.
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(a) Positron lifetime spectra for tungsten damaged by Si up to 0.01, 0.1,
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(b) Positron lifetime spectra for tungsten damaged by Cu up to 0.01, 0.1,
0.5dpa in 0.2 pum depth. For comparison the lifetime spectrum of undamged

tungsten is shown as well.

Fig. 5.24: Positron lifetime spectra for tunsten damaged by Cu and Si at different
damage levels in 0.2 ym depth.
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5.3 Chapter Summary

Tungsten was damaged by He, Si, W to a damage level of 0.04 dpa and 0.5 dpa and
by H and D to 0.04dpa. The damage zone of each sample was investigated with
the TEM Jeol and partly with the STEM HD 2700. The damage zone was observed
under four different diffraction conditions, namely: (-200), (020), (-110), (110).
For obtaining the diffraction conditions, the samples were tilted to the zone axis
[100] and then brought to the four two beam conditions at which the kinematical
BF images were recorded. For all irradiations it was found that the depth of the
damage zone is in good agreement with the SRIM calculated depth profiles, compare
table[5.1] The observed damage peak maxima in the TEM images were also found
at the depth predicted by SRIM.

The damage zone of tungsten irradiated by tungsten or silicon was investigated. As
the damage depth profile of Si0.04 dpa sample and W 0.04 dpa sample is different,
the damage zone of these samples was compared in the depth of the damage peak
maximum, as there the damage level is the same in both samples. It was found that
the damage zone is very similar for Si0.04 dpa and W 0.04 dpa at the same damage
level. It consists of dislocation loops and black regions. It could be shown that the
black regions are agglomerations of dislocation loops, i.e. dislocation loops clusters.
The dislocation loop density and hence the black region density is directly related
to the damage level. This is especially visible in the fraction of black pixels depth
profiles obtained from the binarized images. They follow closely the SRIM damage
depth profile. It was found that the dislocation loops are of the same size under
the four diffraction conditions and in the whole damage zone. The average loop size
in W 0.04 dpa was found to be 7.840.7nm, while for Si0.04 dpa it was found to be
6.4+1nm.

The damage zones of the samples W 0.5dpa and Si0.5dpa were also similar. In
both samples a dislocation line network with only few dislocation loops and no
black regions was found. The dislocation density was found to be independent
from the set diffraction condition. For W 0.5 dpa, an average dislocation density of
(6.5+1)-10™ # was found. For the Si0.5 dpa sample a somewhat smaller dislocation
density of (5.741)-10* ﬁ was determined. At the end of the damage zone, a zone
of dislocation loops and black regions was found in both samples which corresponds
to the drop from 0.1dpa to Odpa. Comparing the W 0.04dpa, Si0.04dpa, and
W 0.5dpa, Si0.5dpa, it becomes clear that a rearrangement from small dislocation
loops with high strain fields which started to agglomerate (0.04 dpa) to a dislocation
line network with low strain fields took place. Comparing the images with the SRIM
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damage depth profile, it was found that this rearrangement takes place at 0.08 dpa-
0.1dpa. This shows that the irradiation of tungsten with 20 MeV tungsten ions or
with 7.5 MeV silicon ions results in a very similar damage zone. Despite this large
differences in ion mass and energies, only small differences in dislocation loop size
and density were found. Therefore it is expected that irradiation with other different
high mass ions like Cu or Fe would result in a very similar damage zone, even when
using different energies.

The irradiation of tungsten with light ions (H, D, He) up to 0.04 dpa results in a
very different damage zone. In the damage zone three to four distinct subzones are
observed. The thicknesses of these four zones are ion dependent. Zonel is a zone of
small dense dislocation loops with high strain fields, which possibly was introduced
during preparation. Zone?2 follows with sparse small dislocation loops and dots.
Zone 3 is found in the depth of the damage peak maximum. The appearance of this
zone depends on the damaging ion species. In H0.04 dpa, zone 3 consists of long
dislocation lines. In D 0.04 dpa large dislocation loops of an average diameter of 15-
22nm are found. The long dislocation lines in H0.04 dpa and the large dislocation
loops in D 0.04 dpa were predominantly observed under the diffraction conditions
(-200), (020). This may indicate that their Burgers vector is of type (111). In
He 0.04 dpa, zone 3 consists of small dislocation loops with very high strain fields.
Because of this single loops are hardly visible in zone 3 of the He 0.04 dpa sample.
After zone 3, a zone4 similar to zone?2 is observed. This zone consists of sparse
small dislocation loops and dots and corresponds to the drop to 0 dpa. Zone4 was
observed in D 0.04 dpa and He 0.04 dpa. It was not observed in H0.04 dpa, probably
due to the bad quality of this specific TEM lamella.

Tungsten was also irradiated with He up to 0.5 dpa. The whole damage zone in this
sample consists of small dislocation loops which are hardly visible due to the high
strain fields in between. The zone appears like a single, large black zone. It can be
observed that the loops are arranging themselves in sort of lines but are not forming
dislocation lines despite the high damage level. The observation with STEM HD
2700 showed that in this sample most probably He bubbles are present which might
prevent the joining of the dislocation loops.

In TEM images, vacancies and small vacancy clusters were not observable due to
limited image resolution. Therefore, the open volume defect structure of the damage
zone was studied with Positron Annihilation Lifetime Spectroscopy (PALS) using
16- 18 keV energetic positrons. In order to allow meaningful comparison, the damage
level should be comparable in the positron implantation depth which is for an energy

of 18 keV about 0.2 um. Therefore, polycrystalline tungsten samples were irradiated

110



5.3.  Chapter Summary

by Si and Cu to the same damage level of 0.01dpa, 0.1dpa and 0.5dpa in this
depth. No differences in the lifetimes between tungsten damaged by Cu or Si were
found. Small differences were found in the average lifetime with the damage levels.
It was concluded that these differences are not due to different defect types but due
to varying defect densities and distributions in the damage zone. PALS was also
performed on samples irradiated with different ions up to 0.04 dpa and 0.5dpa in
the damage peak maximum. Between the medium to high mass ions only small
differences in the raw data were found, probably due to different damage levels in
the positron implantation depth. Therefore, it can be concluded that for tungsten
irradiated by medium to high mass ions, the open volume defect structure is very

similar.
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Chapter 6

D retention in tungsten irradiated

by different ions

In this chapter, the results on the investigation on D retention in tungsten irradiated
by different ions (H, D, He, Si, Fe, Cu, W) will be presented.

Polycrystalline tungsten samples were prepared and irradiated as described in Sect3.1]
and The irradiation parameter are given in Chap.[dl After the irradiation, the
samples were exposed to a low-temperature D plasma at PlaQ (Sect..

Nuclear reaction analysis (NRA) and thermal desorption spectroscopy (TDS) were
performed to study the D retention. The methods are described in Sect.[3.§ an[3.9]
First, results on long-term D outgassing of self-damaged tungsten after D loading will
be presented. In the next section, results on the D retention in tungsten irradiated

by different ions will be presented.
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6.1 Study of long-term D outgassing

As D retention in irradiated tungsten was studied, the effect of long-term D out-
gassing after D loading in such a sample was also investigated. For this, a specially
prepared self-damaged tungsten sample with a damage level of 0.23dpa in the
damage peak maximum was D loaded in PlaQ at 370 K. Nuclear reaction analysis
was conducted after the D loading after 1day, 3 days, 7days, 23 days, 80days, 296
days, 536 days. Measurements with seven different He energies ranging from 500 keV
to 4.5 MeV were conducted in each case. Fig.[6.1] shows the integrated proton peak
counts for all measured 3He energies versus the days passed since the D loading. A
clear drop of the number of counts is observed during the first week. The reduction
of counts continues up to about 80 days after D loading. After this time, the
outgassing effect continues only slowly and is within the determined error margin of
4%. After 1.5 years from the D loading the counts in the proton peak decreased by
6 % to 12% depending on the incident energy. A measurement error of up to 4%
was determined for every measurement point. This error is due to three reasons: 1.
the uncertainty of the homogeneity of the sample (determined in [I13] to be up to
2%) 2. the uncertainties in the current measurement (estimated to be up to 3%)
and 3. the counting statistics (the square root of the counts).

Having this effect in mind, it is important to perform the nuclear reaction analysis for
D depth profiling always in a comparable time interval after D loading. Therefore,
nuclear reaction analysis with D(*He,p)a and thermal desorption spectroscopy were
always conducted in the fourth week after the D loading.
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Fig. 6.1: Integral counts in the proton peak for different incident 3*He energies.

6.2 Results on D retention

As described in Ch.[d, D retention in self-damaged tungsten saturates at a damage
level above 0.2dpa [I5]. Hence, samples in which the damage level exceeds locally
the 0.2dpa level will show local D saturation. Fig.|4.1| shows the damage depth
profiles obtained from SRIM. Looking at the damage depth profile from W 0.5 dpa,
one can recognize that throughout the whole damage zone the damage level is higher
than 0.2dpa. That means that the D retention will reach the maximum possible
amount of D for certain D loading conditions, i.e. it will be saturated. For the
samples Fe0.5dpa and Cu0.5dpa, the 0.2dpa level is exceeded only in a depth of
about 0.5 um. Hence, local D saturation is only expected in the depth range from
0.5pum to 1.9 um. In Si0.5dpa and He 0.5 dpa sample, the 0.2dpa level is exceeded
between the depths of 1 um and 1.8 yum. Hence, in this damage range, a local D
retention saturation is expected. In the samples irradiated up to 0.04 dpa, no D
retention saturation effect is expected as throughout the damage zone the damage
level is smaller than 0.2dpa. The local D retention in the 0.04 dpa samples should
follow the damage depth profile.

Fig.[6.2] shows the total amounts of retained D for all damaged samples as measured
by NRA and TDS. To obtain the total amount, the D depth profiles and the D
desorption spectra were integrated. A good agreement within 10 % between the two
measurements is found for all samples. The 0.5 dpa samples were irradiated such to

reach the 0.5dpa level in the damage peak maximum. Although the damage level
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of 0.5dpa to 0.04dpa is more than ten times higher, the D retention is only up to
three to four times higher as the 0.5 dpa samples are at least locally D saturated.
As the samples W 0.5dpa, Cu0.5dpa and Fe 0.5 dpa are close to full D saturation
they should retain a similar amount of D. This is indeed the case. It can be seen in
Fig.[6.2 that the total amount of D retained in W 0.5 dpa, Cu0.5dpa and Fe 0.5 dpa
is similar. The Si0.5dpa sample was expected to be only locally D saturated.
Nevertheless, the total amount of retained D in Si0.5dpa sample is very similar
to the samples W0.5dpa, Cu0.5dpa and Fe0.5dpa, therefore, it seems that the
Si0.5 dpa sample is also close to full D saturation. The total amount from He 0.5 dpa
is significantly lower meaning that this sample is not fully saturated with D. This is
in agreement with with anticipation, because in a large fraction of the damage zone
the dpa value is significantly lower than 0.2 dpa.
All 0.04 dpa samples show a lower D retention. When looking at the total amount of
D retained in the 0.04 dpa samples in Fig.[6.2] it seems that there can be a correlation
between the D amount retained in the sample and the damaging ion species. The
0.04dpa damage level is in the linear regime of D retention. That means that a
higher local damage level leads to a higher local D retention. The local damage
level in the damage peak was for all samples 0.04 dpa. The integrated damage over
the full damage depth is different for the different samples, compare Figs.[6.3 and
4.1} Therefore, the raw data of the 0.04 dpa samples need to be normalized to the
same integral damage to allow a meaningful comparison of the D retention.
Fig.[6.4]shows the measured D depth profiles determined by NRA together with the
calculated SRIM damage profiles for all samples. The present version of NRADC
allows to use only two different detectors. It was decided to use for the 0.5dpa
samples, the signals from the small proton detector at 135° and the « detector to
have a very good depth resolution at the first 500 nm depth. In the 0.04 dpa samples,
the D concentration was expected to be lower and because of that it was important
to have a good count statistics. Therefore, the two available proton detectors at 135°
were used. The D depth profiles are shown with their 30 uncertainty determined
by NRADC in the final Markov Chain Monte Carlo (MCMC) optimization. The D
depth profiles of the 0.5 dpa samples show a higher D retention than the D depth
profiles from the 0.04 dpa samples, as more trapping sites are available for D. For all
measured samples, the SRIM damage range is comparable to the D retention depth.
Hence, all present defects were decorated with D indicating that the D loading time

in PlaQ was chosen long enough.
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Fig. 6.2: Total amounts of D retained in tungsten measured by NRA and TDS for

different damaging ions.
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Fig. 6.3: Damage depth profiles calculated by SRIM for samples W 0.04 dpa and

He0.04dpa. Both damage depth profiles reach the 0.04 dpa level in the damage peak
maximum. Nevertheless, the damage depth profiles’ integrals are significantly different.
The integrated damage depth profile of W 0.04 dpa is twice as large as the damage integral

of He 0.04 dpa.
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total D amount in 10'7 at. /cm?

0.5dpa 0.04 dpa
ion | NRA TDS NRA TDS
W | 2.69 2.46 1.03 0.93
Cu | 2.44 2.28 0.75 0.76
Fe | 2.37 2.43 0.85 0.81
Si | 2.43 2.39 0.63 0.59
He | 1.80 1.89 0.51 0.49
D 0.64 0.63
H 0.46 0.45 (1.01)

Table 6.1: Total D amount in 10'7 at./cm? obtained by NRA and TDS for the 0.5dpa
and 0.04 dpa samples. The total D amount is equal to the total hydrogen amount retained
in the samples except H 0.04 dpa sample. For H 0.04 dpa a significant amount of hydrogen

as protium is retained. The total hydrogen amount is given in brackets and is derived
from Hy, HD, Dy signals.

First, the results of the irradiations up to 0.5dpa will be discussed. The 0.2 dpa
level above which D saturation is expected [15] is shown as a red line in Fig.[6.4]
In Fig.[6.4h, it is visible that for self-damaged tungsten damaged up to 0.5dpa
(W 0.5 dpa sample) the damage level is higher than 0.2 dpa up to a depth of 1.8 ym.
Therefore, the D depth profile of the W 0.5 dpa sample should be flat up to this
depth, i.e. the maximum possible D amount is retained. The NRA D depth profile
of W0.5dpa shows a D concentration of 1.8 at.% up to 1.4 ym and drops slightly to
1.6 at.% up to a depth of 2.2 um. Taking into account the statistical uncertainties
indicated by the uncertainty bands in the D depth profiles and the limited depth
resolution of the used NRA method, it can be concluded that the W 0.5 dpa sample
is saturated with D up to a depth of about 1.9 um, as expected. Hence, full D
saturation is reached. The Cu 0.5 dpa depth profile shown in Fig.) is also almost
flat. In the near surface layer up to a depth of 0.08 um, the D concentration is only
1.3at.%. Then it rises to 1.8at.% in the maximum up to a depth of 2 um. The
Fe 0.5 dpa sample depth profile (Fig.c) shows from the surface to 0.22 um a D
concentration of 1.6 at.%. A maximal D concentration of 1.8 at.% is reached between
0.22 pm and 2 um. As for W0.5dpa, the D depth profiles of the Cu 0.5 dpa and Fe
0.5 dpa samples are almost flat and practically fully saturated with a maximum D
concentration of 1.8 at.%. Comparing the D depth profiles with the calculated SRIM
damage depth profiles in Fig.[6.4] it can be concluded that the maximum D retention
value is reached already at around 0.13-0.15 dpa and not only above 0.2dpa. From
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Fig.[4.1] it is seen that the Si damage depth profile reaches 0.13-0.15 dpa at a depth
of about 0.7 um. Hence, it can be expected that Si0.5dpa sample will be locally
D saturated in the depth range between 0.7 um and 1.8 ym, i.e. it will be close to
full D saturation. The measured D concentration profile for Si 0.5 dpa increases from
1.2 at.% at the surface through 1.7 at.% up to a concentration of 2.0 at.% (Fig.d).
Taking into account the uncertainties and remembering that the steps in the depth
profiles are showing an average D concentration in a certain depth interval, it can
be concluded that indeed saturation is reached locally between 0.6 pm and 2 pm.
The D depth profile of the He 0.5 dpa sample is shown in Fig.[6.4le. This D depth
profile is significantly different than those presented so far. The D concentration
increases steeply from 0.9 at.% through 1.3at.% up to 2.4 at.% at a depth of 0.8 um
and drops to 0.22at.% at a depth of 1.5 um up to a depth of 2.4um. For all D
depth profiles for 0.5 dpa, the D-filled range is in good agreement with the damage
depth range predicted by SRIM. Damaging up to 0.5 dpa was not conducted with
H and D ions due to the excessive required damaging fluences, see Tab.[4.1] Fig.[6.5]
shows the D depth profiles for the samples damaged up to 0.5dpa in one figure.
When comparing the D depth profiles of W0.5dpa, Cu0.5dpa and Fe0.5dpa and
taking into account their statistical uncertainties 3o, it is obvious that they can
be considered as being identical. D saturation is reached in the whole damage
zone (beside the first 200nm in Cu0.5dpa and Fe0.5dpa). Comparing with these,
the Si0.5dpa D depth profile is only locally saturated with a somewhat higher D
concentration in the D peak maximum.

The D depth profile of the He0.5dpa sample is significantly different. The D
concentration in the damage peak in He 0.5 dpa sample is up to 30 % higher compared
to the W 0.5 dpa sample. The accumulation of D in the He implantation region in
tungsten was already reported by Markelj et al. [I6I]. It was shown that He attracts
D and that the D retained increases in the presence of He. This can be explained
by He clustering or He bubble presence in the sample. MD simulations show that a
large amount of Hydrogen can be trapped around the He bubbles [162].

Figure shows the D desorption spectra for the same set of samples shown
in Fig.[6.5] All D desorption spectra consist of at least three peaks and start and
end at identical temperatures. The first peak is located at about 490-500 K, the
second one at about 590-600 K and the third one at about 770-780 K. In the samples
WO0.5dpa, Cu0.5dpa, Fe0.5dpa and Si0.5dpa, the two first peaks are difficult
to distinguish as they both merged into one broad peak structure. The third
peak is clearly separated. From NRA, it is known that W 0.5 dpa, Fe 0.5 dpa and
Cu0.5dpa are fully D saturated. The D desorption spectra of these three samples
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Fig. 6.4: D depth profiles measured by NRA (step profiles) and SRIM calculated damage
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Fe, Si, He, D, H) at 0.04dpa and 0.5dpa. The damaging ion is denoted in the figure.
The red lines indicates the 0.2 dpa level at which D retention saturation is reached.
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are identical. Only some small, not significant differences are discernible in the
first broad peak structure. The third peak is identical. Si0.5dpa was found to be
only locally D saturated in the depth range of 0.6 yum and 1.9 um. Nevertheless,
the D desorption spectrum of Si0.5dpa is very similar to the spectra of W 0.5dpa,
Cu0.5dpa, Fe0.5dpa. Therefore, it can be stated that Si0.5dpa is close to full D
saturation. This allows the conclusion that the D retention is the same for medium
to high mass ions in the 0.5 dpa case. In references [15, [16, 19, 85 [90], the peaks are
assigned to represent D desorption from different defect types. The D desorption
spectra of medium to high mass ions are nearly identical, i.e. the detrapping energies
and intensities are nearly identical. With this, it can be assumed that the defect
structure is similar as well.

The D desorption spectrum obtained from the He 0.5 dpa sample is significantly
different. The D desorption spectrum shows three well distinguishable peaks. The
first peak is found at about 470 K, the second peak is seen at around 610 K and the
third at about 730 K. All three peaks in the D desorption spectrum of He 0.5 dpa
are found at slightly different temperatures than for medium to high mass ion
samples. The second peak in the He0.5dpa D desorption spectrum is highest.
This significantly different D desorption spectrum suggests that also a different

defect structure can be expected in tungsten damaged by He ions. The helium

at
cm?

fluence during 1 MeV He irradiation of tungsten up to 0.5 dpa was 6.25-10%¢
Using transmission electron microscopy, Miyamoto et al. [I51] observed nm sized He
bubbles in tungsten after an exposure to 50eV Helium ions starting to be visible
from a fluence of 5.0-10'°-%;. Hashimoto et al. observed nanometric He bubbles
in tungsten irradiated with 1.3MeV He ions at 850°C at a fluence of 10'°-25 and
annealed at 2000°C [163]. Gilliam et al. [164] and Debelle et al. [165] found strong
evidence from NRA studies for the existence of He bubbles in 1.3 MeV He implanted
tungsten at fluences in the range of 10 — 10'® m‘;—tQ Therefore, He bubbles can be
expected in the He 0.5 dpa and He 0.04 dpa samples. These nm size bubbles which
are supposed to act as additional trapping sites for D are probably the explanation
for the significant change in the D retention behavior of tungsten [161] [162].

Let us now discuss the D retention in the 0.04 dpa samples. Fig.[6.4] shows also the
D depth profiles for the samples damaged up to 0.04 dpa. The D depth profiles are
not as flat as the D depth profiles from 0.5 dpa samples. This is well understandable
as the maximum local damage level throughout the whole damage zone stays well
below the damage saturation level of 0.13-0.15dpa (see discussion above). For all

samples, the D retention range and the position of the maximum of the D retention
are in reasonable agreement with the SRIM predictions, compare Figs.[6.4a{6.4p.
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6.2. Results on D retention

However, for Si0.04dpa, Fe0.04dpa and Cu0.04dpa, the maximum in the NRA
depth profiles is located at slightly smaller depths than predicted by SRIM, Fig.[6.4]b, ¢, d.
As expected from the SRIM damage depth profile the D depth profile of W 0.04 dpa
shows the broadest maximum compared with the other D depth profiles (Fig.|6.4h)).
Fig.[6.7 and show the D depth profiles for tungsten damaged by high mass
and medium to low mass ions respectively. Fig.[6.8 shows also the measured D
depth profile of the D 0.04 dpa before D loading in PlaQ. For an easier comparison
between the two figures, the D depth profile of Si0.04 dpa is plotted in both. Clear
differences in the D depth profiles are observed. Nevertheless, all samples, except
H0.04dpa, reach a D concentration in the peak of about 0.8-1at.%. Within the
30 uncertainty, shown as uncertainty band in Fig.[6.7] and [6.8], the D concentration
in the peak can be seen as similar. From SRIM, a similar D concentration in the
damage peak maximum is expected. The H0.04dpa shows a significantly lower
D retention and will be discussed later. The differences observed in the D depth
profiles seem to be a little arbitrary. Especially, the peak position in the NRA
profiles of Fe0.04dpa, Cu0.04dpa and Si0.04 dpa seems to be shifted to smaller
depths. Therefore, a consideration of the uncertainties of the NRADC calculation is
needed. One reason for the observed differences are the inherent uncertainties of the
depth profiles themselves. The uncertainty of the atomic fraction of D in a certain
layer system is determined by NRADC [139] in the final MCMC optimization and
is shown as 30 uncertainty band in the depth profiles. But in addition, uncertainty
arises due to the selection of the step widths in the D depth profiles in the NRADC
evaluation process. Each step represents the average D concentration within this
depth intervall. When calculating the most probable layer system, describing the
measured raw data, NRADC takes into account the depth resolution. The achievable
depth resolution from the two proton detectors at 135° is in a depth of 1.5 to 2 um
only of about 0.4 um to 0.6 um, as calculated by ResoINRA [140]. In the depth of
1.5-2 um, the damage peak and the sharp drop from the damage peak to zero is
found, compare Fig.[4.1] and possibly the depth resolution is not enough to resolve
the D depth profile correctly. To check this, the depth profile of Si0.04 dpa was
recalculated using a slightly different depth resolution. The difference was of about
+ 50nm. Fig.[6.9 shows the obtained D depth profile and to compare the D depth
profile as shown in Fig.[6.7] It can be seen that the binning in the depth profile
changed significantly. The depth resolution is, hence, not sufficient to correctly
resolve the damage peak and the tail of the damage depth profile. This can be the
reason for the differences observed in the evaluated D depth profiles. Hence, for

the 0.04 dpa case the detailed form of the D depth profiles is rather uncertain. To
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D-atoms per displacement

ion | NRA TDS
W | 0.296 0.267
Cu | 0.253 0.254
Fe | 0.296 0.284
Si | 0.303 0.286
He | 0.343 0.329
D |0.333 0.330
H |0.239 0.233 (0.527)

Table 6.2: Total D amount per displacement obtained by NRA and TDS for the 0.04 dpa
samples. For H0.04 dpa a significant amount of hydrogen is retained as protium. The
complete H amount per displacement is given in brackets and is derived from TDS from
Hs, HD, D, signals. For the other samples the total hydrogen amount is equal the D
amount.

get a better depth resolution, a detector at higher scattering angle should be used
as described in [166], [I67]. Unfortunately, the detector at 175° was unavailable at
the time of the measurements. The most robust quantity obtained from the depth
profiles is the total D amount retained in the sample. This value can be calculated

by integrating the evaluated depth profiles.

The 0.04 dpa damage level represents the linear regime in the D retention behavior,
i.e. a higher damage level results in a higher D retention [I5]. The integral damage
level between the different ions is not equal, see Figs. and [6.3] For comparing
the D amount in samples with different integral damage levels, the most robust
parameter is the number of trapped D atoms per displacement. The NRA D depth
profiles and TDS spectra were integrated yielding the total trapped D amount, the
integral damage was obtained by integrating the SRIM damage profile. The obtained
total D amount was divided with the damage integral giving the number of D atoms
per displacement as described in Eq.[6.1}

D integral obtained from NRA or TDS  Numberof D atoms
integrated SRIM damage depth profile  Number of displacements

(6.1)

The number of D atoms per displacement found in the different samples is listed in
Tab.[6.2] For medium to heavy ion irradiation, the variation in the total D amount
retained per displacement is below 20%. The D 0.04dpa and He0.04 dpa sample
retained most of D per displacement.

Figs.[6.10] and show the normalized D desorption spectra from the 0.04 dpa
samples. As the 0.04dpa level is in the linear regime, the TDS spectra were
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normalized by dividing with the damage integral obtained from SRIM damage depth
profiles, (compare Fig., Eq.. As in the 0.5dpa case, all 0.04 dpa desorption
spectra start and end at the same temperature and show three desorption peaks.
The first two peaks are not clearly distinguishable giving a broad peak structure.
The three peaks are located at temperatures of about 480-500 K, 580-600 K and
760-770 K, respectively. The first two peaks appear at comparable temperatures as
for the 0.5dpa samples. The third peak apears at somewhat lower temperatures.
Fig.[6.10]shows the normalized TDS spectra from tungsten damaged by the medium
mass to high mass ions. The D desorption spectra are very similar for all four ion
irradiations. Hence, the D retention in tungsten damaged by medium mass to high
mass ions is similar for the 0.04 dpa case. Small differences are observed in the first
broad peak structure. The heights of the broad peak structure are different within
20 % which indicates different peak intensities of the first and second peak.
Fig.[6.11] shows the normalized D desorption spectra obtained from the irradiation
with light ions up to 0.04 dpa. For better comparison with Fig.[6.10] the Si 0.04 dpa
spectrum is also plotted. It becomes clear that the D retention in tungsten damaged
by light ions is significantly different than for the medium to high mass ions.
Especially, in the broad peak structure of the overlapping peaks1 and 2 significant
differences are observed. On the countrary, the third peak in the desorption spectra
is for all 0.04 dpa samples, beside H0.04 dpa very similar. The sample H0.04 dpa
shows a peak at the same position but with significantly lower intensity. He 0.04 dpa
and D 0.04dpa show a higher first peak. The number of D atoms per displace-
ment found in He 0.04 dpa sample and D 0.04 dpa sample compared with W 0.04 dpa
sample is 24 % higher, compare Tab.[6.2l The higher D retention in the He 0.04 dpa
sample can be explained with enhanced hydrogen isotope retention in the helium
implantation zone as for the He 0.5 dpa sample.

The D desorption spectrum from sample D 0.04 dpa is higher as more D was in the
sample due to the preceding D implantation (during damaging with D, as can be seen
in the depth profile of Fig.. The H 0.04 dpa sample shows a lower D desorption
spectrum than all other spectra in Fig.[6.8] This is in good agreement with the
NRA depth profile of H0.04 dpa which also shows lower D retention compared with
D 0.04 dpa.

However, Fig.[6.11|shows only the D desorption spectra derived from HD and Dy. As
tungsten was in this case damaged with protons the full hydrogen isotope desorption
spectrum including protium must be considered. Fig.[6.12] shows the complete
hydrogen isotope desorption spectrum of H and D, derived from H,, HD, Ds, for
H0.04dpa sample. In addition to the total number of released H isotopes, the
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individual contributions of Hy, HD, Dy are also shown. For this sample the H,
signal and HD signal are clearly not negligible. In the complete hydrogen isotope
desorption spectrum, the second peak is dominant. In total, the contribution of
protium to the total hydrogen release is about 56 % in this sample. In Fig.|6.13]
the hydrogen isotope desorption spectrum for D 0.04 dpa sample is shown in the
same way. The magenta curve shows the full hydrogen isotope desorption spectrum
of D0.04dpa which is identical to the D desorption spectrum already shown in
Fig.[6.11] For this sample the protium signal can be neglected. The Hj signal is
practically invisible and the HD signal is very low. Also for all other investigated
samples in this study, the contribution of protium from Hs; and HD to the total
hydrogen isotope release was negligible. The fact that the Hy and HD signals are
so strong in H0.04 dpa indicates that the implanted protium got trapped in the
created defects. Apparently the D fluence during loading was not enough for isotope
exchange. The significant higher H amount per displacement found in H 0.04 dpa
(compare Tab. can be explained by defect stabilization observed by Markelj et
al. [I68]. The effect is not observed in the D 0.04 dpa. Note please that the fluence
during irradiation almost three times lower, compare Tab.[f.] Summarizing the
tungsten samples irradiated by medium (Si) to high mass ions (Fe, Cu, W) to
0.04 dpa show a comparable D retention. Tungsten irradiated by light ions (H, D,
He) up to 0.04 dpa shows a significant different D retention behavior.
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resolutions. The uncertainty bands indicate the 3o uncertainty.

1.4 T T T T
- = W 0.04 dpa
1.2 = Cu 0.04 dpa -
Fe 0.04 dpa 1

=

o
N B

>

Si0.04 dpa T

o
(o}
1
]

o

(0]
R

L

o o
N IS
| |
.%
°
S
. > D;o.
\‘..:
|

D(10™ at. / (displacement x s))

s

T T T
400 600 800 1000

Temperature (K)

Fig. 6.10: Normalized D desorption spectra from tungsten irradiated by medium to
high mass ions (Si, Fe, Cu, W) for 0.04 dpa, normalized by the integral damage.

128



6.2. Results on D retention

1.4 T - T T .

1 4 Si0.04 dpa
1.2 * He 0.04 dpa T
I = D0.04 dpa
1.0 4 HO0.O4dpa

D(10™ at. / (displacement x s))

400 600 800 1000
Temperature (K)
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mass ions (H, D, He, Si) for 0.04 dpa, normalized by the integral damage.

129



Chapter 6. D retention in tungsten irradiated by different ions

w14 . . :

= 1 A o H !sotopes from H,

O 1.2+ 2 A a Hisotopes from D,

£ A 4 .

) 1 A A o Hisotopes from HD

g 1.0 4 a Sum signal p 0.04 dpa -
o | ‘f A i
R A

S 0.8 £ " §
~ A

= A A

© 0.6 - A .
b A A

o T A A

2 0.4 4

o 2598

S 0.2 P

5] ] @“

2

- 0.0- .

400 600 800 1000

Temperature (K)
Fig. 6.12: Normalized complete hydrogen isotope desorption spectra (red) for sample

H 0.04 dpa obtained from H and D signal from Ho, HD, Dy. Additionally the components
of this signal: the signals from Hy, HD, Dy are shown.

v 14 : : :

e 1 o Hisotopes from H,

GE) 1.2 a Hisotopes from D, 1
o i o Hisotopes from HD

Lg_ 1.0 = Sum signal D 0.04 dpa -
Z 0.8 -
= 1 ]
< 0.6 - a -
o E a 4
< 0.4 1 a i
o A

o l 2 :

S 0.24 =

o

R 1

T 0.0-

400 600 800 1000
Tempearture (K)

Fig. 6.13: Normalized complete hydrogen isotope desorption spectra (magenta) for
sample D 0.04dpa obtained from H and D signal from Hy, HD, Dy. Additionally the
components of this signal: the signals from Hs, HD, Dy are shown.

130



6.3. D retention and dislocation structure

6.3 D retention and dislocation structure

The D retention is found to be nearly identical for tungsten damaged by medium to
high mass ion up to 0.5dpa and similar for tungsten damaged by medium to high
mass ions up to 0.04dpa. The dislocation structure was found to be very similar
for tungsten damaged by medium to high mass ions as well. On the other hand,
clear differences are seen in the D retention of tungsten damaged by light ions,
especially the first peak in the D desorption spectrum of He 0.04 dpa and D 0.04 dpa
shows a higher intensity. This first peak was assigned by Ogorodnikova et al. [10]
to be D desorption from D trapped at dislocations and grain boundaries. Indeed
the dislocation structure in these samples is also different. Four distinct zones with
different dislocation densities are observed in the TEM images. According to the
assignment of Ogorodnikova et al. [16], an higher intensity of the first peak would
indicate a higher dislocation density in these samples. This was not observed in
the TEM analysis. The author distances herself from assigning distinct desorption
peaks to different defect types. It is difficult to relate the D retention peaks directly
to the dislocation structure. For the W 0.5dpa sample, the D amount retained
at the visible dislocation line structure up to 2 um was roughly estimated to be
between (5.4-32.4)-10 D atoms/cm?. From the NRA depth profile in Fig.[6.5]
it is seen that 84% of the trapped D amount is trapped in the first 2 um. 84%
of the total amount are 2.26:10'" D atoms/cm? obtained from the NRA depth
profile or 2.07-10'" D atoms/cm? derived from the TDS desorption spectra. The
D retention at the observed dislocation lines would explain only 1.5% of the total D
retention in the W 0.5 dpa sample. Note please that this is only a lower limit as small
dislocation loops were not counted. The number of D retained at dislocation loops
obtained for the W 0.04 dpa sample in the Gedankenexperiment was 1.8-10.8-10'° D
atoms/cm?. The total D amount in W 0.04 dpa sample was between 0.93-1.03-10'" D
atoms/cm?. Therefore the value obtained from the rough estimation could explain
up to 12% of the total D amount retained in the sample. On the other hand,
density functional theory (DFT) calculations in [92] predict that hydrogen retained
at dislocations have low binding energies of 0.57 eV at screw dislocations and 0.89 eV
at edge dislocations. From this, Bakaev et al. [92] estimates the H detrapping
temperature to be between 320 K-350 K for screw dislocations and 440-470 K for
edge dislocation. Therefore, at least the fraction of D trapped by screw dislocations
is already detrapped at 370 K. On the other hand, calculations in [I69] show that the
H retained at dislocations depends on the H concentration in the bulk and can be

also significant at temperatures higher than room temperature. Hence, quantitative
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conclusions about the D retention from dislocations by analysing the TEM images
and the D retention data are not possible. The TEM images show the overall
appearance of the damage zone and its dislocation structure. Vacancies, interstitials,
vacancy and interstitial clusters, which influence the D retention, are not observed
in the TEM images due to limited resolution. These objects together with the
dislocations form the damage zone microstructure which governs the observed D
retention. At present it is not clear to what extend the dislocations directly influence
the D retention, but the observations suggests that some aspects of the dislocation
structure seem to relate to the D retention. The dislocation structure of the damage
zone of tungsten irradiated by Si and W is very similar. The D retention found in
the samples damaged by Si and W is also comparable. The damage zone observed in
tungsten after light ion irradiation is significantly different and so is the D retention.
The loop-to-line transition is observed at 0.08 dpa-0.1 dpa and it seems to correlate

to the onset of the D saturation damaged tungsten.

6.4 Chapter summary

In this chapter the D retention in tungsten irradiated by different ions, (H, D, He,
Si, Fe, Cu, W) with energies between 0.3 and 20 MeV up to damage levels of 0.04
dpa and 0.5 dpa in the damage peak maximum, was compared systematically. To
study D retention in the created radiation defects, the samples were exposed to a
low-temperature D plasma at 370K, in order to decorate the produced trap sites.
The D retention was studied by nuclear reaction analysis (NRA) using the D(*He,
p)a reaction and by thermal desorption spectroscopy (TDS).

Tungsten damaged by medium to high mass ions (Si, Cu, Fe, W) shows very similar
D depth profiles and nearly identical deuterium desorption spectra in the 0.5 dpa
case. Hence, the D retention in tungsten can be considered identical between
medium mass to high mass ions in the 0.5 dpa case, which represents the saturation
regime. Tungsten irradiated by helium up to 0.5 dpa shows a significantly different
D retention: The D depth profile obtained by NRA is more peaked and a higher D
concentration is reached in the damage peak maximum. The D desorption spectrum
of tungsten irradiated by He up to 0.5 dpa shows three, well distinguishable peaks.
The peaks have different intensities with slightly different temperatures as tungsten
irradiated by medium to high mass ions. No D saturation effect in this sample
was observed. This different D retention behavior is probably due to He bubble

formation, which serves as additional trapping sites for D.
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In the 0.04dpa case more differences were observed. The 0.04 dpa damage level
represents the linear regime in the D retention behavior of tungsten. In this regime
more damage results in a higher D retention. The samples were irradiated with one
energy for each ion species to have 0.04dpa in the damage peak at around 1.5 ym
depth. Therefore, the integral damage over the whole damage depth was different
for the different ions. As a consequence, the D retention had to be normalized
by the integral damage to allow a meaningful comparison. The differences in the
normalized total amounts of retained D obtained from the D depth profiles and
desorption spectra are below 18% for medium mass to heavy ion irradiations (Si,
Cu, Fe, W). The normalized D desorption spectra are similar for Si, Cu, Fe, W
irradiations, beside small differences in the broad desorption peak structure. The
heights of the broad peak structure consisting of the first two desorption peaks differ
by less than 20%. The third desorption peak is nearly identical. Therefore, it can
be stated that the D retention in tungsten irradiated by medium to high mass ions
at 0.04dpa is similar. For tungsten irradiated by low mass ions (H, D, He) larger
differences in the D retention were found. The broad peak structure consisting
of the first two peaks is significantly higher. The third peak was very similar in
all irradiations. The D desorption spectra are showing significantly different shapes.

This suggests a defect structure different from that of the medium to high mass ions.
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Chapter 7

Conclusions and Outlook

7.1 Conclusions

In this work, the radiation damage and the subsequent D retention in tungsten
irradiated by different ions was studied. Tungsten was irradiated by He, Si, Fe,
Cu, W to two damage levels of 0.04dpa and 0.5dpa and by H and D to 0.04 dpa
in the damage peak maximum with different incident ion energies (0.3-20 MeV).
The dislocation microstructure was investigated by transmission electron microscopy
(TEM) and the open-volume defects were investigated by positron annihilation life-
time spectroscopy (PALS). D retention in the different irradiated tungsten samples
was measured by nuclear reaction analysis (NRA) using D(*He,p)a and thermal
desorption spectroscopy (TDS). It was found that the observed depth of the damage
zone as identified by TEM is in good agreement with the depth of the damage depth
profile calculated by SRIM. Furthermore, the measured D retention depths in all
samples agree well with the depth of the calculated damage depth profiles. In the
0.04 dpa samples, the observed damage peak maximum and the maximum in the D
depth profiles are also found at the depth predicted by SRIM. Hence, SRIM predicts
correctly the damage zone in tungsten for all used ions and a direct comparison from
the damage zone and D retention with the SRIM damage depth profile is possible.
The observed damage zones of tungsten irradiated by the medium mass ion Si and
high mass ion W are very similar at comparable damage levels. In the 0.04 dpa
samples dislocation loops and dislocation loop clusters are found. In the 0.5dpa
case a dislocation line network consisting of dislocation lines and dislocation loop
chains, with only few isolated dislocation loops is found. By comparison of the

observed damage zone with the SRIM damage depth profiles, it was found that a
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rearrangement from dislocation loops to lines took place at about 0.08 dpa- 0.1 dpa.
As very different energies, which result in different recoil energy spectra, were used,
it can be concluded that irradiation with other different high mass ions, like Cu or
Fe, would result in a very similar damage zone.

The investigation of open volume defects with PALS showed that for tungsten
irradiated by medium to high mass ions, the open volume defect structure is also
very similar.

It was shown that the D retention in tungsten irradiated by medium to high mass
ions can be considered as identical in the 0.5 dpa case, which represents the satur-
ation regime. In the 0.04dpa case, only small differences of up to 20% in the D
retention in tungsten irradiated by medium to high mass ions were observed. From
comparison of the D depth profiles at 0.5 dpa and the SRIM damage profiles, it was
shown that the D saturation is reached already at 0.13-0.15dpa. The rearrangement
from dislocation loops to lines was observed at slightly lower values of 0.08-0.1 dpa.
The dislocation structure of tungsten irradiated by light ions (H, D, He) is sig-
nificantly different. In the 0.04 dpa case the damage zone consists of three to four
subzones with different thicknesses. The appearance of the zones found at the depth
of the damage peak depends on the used ion species. The D retention in tungsten
irradiated by light ions was also found to be significantly different. Most differences
are found in the D desorption spectra in the broad peak structure comprising of the
first two desorption peaks.

This work can not answer the question whether dislocations contribute to the D
retention or not and if yes how much. The comparison of the dislocation structure
with the D retention suggests a correlation between them. The dislocation structure
and open volume defect structure of tungsten irradiated by medium to high mass
ions is very similar and so does the D retention. The dislocation structure of the
damage zone in tungsten irradiated by light ions shows significant differences and so
does the D retention. It is widely accepted that the microstructure governs the D
retention. The microstructure of the damage zone in tungsten consists of vacancies,
vacancy and interstitial clusters and dislocations. As single interstitials are mobile in
tungsten at room temperature, they have migrated to sinks, like the surface, grain
bounderies or dislocations, and are negligible. From the microstructure only the
dislocation structure was observed by TEM as vacancies and small vacany clusters
are not detectable by TEM. The dislocation loops and lines are related to the
vacancies and interstitials as dislocations are formed by them. Therefore, some
aspect of the appearance of the dislocation structure may relate to the D retention.

D saturation was observed at 0.13-0.15dpa, just after the dislocation loop-line
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transition at 0.08 dpa-0.1dpa. It seems that at 0.08 dpa- 0.1 dpa the microstructure
of the damage zone changes, which is observed in the loop-to-line transition and in
the subsequent D saturation. In tungsten irradiated by He no D saturation and no
loop to line transition took place. It seems that the loop to line transition is related
to the onset of the D saturation in tungsten.

Since D retention in tungsten irradiated by medium to high mass ions (Si, Fe, Cu, W)
is nearly identical for 0.5 dpa and similar for 0.04 dpa, the results presented here are
especially useful for comparing of D retention data of tungsten irradiated by different
ions. At damage levels high enough for D retention saturation (>0.2 dpa, data from
different experiments from medium to high mass ion irradiations can be directly
compared. At lower damage levels more caution is needed. If identical integral
dpa values are used, a similar D retention can be expected from the irradiation by
medium to high mass ions.

Heavy ion irradiation is often used for simulating the displacement damage by
14 MeV neutrons. This is justified by the fact that neutrons produce similar large,
dense cascades in tungsten as heavy ions. However, there are significant differences
of primary recoil energies between 14 MeV neutron irradiation and heavy ion irradi-
ation. The maximum recoil energy of a tungsten atom after a head on collision with
a 14MeV neutron is about 290keV, while the maximum primary recoil energies
ranged from 3.5MeV in Si irradiation to 20MeV in W irradiation in this study.
Nevertheless, despite the difference in the recoil energy spectrum, the D retention
and the dislocation structure was very similar for medium to high mass ions (Si, Fe,
Cu, W). No dependence of the primary recoil energy spectrum on the D retention
was found. Molecular dynamics (MD) simulations have shown that cascades from
high energetic recoils (>150keV) tend to split into smaller subcascades, with typical
energies lower than 200 keV within the cascades [38]. Hence, the high-energy part
of the recoil energy spectrum will lead to similar types of defects. The subcascade
splitting is an explanation why the samples irradiated with different medium to high
mass ions show similar D retention. MD calculations from [33] have demonstrated
that these energetic cascades in tungsten frequently produce large defect clusters
[33]. For the H, D and He irradiations in this work the recoil energies never
come close to 150keV, and hence the athermal formation of large clusters in the
primary damage is very unlikely. This would explain the significantly different D
retention and dislocation structure found in tungsten irradiatedy by light ions. The
above considerations and the presented results of this work suggest that neutron

irradiation of tungsten will result in a similar D retention and displacement damage
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as in tungsten irradiated by medium to high mass ions. Hence the use of heavy ions

to simulate displacement damage by neutrons seems justified.

7.2 Outlook

The work presented here points to several research directions for the future. Here,
only a short description of few possible projects is given.

As mentioned in the discussion of the TEM observations in Sect.[5.1.7] it is not fully
clear whether the four zones observed in tungsten after light ion irradiations are
due to the significant differences in the recoil spectra in the given depth interval,
or due to the lower damage rate, or simply due to differences in the damage depth
profiles. To adress this question further self-irradiation of tungsten to different
damage levels with low ions currents ,to obtain a small damage rate, would be
needed. A subsequent TEM analysis of the dislocation structure and MD simulations
of the recoil energy spectra at given depth intervalls could give the answer.

The observation of the dislocation structure and D retention in tungsten irradiated
by He raises the following questions: Will the dislocation loops in tungsten irradiated
by He join at a certain damage level to lines? Will D saturate at this damage level?
To adress this questions several He irradiations of tungsten to different damage
levels and subsequent TEM analysis would be needed. Through the investigation of
the dislocation structure of the damage zone and the He bubbles in these samples,
interesting facts about the dislocation and He bubble behavior in tungsten could be
obtained.

It is known that at high temperatures, voids are formed due to the onset of vacancy
and vacancy cluster mobility. It would be very interesting to irradiate tungsten
with heavy ions at higher temperatures and to investigate the damage zone with
TEM. This would give some information about the dislocation behavior at higher
temperatures which might be interesting for simulating the neutron damage in a

future fusion reactor.
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