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Kurzfassung

Gegenstand dieser Arbeit ist der Wasserstoffisotopenaustausch von Deuterium
(D) mit Protium (H) in Wolfram (W) bei tiefen Temperaturen um das "fill-
level" Modell als zugrundeliegenden Austauschmechanismus zu untersuchen
und es gegenüber dem "classical" Modell abzugrenzen.
Zunächst wird die Implantation von Deuterium mit einer Energie von 3.0 keV/D
in Wolfram bei einer Temperatur von 150K mittels in situ Kernreaktions-
analyse (NRA) und ex situ mittels Rasterelektronenmikroskopie (SEM) und
Elektronenrückstreubeugung (EBSD) untersucht. Bei diesen tiefen Temper-
aturen zeigt sich ein linearer Anstieg der Deuteriumrückhaltung bis zu einer
eingestrahlten Deuteriumfluenz von 1.6 × 1021Dm−2. Dieser lineare Anstieg
entspricht der Rückhaltung von 100% der implantierten Deuteriumfluenz wo-
raus sich ein Partikelreflektionskoeffizent für Deuterium auf Wolfram von 0.27
ergibt. Für größere eingestrahlte Fluenzen ist die Zunahme der Deuterium-
rückhaltung weniger stark und sättigt schließlich bei 2.07± 0.25× 1021Dm−2.
Mittels Tiefenprofilierung ergibt sich eine Deuteriumkonzentration von 42 at.%
wenn die Sättigung bei 150K erreicht ist. Des weiteren zeigt sich, dass das Deu-
terium überwiegend im Bereich der Implantationszone zurückgehalten wird.
Die polykristallinen Proben besitzen eine Texturierung mit Körnern deren Ori-
entierung nahe der {100} Ebene liegt. Die Deuteriumimplantation bei 150K
führt zur massiven Bildung von Blistern innerhalb der Körner, wobei die Form,
Größe, Flächendichte und Bedeckung stark von der Kornorientierung abhängt.
Auf Körner mit einer Orientierung nahe der {100} Ebene bilden sich über-
wiegend kreisförmige Blister. Blister auf diesen Körnern erscheinen bereits bei
einer eingestrahlten Deuteriumfluenz von 8.5 × 1019Dm−2 und wachsen im
Durchmesser bis zu einer Fluenz von ungefähr 1.6 × 1021Dm−2. Für größere
Fluenzen scheint die Blistergröße konstant zu bleiben. Eine mögliche Erk-
lärung dieser Beobachtung ist das Aufbrechen der Blister während der Deu-
teriumimplantation. In Kombination mit der Sättigung von ionenstrahlin-
duzierten Defekten kann dies den linearen Anstieg und die darauffolgende Sät-
tigung der Deuteriumrückhaltung erklären.
An solchen Deuterium gesättigten Wolframproben wird der Wasserstoffiso-
topenaustausch mit Protium in verschiedenen Experimenten mittels in situ
Kernreaktionsanalyse und Massenspektroskopie untersucht. Im ersten Exper-
iment wird der Austausch als Funktion der Deuteriumrückhaltung vor der
Protiumimplantation bei 150K erforscht. Die unterschiedlichen Deuterium-
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rückhaltungen werden durch kontrolliertes Heizen der Proben auf 200, 250
und 290K erreicht, wodurch ein Teil des ursprünglichen zurückgehaltenen
Deuterium freigesetzt wird. Ohne vorheriges Heizen tritt die Reduktion der
enthaltenen Deuteriummenge bereits nach der Implantation der kleinsten Pro-
tiumfluenz ein. Im Gegensatz dazu muss eine gewisse kritische Protiumfluenz
implantiert werden, um die Reduktion der zurückgehaltenen Deuteriummenge
zu beobachten, wenn die Proben vorher aufgeheizt wurden. Dabei nimmt
die kritische Protiumfluenz zu, je kleiner die Deuteriumrückhaltung zu Be-
ginn der Protiumimplantation bei 150K ist. Der Wirkungsquerschnitt des
Austausches von Deuterium mit Protium bei 150K ist unabhängig von der
anfänglichen Deuteriummenge. In einem zweiten Experiment wird der Aus-
tausch einer definierten Deuteriummenge durch Protiumimplantation bei 150,
200, 250 und 290K untersucht. Es zeigt sich, dass die kritische Protiumfluenz
mit zunehmender Temperatur abnimmt während der Wirkungsquerschnitt des
Austausches zunimmt. Mittels eines einfachen kombinatorischen Modells kann
die Abhängigkeit des Wirkungsquerschnitts von der Temperatur als auch von
der anfänglichen Deuteriummenge qualitativ erklärt werden. Abschätzungen,
basierend auf SDTrimSP, zeigen, dass die kinetische Freisetzung von in der
Implantationszone zurückgehaltenen Deuteriumatomen durch Kollisionen mit
energetischen Protiumatomen nicht vernachlässigt werden kann und als alter-
nativer Austauschmechanismus in Betracht gezogen werden muss.
Alle durchgeführten Experimente werden mit TESSIM-X im Rahmen des "fill-
level" und des "classical" Modells, jeweils mit und ohne Berücksichtigung der
kinetischen Freisetzung simuliert. Das "fill-level" Modell beschreibt die exper-
imentellen Daten qualitativ und in manchen Fällen quantitativ, unabhängig
davon ob die kinetische Freisetzung berücksichtigt wird oder nicht. Das reine
"classical" Modell kann den beobachten Wasserstoffisotopenaustausch nicht
erklären. Jedoch kann unter Hinzunahme der kinetischen Freisetzung das
"classical" Modell die experimentellen Ergebnisse qualitativ reproduzieren. Es
zeigt sich, dass ein Ensemble von "classical traps" sich unter Berücksichtigung
der kinetischen Freisetzung wie eine "fill-level trap" verhält. In beiden Fällen
kann die beobachtete Abhängigkeit der kritischen Protiumfluenz von der Tem-
peratur und von der anfänglichen Deuteriummenge mit der Protiummenge
erklärt werden, welche benötigt wird um die "traps" zu sättigen. Diese Sät-
tigung verhindert den Wiedereinfang des freigesetzten Deuteriums, wodurch
es zur Probenoberfläche gelangen und desorbieren kann. Im Bezug auf den
Wirkungsquerschnitt des Austausches, kommt ein kombinatorische Modell für
"classical traps" zu den gleichen qualitativen Ergebnissen wie das für "fill-level
traps".
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Abstract

In this thesis the hydrogen isotope exchange of deuterium (D) by protium
(H) in tungsten (W) is investigated at low temperatures to explore the fill-
level model as underlying exchange mechanism and discriminate it against the
classical model.
Before the actual hydrogen isotope exchange experiments are performed the
implantation of deuterium with an energy of 3.0 keV/D into tungsten at 150K
is investigated by in situ nuclear reaction analysis (NRA), ex situ scanning
electron microscopy (SEM) and electron backscattering diffraction (EBSD).
At these low temperatures the deuterium retention is found to increase lin-
early up to an irradiated deuterium fluence of 1.6 × 1021Dm−2. This linear
increase corresponds to 100% retention of the implanted deuterium fluence
from which a particle reflection coefficient of deuterium on tungsten of 0.27
can be deduced. For higher irradiated fluences the deuterium retention levels
off and saturates at 2.07±0.25×1021Dm−2. Deuterium depth profiling reveals
a deuterium concentration of 42 at.% once saturation at 150K is reached and
shows that most of the deuterium is retained within the implantation zone.
The polycrystalline samples possess a texture of grains with an orientation
close to {100} plane. The deuterium implantation at 150K results in mas-
sive intra-grain blister formation with the blister shape, size, number density
and covered area depending strongly on the grain orientation. On grains with
an orientation close to the {100} plane predominantly circular-shaped blister
are observed. The blisters on those grains emerge already after irradiation of
8.5 × 1019Dm−2 and appear to increase in diameter for increasing irradiated
deuterium fluences up to approximately 1.6 × 1021Dm−2. For larger fluences
their size seems to remain constant. A possible explanation of this observa-
tion is the rupture of the blisters during the deuterium implantation. This,
in combination with the saturation of ion-beam-induced defects, can explain
the observed linear increase and the subsequent saturation of the deuterium
retention during the implantation.
On such deuterium saturated tungsten samples the hydrogen isotope exchange
with protium is studied in different experiments using in situ nuclear reaction
analysis and mass spectroscopy. In the first experiment, the exchange is stud-
ied as a function of deuterium retention prior to protium implantation at 150K.
The different deuterium retentions are obtained by releasing a fraction of the
initially implanted deuterium in Ramp & Hold cycles to 200, 250 and 290K.

iii



Abstract

When the sample is not heated the reduction of the deuterium retention is
observed directly after implantation of the first incremental protium fluence.
In contrast to that, a certain critical protium fluence needs to be implanted
in order to observe a reduction of the deuterium retention if the samples were
heated before the exchange. This required critical protium fluence increases
for decreasing deuterium retention prior to protium implantation at 150K.
Furthermore, the exchange cross section of deuterium by protium is indepen-
dent of the deuterium retention prior to the exchange at 150K. In the second
experiment, the exchange of a defined deuterium amount by protium implan-
tation at 150, 200, 250 and 290K is studied. It is found that the required
critical protium fluence decreases, while the exchange cross section increases
for increasing temperatures. A simple combinatorial model based on fill-level
traps is successfully applied to interpret the observed dependences of the ex-
change cross section on temperature and deuterium retention prior to the ex-
change. Furthermore, estimations based on SDTrimSP show that the kinetic
de-trapping of deuterium in the implantation zone, due to collisions with en-
ergetic protium atoms, must not be neglected and needs to be considered as
an alternative exchange mechanism.
All experiments are modeled with TESSIM-X in the framework of the fill-level
and classical model, each with and without taking the kinetic de-trapping
mechanism into account. The fill-level model with and without the kinetic
de-trapping mechanism reproduces the experimental data qualitatively and in
some cases quantitatively. The pure classical model is not able to explain the
observed hydrogen isotope exchange. However, the classical model in combina-
tion with the kinetic de-trapping mechanism can reproduce the experimental
data qualitatively. It can be shown that an ensemble of classical traps with
kinetic de-trapping behaves similar to a fill-level trap. In both cases the ob-
served dependences of the critical protium fluence on the temperature and
the deuterium retention prior to exchange can be associated with the amount
of protium required to saturate the traps. This prevents re-trapping of de-
trapped deuterium and allows the deuterium solute front to reach the surface
at which the deuterium can finally effuse from the sample. Regarding the
exchange cross section, a combinatorial model for classical traps with kinetic
de-trapping shows qualitatively the same results as the one for the fill-level
traps.
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Chapter 1

Introduction

1.1 A Pragmatic View on Energy Supply

From a current perspective the global energy demand is expected to increase in
the future. The worldwide economic growth as well as the increasing popula-
tion are the main reasons for this trend. Especially developing nations with an
expanding population, such as China and India, will face an increasing energy
demand. The current (2014) global primary energy mix consists of approxi-
mately 81% fossil fuels, 14% renewable energy and nearly 5% nuclear fission
power [1].
An undoubted advantage of power from fossil fuels, such as coal, oil or gas, is its
independence from external influences. This means that the power is generated
steadily and can be adjusted quickly if the energy demand changes, thus only
limited energy storage is required. Furthermore, the location of the power
plant is in principle not relevant for the power generation process. However,
considering the natural limitation of coal, oil and gas and the political efforts
to counteract climate change by the restriction of CO2 emissions, the portion
of fossil fuels in the energy mix will shrink.
In contrast to that, the portion of renewable energy, yielding no limitations
regarding resources, will increase and partly substitute the fossil fuels. The use
of renewable energy, such as solar, wind or hydro power, is highly depending
on external conditions, e.g. incident solar radiation, windiness or local geology
and geographical topology. In addition, solar and wind power are liable to
daily and seasonal fluctuations and require therefore an efficient energy storing
concept in order to provide the energy when it is required.
Similar to fossil fuels, nuclear fission power is mainly unaffected by external
factors but faces the shortcoming of limited uranium reserves. A long-term
substitution of fossil fuels by nuclear fission power is therefore not possible.
Without considering ecological and economical aspects, the energy problem
can be summarized on a very abstract level as follows: Power from fossil fuels
and nuclear fission power possess the advantage to be independent of external
influence but have the problem of restricted resources. In contrast to that,
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renewable energy is not limited regarding resources but is highly affected by
external factors. Hence, in a long-term an ideal energy source which substi-
tutes fossil fuels as well as nuclear fission power to cover the increasing energy
demand would fulfill both criteria: Independence of external influences and un-
limited resources. An energy source which comes close to these requirements
is nuclear fusion.

1.2 Nuclear Fusion by Magnetic Confinement
Nuclear fusion describes the process in which at least two atomic nuclei are
brought close enough to each other that the attractive strong nuclear force
exceeds the repulsive Coulomb force which results in the formation of a new
atomic nucleus, other elementary particles and the release of energy. De-
pending on the energy balance, the fusion reactions are distinguished into
endothermic and exothermic reactions. In the first one the energy to initiate
the reaction is larger than the released energy, while in the latter one the op-
posite is the case. Numerous nuclear fusion reactions exist, but only a few
are reasonable candidates for a nuclear fusion reactor [2]. Among these, the
exothermic reaction of the hydrogen isotopes deuterium (D) and tritium (T)
to helium (He) and a neutron given by

2
1D +3

1 T → 4
2He (3.5MeV) +1

0 n (14.1MeV) , (1.1)

is the most promising and thus most extensively investigated one. Compared
with other relevant nuclear fusion reactions the D-T reaction possesses the
highest cross section and the lowest energy threshold, which is a prerequisite
to ensure a high fusion rate for efficient power generation. In addition, the
released energy of 17.6MeV per reaction is also higher than for most of the
other reactions [2]. Furthermore, the fuel required for the D-T reaction is
not the limiting factor compared with nuclear fusion reactions based on 3He.
Deuterium is a stable hydrogen isotope with a natural abundance of 156ppm
[3] and could be obtained by electrolysis of heavy water. In contrast to that,
tritium is an unstable hydrogen isotope which decays via a β-decay,

3
1T → 3

2He + e− + ν̄e, (1.2)

with a half-life of 12.3 a [2]. Its natural abundance on earth is therefore very
limited. However, tritium can be artificially generated in the fusion reactor
itself by irradiation of lithium with neutrons via the following reactions [2]:

6
3Li +1

0 n(thermal) → 4
2He +3

1 T + 4.78MeV, (1.3)

7
3Li +1

0 n(fast) → 4
2He +3

1 T +1
0 n− 2.47MeV. (1.4)

The amount of lithium on earth is estimated to approximately 226×109 t, which
could provide tritium for nuclear fusion reactors for several million years [3].
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Figure 1.1: (a) Schematic illustration of the tokamak concept to obtain nuclear fusion by
magnetic confinement [7]. (b) Schematic cross section of the ITER torus [8].

Nowadays, the most advanced concept to realize nuclear fusion is by magnetic
confinement in a tokamak [2, 4], schematically shown in figure 1.1 (a). In such
a device a plasma of deuterium and tritium is confined by a superposition of
a toroidal and poloidal magnetic field in a vacuum vessel. The toroidal field
component is created by the toroidal coils and the poloidal one is generated by
the current induced in the plasma by the central solenoid. Additional poloidal
field coils are used to control the shape and position of the plasma [2]. In
order to initiate the fusion reaction in the D-T plasma, the kinetic energy of the
reactants must be high enough to overcome the Coulomb barrier to some extent
and get close enough to each other that the tunneling effect becomes relevant
[5, 6]. This is achieved by heating the plasma with different means, such as
ohmic heating, neutral beam injection, electron and ion cyclotron resonance
heating, up to a temperature of 10 keV which corresponds to approximately
1.2× 108K [2].
Figure 1.1 (b) shows a schematic illustration of the cross section of the ITER
tokamak [8, 9], which is currently built in Cadarache, France. The D-shaped
cross section can be divided into the main chamber and the divertor region.
The main chamber is the region where most of the D-T plasma is contained
and, in its center, the actual nuclear fusion reaction takes place. At the bottom
of the main chamber the divertor region is located. In order to reduce the heat
and particle flux onto the first wall of the main chamber, the plasma is guided
in close proximity to the first wall towards the divertor region. At the divertor
the heat is dissipated and the ions of the plasma are converted to neutrals
and pumped from the vacuum vessel. Apart from a controlled power exhaust,
the divertor allows the removal of helium ash and impurities, which otherwise
accumulate and dilute or contaminate the fusion plasma [2]. As can be seen
in figure 1.1 (b) the material of the first wall of ITER is beryllium (Be),
while tungsten (W) is chosen for the divertor. The reasons for this choice
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are discussed in the following section. For a more in-depth description of
nuclear fusion by magnetic confinement with respect to technological aspects
and plasma physics the reader is referred to the references [2, 4–6].

1.3 Tungsten as Plasma-facing Material

The conditions to which plasma-facing components are exposed in present and
future nuclear fusion devices are quite harsh and a wise material selection is
a prerequisite for a successful operation of such devices. The fusion plasma
influences and alters the material of the plasma-facing components which in
turn affects the plasma, leading to a complex interdependent system. In the
following the most important processes of plasma wall interaction, which led
to the present accepted mix of plasma-facing materials in ITER, are reviewed.
The energetic neutrons released in the nuclear fusion reaction impinge on the
first wall and on the divertor alike, leading to the degradation of the plasma-
facing components [10, 11]. Due to their low interaction with matter compared
with charged particles, neutrons penetrate the material of the plasma-facing
components to large depth. A direct collision of an energetic neutron with
an atom of the host material results in a dense cascade in which many atoms
are displaced from their original lattice positions. Thus, the irradiation with
neutrons creates defects in the bulk of material exposed to the plasma. Fur-
thermore, moderated neutrons can be captured by atoms of the host material
leading to activation and transmutation of the material of the plasma-facing
components and the supporting structure [12]. In addition, the neutrons can
cause embrittlement and swelling of the material which changes the mechan-
ical properties and the dimension of the potential plasma-facing material to
some extent [13].
Beside the neutrons, also ions and neutral atoms of deuterium, tritium and
helium impinge on the first wall and the divertor. Due to the magnetic con-
finement predominantly neutrals impinge on the first wall with estimated fluxes
in the range of 1019 to 1021m−2s−1 and particle energies of 8 to 300 eV. For the
divertor ion and neutral fluxes larger than 1024 m−2s−1 with particle energies
in the region of eV are expected [14]. In addition to the particles which are
directly involved in the fusion reaction, also ions and neutrals of seeding gases,
e.g. nitrogen, neon, argon and krypton, are present in the plasma. Those
gases are injected in the divertor region to cool the plasma by energy dissipa-
tion through emission of line radiation in order to reduce the local heat load on
the plasma-facing components of the divertor [15]. Compared with neutrons,
the interaction of ions and neutrals with matter is high. Thus, the incident par-
ticles affect mainly the near-surface region of the plasma-facing components.
One effect which is limited to the first few monolayers is erosion or sputtering.
In this process atoms of the plasma-facing material are ejected due to the im-
pact of energetic particles from the plasma [16–19]. Depending on the incident
particles and the irradiated material, this physical sputtering can occur to-
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gether with chemical effects which can enhance or reduce the material erosion
[17]. Furthermore, the energetic particles can displace host atoms from their
original lattice position, which leads to the generation of defects in the near-
surface region [13]. Also a change in the surface morphology and composition
of the plasma-facing materials can be caused by the impinging particles. An-
other issue is the excess of hydrogen isotopes induced into the plasma-wetted
material and the resulting retention and permeation of radioactive tritium in
and through the plasma-facing components.
In addition to the incident ions and neutrals, the plasma induces considerable
heat loads on the divertor. During the normal operation mode of ITER approx-
imately 10 to 20MWm−2 are expected at the strike point where the plasma
impinges and even higher ones for off normal events [20, 21]. In case of met-
als, those high heat loads can lead to embrittlement, once the recrystallization
temperature is exceeded, or to local melting of the plasma-facing components
[12]. Furthermore, the thermally induced stress can result in crack formation
and ultimately in failure of the component. In order to prevent these events
an effective heat removal is mandatory.
Not only are the plasma-facing components affected by the fusion plasma,
but also the opposite is the case. The fusion plasma is strongly influenced
by the atoms eroded from the plasma-facing components which can lead to
a contamination of the plasma with fatal consequences. The accumulation
of high-Z impurities in the core dilutes the fusion plasma and leads to an
increased dissipation of energy by line radiation and bremsstrahlung which
cools the plasma and finally terminates the fusion reaction [2].
Under consideration of all those effects, beryllium and tungsten are the best
compromise and the most promising plasma-facing materials for applications
in ITER [21, 22]. Beryllium is the designated material for plasma-facing com-
ponents of the first wall, while tungsten is used for divertor components, as
can be seen in figure 1.1 (b). The primary advantage of a low-Z material like
beryllium is its reduced influence on the fusion plasma in contrast to high-
Z material. When an eroded beryllium atom enters the plasma it becomes
ionized. Once all electrons are stripped from the atom, no line radiation can
occur. Furthermore, the low nuclear charge of beryllium atoms results in a
tolerable emission of bremsstrahlung by the electrons of the plasma. Conse-
quently, the energy dissipation and the resulting cooling of the fusion plasma
is lower and a higher concentration of beryllium impurities can be tolerated
compared to high-Z atoms. By choosing beryllium as plasma-facing material
for the first wall, the priority is clearly on the reduced disturbance of the fu-
sion plasma, since material properties regarding erosion, melting temperature
and hydrogen retention are less convincing. However, it should be taken into
account that the condition to which the first wall is exposed are less harsh as
in the divertor region in normal operation mode.
Tungsten is used as plasma-facing material to address the extreme conditions
prevailing in the divertor region of the fusion device [21]. The advantages of
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tungsten in such an environment are manifold and the most important ones are
mentioned in the following. Regarding the material erosion, the high atomic
mass of tungsten results in a strongly reduced sputter yield by light particles
such as deuterium, tritium and helium compared to low-Z materials [16]. In
terms of thermal properties, tungsten possesses an extremely high melting
temperature of 3695K in addition to a good heat conductivity which allows
efficient removal of the induced heat [2, 12]. Another important advantage is
the low solubility of hydrogen in tungsten [23] which results in a low retention
of tritium compared with other materials, e.g. carbon [24]. This is favorable
for two reasons. First, the artificially bred tritium is a precious resource in
a nuclear fusion device and the retention of considerable amounts must be
avoided to guarantee efficient fueling. Second, in order to meet radiation safety
regulations for ITER, which currently foresee an in-vessel limit of tritium of
700 g [24], the tritium retention in plasma-facing components needs to be kept
to a minimum.
However, this favorable low hydrogen retention of tungsten can be increased
significantly during the operation of the fusion device. Defects generated by
neutron irradiation can serve as traps for the hydrogen atoms and increase re-
tention capability in the bulk of the material [24–26]. In addition, the incident
ions and neutrals of the fusion fuel and ash [27–37] as well as from the seeding
gas and other impurities [37–43] alter the potential hydrogen retention in the
near-surface region. In case of a major maintenance event, which requires the
opening of the vacuum vessel of the fusion device, it is reasonable to reduce the
amount of tritium retained by the plasma-facing materials for radiation safety
reasons. One method is heating the relevant components, which leads to the
mobilization and the desorption of the retained tritium [24]. Another possibil-
ity to reduce the tritium inventory in the tungsten components before such an
event would be to perform hydrogen isotope exchange in which the trapped
tritium atoms are substituted by other non-radioactive hydrogen isotopes [44].

1.4 Hydrogen Isotope Exchange in Tungsten

In principle, the effect of hydrogen isotope exchange in tungsten describes the
replacement of one trapped hydrogen isotope, e.g. deuterium (D), by another
different isotope, e.g. protium (H). Unfortunately, the detailed processes which
lead to the replacement are still unclear and subject of current research. In
order to gain a better understanding of the effect, many experiments have been
devoted to hydrogen isotope exchange in tungsten. The exchange of deuterium
by protium or vice versa was studied by irradiating tungsten sequentially with
ion beams [44, 45], plasmas [44, 46–48] or neutral beams [49–52]. Subject of
these studies was the exchange at the surface [48–52], in the bulk [44–47, 51, 52]
as well as in heavy-ion-beam-damaged [46, 47, 50] and undamaged [44, 45, 49]
tungsten. Even the influence of helium in a protium plasma on the exchange
of deuterium was investigated [53].
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Several models have been proposed to simulate the observed experimental
results, e.g. the local mixing model by Doyle et al. [54, 55], an analytical
exchange model by Barton et al. [56] or a rate equation model by Markelj
et al. [49, 52]. Those models differ in certain aspects, for instance, whether
transport effects are included, if isotopic exchange is only considered at the
surface or in the bulk and to the extent to which surface processes are taken
into account. All models, except the one by Markelj et al. [49] which treats
the exchange at the surface in detail, describe the hydrogen isotope exchange
only empirically via the introduction of exchange cross sections or exchange
probabilities. The underlying microscopic mechanism of the exchange in the
bulk remained unknown so far.
A prerequisite to gain a microscopic understanding of the exchange effect, is
to understand how hydrogen isotopes interact with traps in tungsten micro-
scopically. One well established model to describe trapping and de-trapping of
hydrogen in metals on a microscopic scale is provided by Krom et al. [57] and
termed classical model in this thesis. This model is based on the assumption
that one hydrogen atom occupies one trap site. Furthermore, each trap site is
characterized by a well-defined de-trapping energy which needs to be overcome
in order to release the hydrogen atom.
In contrast to this classical model, recent density functional theory (DFT)
studies showed that single vacancies [58–61] as well as dislocations [62] in
tungsten are capable of trapping several hydrogen atoms at a time. Further-
more, the de-trapping energy required to release a hydrogen atom from such a
trap site depends on the number of atoms contained in the trap with the ten-
dency to decrease as the number of trapped atoms increases. These theoretical
considerations finally led to the development of the fill-level model [63, 64].
The attempt to explain the hydrogen isotope exchange observed by Roth et al.
[44] on a microscopic scale within the framework of the classical model was not
successful [63], i.e., the amount of deuterium released during the exchange with
protium was underestimated. In contrast to that, the fill-level model, provides
the possibility to explain the experimental data of Roth et al. [44, 63].

1.5 Purpose, Strategy and Outline of the Thesis

The greater purpose of this thesis is to contribute to a better understanding
of the hydrogen-tungsten system which, despite its apparent simplicity, yields
many unsolved questions. In particular, the here-conducted experiments and
simulations intend to provide a deeper insight into the phenomenon of hydrogen
isotope exchange in tungsten. The focus lies on the quest for further evidence
which supports the fill-level model and discriminates the classical model as
underlying mechanism of the exchange.
As will be outlined in detail in the following, the classical and fill-level model
differ with respect to the possibility to exchange hydrogen isotopes in traps
which do not show thermally activated de-trapping at the given temperature.
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Hence, in this thesis different experimental scenarios are constructed at which
the isotopic exchange of deuterium by protium should only be explainable in
the framework of the fill-level model, but not in the classical model. The
DFT calculations by Fernandez et al. [61] showed that up to twelve hydrogen
atoms can be contained in one vacancy which corresponds to twelve possible
fill levels with different de-trapping energies. However, at 300K only up to
six hydrogen atoms are retained in one vacancy since the de-trapping ener-
gies of higher fill levels are too small to prevent thermal release. In order to
access also the fill levels with lower de-trapping energy the hydrogen isotope
exchange experiments in this thesis are performed at low temperature in the
range of 150 to 290K. This also implies that the initially retained amount of
deuterium which can be exchanged by protium is larger compared to higher
temperatures, which is beneficial for two reasons. First, the effect of hydrogen
isotope exchange is more prominent since the total exchangeable amount is
larger. Second, from an experimental point of view it is easier to monitor a
large quantity of deuterium than a small one. The hydrogen isotope exchange
data obtained in those dedicated experiments is finally simulated based on the
fill-level and the classical model. From the reproducibility of the experimen-
tal data by the simulations as well as from the comparison of the simulation
results obtained with the different models new insights on the mechanism of
hydrogen isotope exchange in tungsten are expected.
The setups and methods used in the experiments conducted in the scope of
this thesis are presented in chapter 2. In particular, the dual beam experiment
(DBE) in which the exchange of deuterium by protium in tungsten at low tem-
peratures is studied in situ is described in detail. This includes nuclear reaction
analysis (NRA), which is used to monitor the deuterium retention during the
implantation and the exchange with protium, as well as mass spectrometry
(QMS), which is applied to determine the effusion of deuterium from the sam-
ple during the experiments. Furthermore, the scanning electron microscope
(SEM) for visual inspection of the tungsten samples is briefly presented and
the electron backscattering diffraction (EBSD) method to obtain information
on the grain orientation is explained. In addition, the preparation procedure
of the tungsten samples used in the here-conducted experiments is reviewed.
In chapter 3 the transport of hydrogen isotopes in tungsten is briefly described
and the principle of trapping and de-trapping within the classical and fill-level
model is illustrated. In addition, the process of hydrogen isotope exchange
is discussed for both models and the differences are highlighted. Further-
more, the fundamentals of the TESSIM-X code [63, 65] which is applied to
simulate diffusion, trapping and exchange of different hydrogen isotopes in
tungsten are introduced. In particular, the mathematical description of the
classical and fill-level model within TESSIM-X is explained in detail. Finally,
the SDTrimSP code [66, 67], which is used to determine essential input pa-
rameters for TESSIM-X, is briefly discussed.
The influence of the initial implantation of energetic deuterium ions at low
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temperature on the tungsten samples is investigated in terms of the deuterium
retention and the surface morphology in chapter 4.
The experimental investigation of the hydrogen isotope exchange in tungsten at
low temperature by means of nuclear reaction analysis and mass spectrometry
is presented in chapter 5. The different scenarios in which hydrogen isotope
exchange should only be observable when the fill-level model applies are il-
lustrated and their experimental realizations are presented. The exchange of
deuterium by protium is studied as a function of the deuterium amount prior
to the exchange and as function of the temperature at which the exchange is
conducted. A simple combinatorial model is used to interpret the experimen-
tal observations in the context of the fill-level model qualitatively. The role of
different trap species is discussed and alternative exchange mechanisms, e.g.
kinetic de-trapping of deuterium by energetic protium, are evaluated.
The simulation of the experimental data with TESSIM-X is covered in chapter
6. First, the input parameters and the assumptions which enter the TESSIM-
X simulations are discussed. Subsequently, the de-trapping energies of the
different fill levels and trap types are determined from the experimental data
in the framework of the fill-level and the classical model. The simulations of
the experimental hydrogen isotope exchange data is conducted on the basis
of the fill-level and the classical model, each with and without the kinetic
de-trapping mechanism discussed in chapter 5. The simulation results of the
different models are compared in detail and suggestions for further experimen-
tal investigations are made.
Finally, the most important insights gained in this thesis are summarized in
chapter 7.
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Chapter 2

Experiments and Methods

In this chapter the experimental setups and methods which are used in this
thesis are described. First, the technical details of the dual beam experiment
(DBE), in which the hydrogen isotope exchange of deuterium by protium is
investigated in situ with nuclear reaction analysis (NRA), are discussed. This
includes the DBE flange and the corresponding UHV chamber, the ion source
to implant the hydrogen isotopes, as well as the tandem accelerator which
provides the energetic 3He ions for NRA. Second, the principle of nuclear
reaction analysis is reviewed and the data evaluation with SIMNRA 6.8 [68]
and NRADC [69] is explained. Finally, the HELIOS NanoLab 600 scanning
electron microscope, which is used to investigate the surface morphology and
the crystallographic microtexture of the tungsten samples, is presented. In
particular, the principle of the electron backscattering diffraction (EBSD) to
determine the crystal orientation of individual grains is reviewed.

2.1 Dual Beam Experiment

The dual beam experiment, which was initially designed to investigate erosion
of tungsten under simultaneous irradiation of different ion species [70], was
modified in the course of this thesis to study deuterium retention in tungsten.
The principle setup of the dual beam experiment is shown in figure 2.1. It
consists of an ultra-high vacuum (UHV) chamber on which the DBE flange is
mounted. Two ion sources, a duoplasmatron and a Cs-sputter ion source, with
the associated beamlines are attached to the chamber. The whole experiment is
connected to the 30 ◦ beamline of the 3MV tandem accelerator which provides
energetic ions for ion beam analysis and is described in appendix A.1. In
contrast to the Cs-sputter ion source the duoplasmatron and the accelerator
beamline share the same port into the UHV chamber.
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Figure 2.1: Schematic topview of the dual beam experiment: (aa) UHV chamber, (ab)
sample, (ac) secondary electron suppressor, (ad) proton detector, (ae) RBS detector, (af)
alpha detector, (ag) ERDA detector, (ah) quadrupole mass spectrometer, (ai) calibration
leaks, (aj) CCD camera, (ba) duoplasmatron ion source, (bb) Einzel lens, (bc) turbo molec-
ular pump, (bd) electrostatic x-y steerer, (be) bending magnet, (bf) shutter and aperture
system, (bg) valve, (ca) Cs-sputter ion source, (cb) Einzel lens I, (cc) turbo molecular pump,
(cd) bending magnet, (ce) Einzel lens II, (cf) electrostatic x-y steerer, (cg) shutter and aper-
ture system, (ch) valve, (da) magnetic x-y steerer, (db) turbo molecular pump, (dc) beam
profile monitor, (dd) valve.
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2.1.1 UHV Chamber

The UHV vessel, on which the DBE flange is mounted with a rubber gasket,
possesses a cylindrical shape with a diameter of 56.0 cm and a height of 63.3 cm.
The vacuum is generated by the combination of a turbomolecular pump with
a rotary vane pump as roughing pump. Furthermore, a cryopump is installed,
which cools a copper plate at the bottom of the UHV chamber to 106K. The
pressure inside the UHV chamber is measured by a pressure gauge consisting of
a Pirani and a cold cathode system covering a pressure range between 5×10−9

and 1 × 103mbar. The base pressure of the UHV chamber obtained without
cryopump in operation is 5× 10−8mbar. Operating the cryopump results in a
better pumping of the remaining water and a base pressure of < 5×10−9mbar
is achieved.
A Hiden HALO 201 quadrupole mass spectrometer is attached to the UHV
chamber that can be operated in the multiple ion detection mode, which al-
lows the detection of different masses as a function of time. By recording the
sample temperature at the same time it is possible to perform in situ tempera-
ture desorption spectroscopy (TDS). In order to gain quantitative information
from the mass spectra a calibration of the quadrupole mass spectrometer is
mandatory. Thus, two D2 calibration leak valves with leak rates of 7.5× 10−8

and 1.0× 10−7 atmscc/s and one H2 calibration leak valve with a leak rate of
4.98× 10−6 atmscc/s are installed at the chamber.

2.1.2 DBE Flange

All relevant devices regarding manipulation, heating and cooling of the samples
as well as the detectors for ion beam analysis are mounted on the DBE flange
shown in figure 2.2.

Manipulator

A 2-axis manipulator (a), depicted in figure 2.2, is installed on the DBE flange,
allowing a vertical movement of the sample by 162mm and a rotation of −32 to
+80 ◦ with respect to the analysis beam. The UHV part of the manipulator is
electrically isolated in order to measure the current on the manipulator created
either by the ion beam analysis or the ion implantation. The sample stage,
which accommodates up to two samples under study, the calibration sample
holder, as well as the beam viewing system are mounted on the manipulator.

LN2 Sample Cooling System

In order to investigate the behavior of hydrogen isotopes in tungsten below
room temperature, the DBE setup has been upgraded with a sample cooling
system, as can be seen from figure 2.2. It consists of a liquid nitrogen tank
(b), a copper gauze (c) and a cooling finger (d), to which the sample holder (e)
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Figure 2.2: DBE flange (a) 2-axis ma-
nipulator, (b) liquid nitrogen tank, (c) Cu
gauze, (d) Cu cooling finger, (e) sample
stage, (f) calibration sample holder, (g)
secondary electron suppressor, (h) detec-
tor stage, (i) shutter and aperture sys-
tem of the ion beam analysis and duoplas-
matron ion beams, (j) shutter and aper-
ture system of ion beams provided by Cs-
sputter ion source.
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Figure 2.3: DBE sample stage (a) base
plate, (b) boralectric® heater, (c) Ta
heat shield, (d) Cu sample holder, (e)
sample, (f) connection to cooling finger,
(g) K-type thermocouple.

is attached. The liquid nitrogen tank is essentially a steel tube which reaches
into the UHV chamber. The end of the tube inside the chamber is closed by a
copper plug in order to ensure a good thermal connection to the copper gauze.
The other end of the tube is attached to a reservoir of liquid nitrogen, which
is automatically refilled. The length of the tube is designed to bring the liquid
nitrogen close to the sample in order to minimize losses by thermal conduction.
A positive side effect is that the tube itself acts as a cryo trap which improves
the vacuum in the chamber. Since the mobility of the manipulator must not
be constrained, a flexible copper gauze is used to connect the liquid nitrogen
tank with the manipulator. The steel guiding rod of the manipulator has been
replaced by a copper rod, which acts in addition as a cooling finger to which
the sample holder is attached. An aluminum nitrate plate is inserted between
the copper plug of the nitrogen tank and the copper gauze to provide electrical
isolation of the manipulator while guaranteeing a good thermal contact.

Sample Stage

The sample stage, shown in figure 2.3, is mounted on the manipulator. It con-
sists of a base plate (a) on which two boralectric® heaters (b) are attached. In
order to prevent the base plate and the manipulator from heating up, a stack
of three tantalum plates (c), which serves as a heat shield, is inserted between
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the heaters and the base plate. Up to two tungsten samples (e) can be clamped
on the copper sample holder (d) which is screwed on the copper cooling finger
(f). The sample holder is designed such that the rotation axis of the manipu-
lator lies within the surface of the tungsten samples. The boralectric® heaters
are pressed by screws to the backside of the sample holder in order to assure
conductive heating and not only radiative heating as in the old design. The
temperature measurement is realized by K-type thermocouples (g) clamped
to the surface of the samples. In order to keep the manipulator electrically
isolated, the measured thermovoltage is transferred to the Eurotherm 902 via
an optocoupler, from where it is fed into the experiment computer. With
this combination of cooling system and sample stage a sample temperature of
140K is reached after 15 h. The Eurotherm 902 is also integrated in a temper-
ature feedback loop, which allows to hold a desired sample temperature or to
heat the sample with a defined heating rate of up to 2Kmin−1. Furthermore,
the manipulator contains a calibration sample holder, shown in figure 2.2 (f),
which can be loaded with specific reference samples, e.g. amorphous deuter-
ated carbon thin films (a-C:D) on silicon, to perform an energy calibration of
the detectors.

Beam Viewing System

The shape and position of ion beams from the two ion sources as well as the
analysis ion beam can be observed with the beam viewing system installed on
the manipulator. The centerpiece of the system is a cesium iodine crystal which
is stimulated to emit light by ion beam induced luminescence. The generated
light is observed by a pixelfly qe CCD camera which is in line-of-sight to the
accelerator beamline, as can be seen in figure 2.1 (aj). Charging of the crystal
is avoided by a metal mesh at the front of the crystal. Furthermore, a silica
glass disc is mounted at the backside of the crystal for mechanical support.

Pneumatic Shutter and Aperture System

The DBE flange is equipped with two pneumatic shutter and aperture systems
which give control over the ion beam irradiation and define the size of the ion
beams provided by the 3MV tandem accelerator and the two ion sources. Since
the ion beams from the accelerator and the duoplasmatron share the same port
into the UHV chamber, as shown in figure 2.1 (bf), the corresponding shutter
and aperture system, schematically depicted in figure 2.4, is more complex.
It consists of two mobile plates, indicated as A 1 and A 2 with two circular
apertures each, a shutter S and an aperture Sup 1 biased to −120V with
respect to ground. Ion beam analysis requires a small beam size, while for ion
implantation a large beam size is preferred. For this reason A 1 and A 2 are
designed with two apertures of different diameter one for ion beam analysis
and one for ion implantation. Depending on the experiment, the required set
of apertures is shifted into the beam by a pneumatic mechanism. The beam-
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defining apertures are located on A 2 and possess a diameter of 1.5 and 5.0mm
for ion beam analysis and ion implantation, respectively. The corresponding
apertures on A 1 are slightly larger and have a diameter of 3.0 and 10.0mm.
In addition, A 1 is equipped with four isolated sector plates. By measuring
the ion current on the sector plates, the horizontal and vertical position of
the analysis ion beam with respect to the aperture can be determined which
facilitates the alignment of the ion beam. In contrast to A 1 and A 2 the biased
aperture Sup 1 is fixed and possess a diameter of 6.0mm. The shutter S can be
shifted into the ion beam to stop the implantation after the required fluence is
obtained. The shutter and aperture system of the Cs-sputter ion source follows
the same design, with the difference that the plates A 1 and A 2 are fixed and
possess only one aperture each.

Secondary Electron  
Suppressor 

Shutter & Aperture System 
(IBA & Duoplasmatron Ion source) 

240V 
- 
+ 

+ 
- 120V 

Target 

Target  
Current 

A 1 

Sup 3 

A 2 

Sup 2 S Sup 1 

3He 

Figure 2.4: Pneumatic shutter and aperture system for ion beams provided by the 3MV
tandem accelerator and the duoplasmatron ion source with the applied bias voltages to
suppress the effects of secondary electrons. The description is given in the text.

Secondary Electron Suppressor

The ion flux during implantation and ion beam analysis is determined by mea-
suring the current created on the manipulator. In order to reliably determine
the implanted fluence or the acquired charge during ion beam analysis a cor-
rect current measurement is inevitable. Ions impinging on the sample create
secondary electrons which can leave the sample. Hence, the measured current
on the manipulator, caused by positive ions entering and electrons leaving the
sample, is larger than the actual incoming ion current. To address this problem
the manipulator is surrounded by a secondary electron suppressor Sup 3, as il-
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lustrated in figure 2.4, which is on a negative potential of −240V with respect
to the manipulator. Hence, secondary electrons created by the ion impact are
forced back to the manipulator by the electric field. In order to account for
electrons which reach the suppressor the current on the manipulator as well as
on the suppressor is measured. The grounded cage Sup 2 encloses the suppres-
sor Sup 3 to shield the electric field. Since the guiding rod of the manipulator
sticks out of the suppressor cage, the manipulator is kept on ground potential
to avoid the attraction of electrons from other sources such as the pressure
gauge. In addition, the aperture Sup 1 is biased to −120V with respect to
ground to repel secondary electrons generated at the beam-defining aperture
A 2.

2.1.3 Detectors and Data Acquisition

Detectors

The detection of either backscattered projectiles, i.e., 3He, or particles orig-
inating from the induced nuclear reaction, i.e., alpha particles and protons,
which is discussed later in detail, is performed with two similar types of solid
state detectors. A surface barrier detector (SBD) is used to monitor the pro-
tons, while passivated implanted planar silicon (PIPS) detectors are employed
to measure the emitted alpha particles and the backscattered 3He ions. The
detectors are installed on the detector stage (a), shown in figure 2.5. The al-
pha (b) and the RBS detector (c) are mounted such that the incident 3He ion
beam, the surface normal of the sample and the beam of detected particles are
within the same plane. The proton detector (d) is located out of this plane by
45 ◦. Furthermore, the angle of incidence of the 3He ion beam on the sample
is 90 ◦ with respect to the sample surface. In order to protect the detectors
from reflected hydrogen isotopes during ion implantation a pneumatic shutter
(g) which can cover all three detectors is installed.
The RBS detector, used to monitor the backscattered 3He ions, possesses a
thickness of 50 µm, an active area of 100mm2 and a stated energy resolution
of 12 keV. It is placed under a scattering angle of 135 ◦ at a distance of 94.9mm
from the sample surface. A rectangular aperture of 11.3× 2.1mm2 is installed
in front of the detector, resulting in a measured detector solid angle of 1.18±
0.04msr. The voltage applied on the detector is 41V.
The alpha detector, which is applied to record the alpha particles released in
the nuclear reaction, has a thickness of 700 µm and an active area of 300mm2.
A voltage of 150V is applied on the detector and the stated energy resolution
is 15.2 keV. The detector is mounted with a rectangular aperture of 19.6 ×
1.3mm2 under a scattering angle of 105 ◦ at a distance of 91.6mm from the
sample surface. The solid angle obtained from calibration measurements is
3.06± 0.17msr. Since the spectrum of the backscattered 3He ions would mask
the spectrum created by the alpha particles, a 3.5 µm Mylar foil is placed in
front of the detector to prevent the 3He ions from entering.
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Figure 2.5: Detectors of the dual beam
experiment (a) detector stage, (b) alpha
detector, (c) RBS detector, (d) proton de-
tector, (e) shutter and aperture system
of ion beam analysis and duoplasmatron
beamline, (f) shutter and aperture sys-
tem of Cs-sputter ion source beamline,
(g) detector shutter, (h) secondary elec-
tron suppressor
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Figure 2.6: Schematic data acquisi-
tion of the dual beam experiment con-
sisting of a pre-amplifier (Pre-amp.), de-
tector and Faraday cup (FC) located at
the experiment and a digital signal pro-
cessor (DSP), high voltage power supply
(HVPS), current integrator (Integ.) and
acquisition interface module (AIM) con-
tained in a nuclear instrumentation stan-
dard (NIM) crate.

The proton detector possesses a thickness of 1500 µm and an active area of
450mm2. A voltage of 200V is applied on the detector and the specified
energy resolution is 21 keV. It is mounted at a distance of 126mm with respect
to the sample surface at a scattering angle of 144.5 ◦. A circular aperture with
a diameter of 24.0mm2 is installed on the detector, defining the measured
solid angle to 21.30 ± 1.05msr. In addition, it serves as clamp to keep the
protective foil in front of the detector in place. A 12 µm Mylar foil with a
10 nm gold layer reduces the amount of backscattered 3He ions entering the
detector, which extends the lifetime and reduces the dead time during the
measurement.

Data Acquisition

The data acquisition system of the DBE setup is schematically shown in fig-
ure 2.6. An energetic particle, e.g. 3He ion, alpha particle or proton, which
impinges on the detector creates a certain number of electron-hole pairs pro-
portional to its energy. The high voltage, applied on the detector by the high
voltage power supply (HVPS) through the pre-amplifier (Pre-amp.), separates
the electrons from the holes and a current pulse on the detector is observed.
This current pulse is essentially integrated by the pre-amplifier to obtain the
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charge created by the incident particle. The output signal of the pre-amplifier
is an inverted tail pulse, with an amplitude proportional to the accumulated
charge and therefore proportional to the particle energy. This analog signal
is transferred to the digital signal processor (DSP), where it first undergoes a
pile-up rejection and is subsequently transformed into a digital signal. Trape-
zoidal filtering is performed on the digitized signal to determine the pulse
height. This information is transmitted to the acquisition interface module
(AIM) which contains the multichannel analyzer (MCA). The MCA saves the
event according to the pulse height, respectively particle energy, into a certain
channel and thereby builds a histogram as the number of events increases.
This histogram, reflecting the energy distribution of the measured particles,
is transferred to the experiment computer. The AIM is the central unit in
the data acquisition system, except for the data transfer, it communicates and
controls the DSP, the HVPS and current integrator (Integ.) via the intercon-
nection bus (ICB).
The comparison of different measurements, e.g. to assess the deuterium con-
tent in different samples, requires the reproducibility of the measurement pro-
cess. This is ensured by defining the number of ions from the analysis beam
impinging on the sample, which is equivalent to acquiring a certain ion charge.
As soon as the measurement is started, a Faraday cup (FC), used as a shutter,
is retracted from the beamline to let the ions pass to the sample. At the same
time the current integrator, consisting of the integrator and an analog digital
converter (ADC), starts to measure and integrate the ion current on the sam-
ple. After acquiring a certain incremental charge, the data is transferred to
the AIM where it is summarized and saved. In order to prevent the DSP from
acquiring data before the current measurement is started, the DSP is triggered
by the Gate signal from the current integrator. Once the preset ion charge is
reached, typically 1–20 µC, the AIM stops the data acquisition of the DSP
and the current integrator and shifts the Faraday cup back into the beamline
again.

2.1.4 Ion Sources

The DBE setup is equipped with two ion sources, a duoplasmatron (ba) and
a Cs-sputter ion source (ca) as illustrated in figure 2.1, to generate ions from
gaseous and solid materials, respectively. Due to superior stability, better
spatial homogeneity and higher ion flux, the here-presented experiments are
exclusively performed with the duoplasmatron. Hence, only the duoplasmatron
and the associated beamline are described. For the operation principle of the
Cs-sputter ion source and further information on different types of ion sources
the reader is referred to [71].
The installed ion source is a Model PS 120 Duoplasmatron Ion Source man-
ufactured by Peabody Scientific [72]. The key components are the filament,
providing the electrons by thermionic emission and acting as cathode, an inter-
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mediate electrode and an anode with the plasma expansion cup. Furthermore,
a coil surrounding the ion source generates a strong axial magnetic field. Dur-
ing operation two gas discharge regions with different plasma densities are
maintained. A plasma of low density between the filament, and the intermedi-
ate electrode, which acts as an anode, is established. The plasma is compressed
by a double layer and guided through the channel of the intermediate electrode.
The axial magnetic field between the intermediate electrode, now representing
the cathode, and the anode compresses the plasma further. Through the small
aperture in the anode the plasma leaks into the expansion cup from where the
positive ions are extracted with a voltage of up to 10 kV [70, 71]. During opera-
tion with pure hydrogen gas, as is the case for the here-conducted experiments,
the predominantly generated ion species are H+

3 and D+
3 , respectively.

After extraction the ions are focused into the bending magnet (be) by an
Einzel lens (bb) to which a voltage of up to 10 kV can be applied, as shown in
figure 2.1. The bending magnet, acting as a mass separator, is used to select
and transfer a specific hydrogen ion species with a well-defined energy to the
UHV chamber. The ion implantation into the sample can be controlled by
the shutter and aperture system, depicted in figure 2.4, and the ion current
generated at the sample is measured with a Keithley 6487 Picoamperemeter.
In order to adjust the ion beam vertically and horizontally, an electrostatic
x-y steerer (bd), consisting of two pairs of deflection plates oriented in series
perpendicular to each other, is installed in front of the bending magnet.
The here-conducted experiments require a homogeneous ion flux distribution
across the implantation spot. This can be achieved by adjusting the Einzel
lens (bd) such that the ion beam becomes defocused, which results in a slightly
elliptical beam spot with small and large diameters of 7.0 and 7.2mm, respec-
tively.

2.2 Nuclear Reaction Analysis

Standard techniques for elemental analysis which rely on the properties of
the element-specific electronic system, e.g. X-ray photoelectron spectroscopy,
Auger electron spectroscopy or X-ray fluorescence spectroscopy, are not able to
detect hydrogen, not to mention the isotopic sensitivity. However, alternative
techniques which exploit other properties of the hydrogen atom, e.g. nuclear
properties or mass, are able to identify hydrogen and its isotopes. Among
those techniques are neutron scattering, nuclear magnetic resonance spectrom-
etry (NMR), elastic recoil detection analysis (ERDA) and secondary ion mass
spectroscopy (SIMS), each with its respective advantages and disadvantages
[73].
Another method, which is applied in the here-conducted experiments, is nu-
clear reaction analysis (NRA) [74]. As the name already implies, the method
takes advantage of specific nuclear reaction of the species under investigation
with other provided particles. A well-known and frequently used nuclear re-
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action to detect deuterium is the exothermic reaction of a 3He nucleus with a
deuterium nucleus to produce an alpha particle and a proton given by

3
2He + 2

1D −→ 1
1p + 4

2He + 18.352MeV, (2.1)

or in standard nuclear physics notation as

D
(
3He, p

)4 He or D
(
3He,4 He

)
p, (2.2)

depending whether the alpha particle or the proton is regarded as the remain-
ing target-like product. By measuring the total yield and the energy spectrum
of the particles emitted in this nuclear reaction, it is possible to quantify the
amount of deuterium and gain information on the deuterium concentration
as a function of depth, i.e., the deuterium depth profile, in the sample under
study.

2.2.1 Depth Profiling of D in W

In figure 2.7 (a), the cross section of the D(3He,p)4He nuclear reaction is shown
as a function of the 3He ion energy in the laboratory system for the given
measurement geometry of the protons, i.e., a scattering angle of 144.5 ◦ [75].
The cross section possesses a broad resonance at a 3He ion energy of 0.63MeV
with a FWHM of 0.72MeV and a maximum of approximately 60.4mb sr−1. At
higher 3He ion energies the cross section decreases, i.e., 6.1mb sr−1 at 4.5MeV,
but does not become zero.
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Figure 2.7: (a) Cross section of the D(3He,p)4He nuclear reaction in the laboratory system
recorded in the proton measurement geometry as a function of the 3He ion energy. (b) Cross
section as a function of depth in tungsten for different 3He ion energies used in the here-
conducted experiments.

One possibility to probe the deuterium distribution in the sample is the so-
called resonance method in which the total yield of protons released in the
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nuclear reaction for different 3He ion energies is measured. During the prop-
agation of the 3He ions in the sample the ions lose energy due to interaction
with the electronic system and by collision with tungsten nuclei, which is re-
ferred to as electronic and nuclear energy loss, respectively [13]. As the energy
of the 3He ions decreases the cross section for reaction with the deuterium in
the sample changes according to figure 2.7 (a). The variation of the initial
energy of the 3He ions allows to shift the resonance of the nuclear reaction to
specific depths and probe deuterium located at different depth with different
sensitivity, as can be seen in figure 2.7 (b). Due to the finite cross section at
higher 3He ion energies, the measured total proton yield consists not only of
protons from the resonance region, but also from the off-resonance region at
lower depth. The depth resolution obtained with this method is limited to
approximately 1 µm [76].

A more advanced approach to determine the deuterium distribution in the
sample is the proton energy spectrum method [76]. In addition to the total
proton yield obtained for different initial 3He ion energies also the energy spec-
trum of the detected protons is measured. The recorded spectrum represents
the product of the deuterium depth distribution with the cross section of the
nuclear reaction, convoluted with the experiment response function. In prin-
ciple the whole information of the deuterium distribution within the probing
depth of the 3He ions is contained in the spectrum. Hence, by using 3He ions
with an energy of 4.5MeV the deuterium depth profile up to approximately
7.5 µm can be probed, as illustrated in figure 2.7 (b). However, the depth
resolution depends on the 3He ion energy and increases for decreasing energies
and becomes best at the end of the 3He ion range [76, 77]. In case of 3He
ions with an initial energy of 0.69MeV, the depth resolution is 210nm at the
surface and decreases to 320nm at a depth of 500nm from where it improves
to 190nm at the end of ion range in a depth of 920nm. Thus, in order to
optimize the depth resolution to a specific depth several proton energy spectra
with different initial 3He ion energies are recorded.

Apart from the protons also the yield and energy spectrum of the alpha par-
ticles released in the D(3He,4He)p nuclear reaction can be measured to gain
information on the deuterium distribution inside the specimen. Compared to
the released protons, the energy of the alpha particles is lower, the electronic
and nuclear energy loss in tungsten is larger and the detection angle is shal-
lower. Thus, the detected alphas originate close to the surface in depths up to
approximately 500nm. The measured energy spectrum of the alphas contains
therefore information of the deuterium distribution in the near-surface region
of the specimen and provides, compared to the proton spectrum, a better depth
resolution in the respective region. At the surface the depth resolution achieved
with alphas released in the reaction of deuterium with 3He ions of an energy
of 0.69MeV is 16 nm, while that achieved with protons is only 210nm. Similar
to the proton energy spectrum the measured alpha spectrum is a multiplica-
tion of the deuterium distribution in the sample with the energy-dependent
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cross section of the nuclear reaction, convoluted with the experiment response
function.

2.2.2 Data Evaluation with SIMNRA and NRADC

The extraction of the deuterium depth profile from the measured data re-
quires the decomposition of the energy spectra of the alphas and protons with
NRADC [69] and SIMNRA 6.8 [68]. However, before the spectra can be pro-
cessed, an energy calibration of the detectors and the measured spectra is
required. This is achieved by measuring the alpha and proton spectra of a
reference sample, consisting of an amorphous deuterated carbon thin film on
silicon with a deuterium concentration of 34 at.% and a thickness of 270nm.
For the energy calibration of the proton detector only one spectrum of protons
released from the reference sample measured with 3He ions of an energy of
2.4MeV is required. As can be seen in figure 2.8 (a), the protons released
in the nuclear reaction of 3He with deuterium appear in the spectrum at a
channel number of approximately 660. Due to the inverse kinematics of the
nuclear reaction, the energy of the protons released in the reaction increases
as the energy of the 3He ion decreases [76]. Thus, the protons emerging from
nuclear reactions at the surface of the a-C:D/Si sample appear at low channel
number of the peak.
Beside the protons released in the nuclear reaction of 3He with deuterium,
also protons emitted in the reaction of 3He with 12C to 14N are present in the
spectrum, as can be seen from the three sharp peaks between channel 100 to
300. The three different energies of those protons, reflect the excited state
of the remaining 14N atom. In case of the protons with the highest energy,
appearing at a channel number of approximately 300 and marked as p0, the
14N atoms are in their ground state, while the 14N atoms associated with the
protons of lower energies, marked as p1 and p2, are in an excited state.
The energy of the measured protons originating from the different nuclear
reactions can be calculated with SIMNRA for the given measurement geometry.
After subtraction of the energy loss in the protective foil of the proton detector,
the obtained proton energy can be assigned to the channels of the respective
peaks illustrated in the spectrum by red stars. With this information a linear
relationship between channel number and proton energy can be established
and used to interpret the proton data of the actual samples.
In case of the alpha detector, shown in figure 2.8 (b), the energy calibration is
based on the energy spectrum of the alphas emitted during the measurement of
the reference sample with 3He ions of four different energies, i.e., 0.5, 0.69, 0.8
and 1.2MeV. The most energetic alpha particles which are recorded appear
at high channel numbers and originate from the surface of the a-C:D layer.
SIMNRA is used to calculated the energy of the alpha particles reaching the
detector under consideration of the measurement geometry and the energy
loss in the protective foil in front of the detector for the four 3He ion energies.
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Figure 2.8: Energy calibration of the proton (a) and the alpha detector (b). In (a) the
proton spectrum of the same a-C:D/Si reference sample, acquired with a 3He ion energy
of 2.4MeV, is shown. The red stars mark the channels to which the energy calculated by
SIMNRA is assigned in units of MeV. In (b) the raw spectra of the alphas emitted from a
270 nm thick a-C:D layer on silicon for measurements with 3He ions of different energy is
shown. The red stars mark the channels to which the alpha energy calculated by SIMNRA
is assigned in units of MeV.

Those obtained alpha energies are assigned to the channels yielding half of
the peak maximum at the high energy edge of the measured alpha spectra,
as indicated by red stars in figure 2.8 (b) with the respective alpha energy in
units of MeV. Based on that, a linear relation between the alpha energy and
the channel number of the detector is obtained which is applied to the alpha
spectra recorded for the samples of interest.
The energy-calibrated proton and alpha spectra are finally used as input for
NRADC to gain the deuterium depth profile. NRADC is a Bayesian-based
program which applies a Markov chain Monte Carlo (MCMC) technique to
determine the most probably deuterium depth profile for the given experimen-
tal proton and alpha spectra by forward calculation [69]. A user-defined initial
sample layout with a number of layers consisting of a background species, i.e.,
tungsten, and deuterium is generated. Under the restriction of only positive
deuterium concentrations and layer thicknesses being larger than the depth
resolution at the respective depth, number, width and deuterium concentra-
tion of the layers are varied randomly. For every sample layout the proton
and alpha spectra for the given measurement geometry and 3He ion energies
are calculated and compared to the measured spectra. The sample layouts
are assessed in the maximum likelihood approach, in which the discrepancy
between simulated and experimental data is minimized and a large number
of free parameters, e.g. number of layers, is penalized. The sample layout
with the highest likelihood corresponds to the most probable deuterium depth
profile. NRADC linearizes the forward calculation by assuming that the deu-
terium concentration does not affect the stopping of the involved particles in
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the sample. In order to account for a high deuterium concentration which in-
fluences the stopping, the NRADC simulation is repeated with the deuterium
depth profile of the preceding simulation entering the calculation as back-
ground. This procedure is conducted iteratively until subsequently obtained
deuterium depth profiles do not change any more.
In figure 2.9 the typical NRADC output is illustrated. In (a) the experimental
proton and alpha spectra obtained for different 3He ion energies are compared
to the respective spectra calculated from the corresponding most probable
deuterium depth profile shown in (b).
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Figure 2.9: NRADC output: (a) Comparison of the experimental and simulated spectra
calculated from the most probable deuterium depth profile shown in (b). The 3He ion
energies are given in units of MeV above the proton and alpha spectra. The alpha spectra
are multiplied by a factor of ten for illustrative reasons.

The deuterium depth profile depicted in figure 2.9 (b) possess a step-like shape
which contradicts the physical expectation of a continuous profile. However,
under consideration of the limited experimental depth resolution and the for-
ward calculation model, this is so far the best and most honest approximation.
The deuterium concentrations displayed in the depth profile represent an av-
erage over the individual layers. The width of the different layers is initially
given as areal density in units of cm−2 and converted into nm under the as-
sumption that the atomic density corresponds to that of pure tungsten, i.e.,
1 × 1015 cm−2 = 0.158nm [68]. For a detailed description of NRADC, the
reader is referred to Schmid et al. [69] and Manhard [78].

2.3 Electron Microscopy and Diffraction
In the following the scanning electron microscope HELIOS NanoLab 600, which
is used to investigate the surface morphology and the crystallographic proper-
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ties of the tungsten samples is presented. Since scanning electron microscopy
(SEM) for surface imaging is a widely-used and well-established method, it
will not be discussed within this thesis. For comprehensive reviews on scan-
ning electron microscopy the reader is referred to the extensive literature avail-
able, e.g. [79, 80]. In order to investigate the crystallographic microtexture of
the polycrystalline samples, i.e, the orientation of the individual grains with
respect to the surface, electron backscattering diffraction (EBSD) is applied.
Since this method might not be as familiar as imaging with a scanning electron
beam, the principle of the EBSD technique will be briefly described.

2.3.1 HELIOS NanoLab 600

The HELIOS NanoLab 600 scanning electron microscope manufactured by
FEI, schematically shown in figure 2.10 (a), is used to investigate the surface
morphology of the tungsten samples and to obtain information regarding the
surface orientations of individual grains. The heart piece of the HELIOS setup
is the electron column in which the primary electron beam (solid red arrow)
with energies between 0.35 to 30 keV is produced, condensed and focused onto
the sample. In addition, it contains the x-y steering unit to scan the pri-
mary electron beam across the surface of the specimen. The sample under
investigation is located on the sample stage, which allows to adjust its lateral
position and height as well as to rotate and tilt the sample. The HELIOS
setup is equipped with several detectors to gain information on the surface
morphology as well as on the crystal structure of the sample.
The surface morphology is imaged by measuring the yield of electrons emitted
from the sample as a function of the position of the primary electron beam.
Secondary electrons (dashed blue arrows) are measured with the Everhart-
Thornley detector (ETD) or the in-lens detector (TLD) located inside the
electron column. Backscattered electrons from the primary electron beam
(solid blue arrows) are detected by the concentric solid-state backscatter de-
tector (CBS). The lateral resolution which can be achieved by imaging with
secondary and backscattered electrons is approximately 1 nm [78].
In order to gain crystallographic information on the sample, electron backscat-
tering diffraction (EBSD) can be performed in the HELIOS setup. The corre-
sponding EBSD detector consists of a fluorescence screen and a camera which
allows to record the diffraction patterns, i.e., the Kikuchi pattern, as a function
of the primary electron beam position.
Furthermore, the HELIOS setup is equipped with a gallium ion source to per-
form focused ion beam (FIB) milling which allows to investigate the subsurface
of the sample in cross sections or to prepare thin lamellas for scanning trans-
mission electron microscopy (STEM). In addition, an energy-dispersive X-ray
spectroscopy (EDX) system is installed to gain information on the elemental
composition of the sample by the X-rays released in the interaction of the
primary electrons with the sample atoms.
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Figure 2.10: (a) Schematic of the HELIOS NanoLab 600 scanning electron microscope [78].
The setup is equipped with an Everhart-Thornley detector (ETD) and an in-lens detector
(TLD) to detect secondary electrons (dashed blue arrows). Backscattered electrons (solid
blue arrows) are measured with the concentric solid-state backscattering (CBS) detector.
The transmission of primary electrons (dashed red lines) are monitored with the scanning
transmission electron detector (STEM). The diffraction pattern of backscattered primary
electrons is recorded with the electron backscattering diffraction (EBSD) detector. X-rays
(violet arrow) are monitored with the EDX detector. (b) Principle of electron backscattering
diffraction (EBSD).

2.3.2 Electron Backscattering Diffraction

Electron backscattering diffraction is conducted in the HELIOS setup by tilting
the sample such that the primary electron beam impinges under an angle of
57 ◦ with respect to the surface normal. The EBSD detector is installed under
an angle of 102 ◦ with respect to the primary electron beam, resulting in an
angle of 45 ◦ under which the backscattered electrons are detected, as can be
seen schematically in figure 2.10 (b).
The primary electrons which incident on the sample are scattered elastically
and inelastically in all directions within the interaction volume. Hence, the
scattered electrons can be regarded as a divergent source of electrons within
the sample. Some of the elastically scattered electrons impinge on a family of
crystal planes of the specimen such that the Bragg condition, given by

nλ = 2dhkl sin θB, (2.3)

with n being the diffraction order, λ the electron wavelength, dhkl the inter-
planar spacing and θB the Bragg angle, is fulfilled. When the backscattered
electrons are monitored on the fluorescence screen of the EBSD detector, an
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interference pattern, also known as Kikuchi pattern, can be observed on top of
the background created by diffuse backscattered electrons [80, 81]. Based on
these Kikuchi patterns, the crystallographic orientation of the grain at which
the primary electron beam impinges can be inferred. The probability to match
a specific crystal orientation successfully to the recorded Kikuchi pattern de-
pends significantly on the quality of the pattern, which is determined by the
degree of crystallinity of the investigated spot. Thus, the Kikuchi pattern can
provide a qualitative measure to assess the condition of the near-surface crys-
tal structure. Furthermore, by recording the Kikuchi patterns as a function
of the position of the primary electron beam, the crystallographic properties
of a certain area of the studied sample can be mapped, which is referred to as
EBSD scan within this thesis.
For a more detailed description of the electron backscattering technique to in-
vestigate the crystallographic microtexture of a specimen, the book by Randle
[81] is recommended.

2.4 Sample Preparation

The samples used for the here-conducted experiments are made of sintered and
hot-rolled polycrystalline tungsten with a stated purity of 99.97wt.%, manu-
factured by Plansee Holding AG [82]. The size of the samples is 12.0×15.0mm2

with a thickness of 0.8mm. In order to ensure reproducibility of the experi-
ments, only samples of the same manufacturing batch are used. According to
Manhard et al. [83], the texture differs on the front and rear side of the sam-
ples. The front side, referred to as side A, shows mainly grains with {100} and
{111} planes parallel to the surface and a 〈110〉 direction parallel to the rolling
direction. The rear side, referred to as side B, exhibits predominately grains
with a {110} plane parallel to the surface and a 〈211〉, respectively 〈111〉, di-
rection parallel to the rolling direction. The here-presented experiments are
exclusively performed on side A of the samples.
The sample preparation procedure is as follows: After the samples were cleaned
in an ultrasonic bath with isopropanol for 30min, heat treatment is performed
by electron beam heating in ultra-high vacuum at a base pressure lower than
1 × 10−9mbar. At first the samples are degassed at a temperature of ap-
proximately 1200K for 20min and subsequently heated to 2000K for 5min
to provoke recrystallization of the grains. During this procedure the sample
temperature is monitored with a disappearing filament pyrometer. The heat
treatment results in the annealing of inherent defects and in the increase of
the grain size up to 50 µm [83].
In the next step the samples are cast in cold-curing resin for mechanical and
electrochemical polishing. Mechanical polishing is performed with abrasive
paper of increasing grit size at 150 rpm for 2min each. As the grit size is
increased from 400 to 4000 the applied force is increased as well from 12 to
20N. After mechanical grinding the samples are electrochemically polished
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with 1.5wt.% NaOH by applying a bias of 19V for 4min. To a large extent
the resin is removed by storing the samples in acetone for at least 12 h. The
remaining parts of the resin are removed from the samples in an ultrasonic bath
with ultra pure acetone for two times 30min. Finally the surface is wiped with
cotton bud soaked with ultra pure acetone and rinsed with de-ionized water.
The cleanness of the sample surface is verified with an optical microscope.
In contrast to the sample preparation of preceding experiments, where recrys-
tallization is performed after polishing, the sequence is reversed in order to
avoid the appearance of grooves at the grain boundaries, as it is observed
when recrystallization is the final step [83]. The defects induced in the recrys-
tallized samples by mechanical grinding are within a depth of < 1 µm which is
removed in the final electrochemical polishing step according to Manhard et
al. [84].
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Chapter 3

Hydrogen Isotopes in Tungsten:
Principles and Modeling

In the first part of this chapter, the behavior of hydrogen isotopes in tung-
sten is discussed with respect to the potential energy surface as well as to
diffusion and transport. Trapping and de-trapping of hydrogen within the
classical [57] and the fill-level model [63, 64] is schematically illustrated. Sub-
sequently, the principle of the hydrogen isotope exchange in tungsten based on
the two different de-trapping models is explained. In the second part of this
chapter, the TESSIM-X code [63, 65, 85], developed by K. Schmid to model
the implantation, transport, retention, desorption as well as the exchange of
different hydrogen isotopes in tungsten is introduced. The central diffusion-
trapping equation of the code is reviewed and the mathematical realization of
the classical and fill-level model is explained. In addition, possible boundary
conditions to model different surface processes are presented. Finally, a very
brief description of the technical implementation of TESSIM-X is given. Since
important input for TESSIM-X is generated by SDTrimSP [66, 67], a short
introduction to SDTrimSP is given at the end of the chapter.

3.1 Transport of Hydrogen Isotopes

Before the effect of hydrogen isotope exchange is discussed in greater detail,
the review of some general properties of the hydrogen-tungsten system is oblig-
atory. First, the potential energy surface of hydrogen in tungsten is discussed
followed by a brief review of diffusion of hydrogen in tungsten.
In figure 3.1, the potential energy surface of hydrogen in tungsten is schemat-
ically illustrated [86]. It can be divided into a surface and a bulk region, as
indicated by the dashed red line. The uptake of molecular hydrogen by tung-
sten is endothermic, as can be seen from the potential energy of hydrogen in the
bulk being higher by ESol compared to the one of the individual components
(1/2H2+W). This heat of solution is 1.1 eV per hydrogen atom [87].
At the surface hydrogen can be located in the physisorbed or chemisorbed
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Figure 3.1: Schematic diagram of the potential energy surface of hydrogen isotopes in
tungsten with the following energy barriers: ESol: Heat of solution, ESB : Surface to bulk,
EBS : Bulk to surface, EDiff: Solute site to solute site, EST : Solute site to trap site, ETS :
Trap site to solute site.

state, respectively. In the first one the binding results from the attractive
van der Waals force, while in the latter one the electronic systems of the
adsorbate and the tungsten substrate interact, e.g. by covalent bonds. In order
to enter the bulk, dissociation of the hydrogen molecules is required, resulting
in hydrogen atoms being chemisorbed at the surface. From this chemisorbed
state, the atoms need to overcome the energy barrier between the surface and
the bulk ESB. For hydrogen atoms which leave the bulk the reversed process
is required. First, the transition from the bulk to the chemisorbed state at the
surface by surpassing the energy barrier EBS, followed by the recombination
of two hydrogen atoms into a molecule and finally the desorption of the latter
one.
In the bulk the hydrogen atoms can occupy interstitial sites or trap sites. Inter-
stitial sites are inherently present in a tungsten lattice and can be distinguished
into tetrahedral and octahedral sites of the bcc lattice. It is energetically more
favorable for the hydrogen atoms to occupy the tetrahedral sites instead of the
octahedral sites, as has been confirmed by ion channeling experiments and ab
initio calculations [88, 89]. Those tetrahedral sites are referred to as solute
sites. The diffusion of hydrogen in tungsten is determined by overcoming the
energy barrier EDiff between two adjacent solute sites and is strongly depending
on temperature.
According to Fukai [87], five different regimes can be distinguished. In the
first regime, at very low temperature at which no phonons are present, the
diffusion of the hydrogen atoms proceeds by coherent tunneling and is nearly
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independent of temperature. For slightly higher temperature, the appearance
of the first phonons disturbs the coherent tunneling process which leads to the
reduction of the hydrogen diffusivity. This is the regime of incoherent hopping.
As the temperature is further increased, the regime of thermally activated tun-
neling is entered. In this regime many phonons are present which assist the
diffusion of hydrogen atoms. Two different processes are distinguished, a non-
adiabatic and an adiabatic process. In the first one, the lattice vibration leads
to the reduction of the energy barrier between neighboring sites. Furthermore,
there is a certain probability that the energy levels of the adjacent sites are
adjusted by the lattice vibration, which allows the hydrogen atom to tunnel
through the reduced energy barrier. In the adiabatic process the lattice vibra-
tions reduce the energy barrier between two neighboring solute sites such that
an excited quantum state of the hydrogen atom extends over both sites. In
this way the excited hydrogen atom has a finite probability to transit to the
other site. For even higher temperatures the regime of over-barrier jumps is
entered in which the hydrogen atoms can be treated as classical particles. The
diffusivity depends in an Arrhenius-like fashion on the temperature, reflecting
the probability of the atoms to overcome the energy barrier EDiff between ad-
jacent sites by thermal excitation. In the last regime at highest temperature,
the so-called fluid-like motion regime, the hydrogen atoms are no longer re-
tained by the potential wells of the different sites, but propagate freely within
the material.

Not only the temperature affects the diffusion, also the hydrogen-hydrogen
interaction, which becomes relevant at high hydrogen concentrations, can in-
fluence the diffusivity of hydrogen atoms in metals, e.g. by site blocking [90].
Furthermore, the diffusivity of hydrogen can be altered by other external fac-
tors, e.g. a temperature gradient, a stress gradient or a gradient of the electrical
potential, as summarized in reference [91].

Those considerations regarding the diffusion of hydrogen in tungsten hold for
perfect crystals. However, in a real sample trap sites are present which can
influence the transport of hydrogen in tungsten significantly. These trap sites
are the consequence of lattice imperfections, e.g. vacancies, dislocations, grain
boundaries, vacancy clusters or cavities, but can also be caused by impurities.
Compared with the solute site, the trap site is characterized by a lower local
minimum in the potential energy surface, as can be seen from figure 3.1. Hy-
drogen atoms can enter the trap site by surpassing the barrier EST . In order
to leave the trap site an energy barrier of ETS needs to be overcome. Since the
required energy for de-trapping, ETS, is significantly larger than the energy
barrier between solute sites EDiff, the probability to leave a trap site is con-
siderably lower than for a solute site at the same temperature. Consequently,
hydrogen atoms which enter a trap site become temporarily immobilized. It is
reasonable to distinguish between solute hydrogen located in the solute sites,
which is responsible for the diffusion of hydrogen, and the trapped hydrogen
located in trap sites, which determines the hydrogen retention.
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Depending on the given temperature and the required de-trapping energy,
the trap sites can capture and retain hydrogen atoms and thereby reduce
the transport of hydrogen atoms in tungsten. This effect can be addressed
implicitly by defining an effective diffusion coefficient for hydrogen in tungsten
which accounts for the trap site concentration in the material, as described by
Schmid et al. [65]. Another possibility is to take the interaction of hydrogen
atoms with trap sites explicitly into account as it is done in the diffusion-
trapping model. In this case, the transport is considered as a continuing
sequence of diffusion, trapping, de-trapping and diffusion. Compared with the
implicit approach this requires a microscopical understanding of the trapping
and de-trapping mechanism of hydrogen atoms at trap sites.
It should be mentioned that not every crystal imperfection reduces the trans-
port of hydrogen. As discussed by Toussaint et al. [92], the diffusion of hydro-
gen parallel to grain boundaries can be faster compared with in-grain hydrogen
diffusion. Thus, a network of grain boundaries could provide fast transport
channels for hydrogen atoms.
More detailed information regarding the different properties of the hydrogen-
metal system in general can be found in references [87, 91, 93, 94].

3.2 Trapping and De-trapping of Hydrogen Iso-
topes

In the following the two relevant microscopic models to describe the trapping
and de-trapping of hydrogen isotopes on trap sites in tungsten are illustrated
and their differences are highlighted.

3.2.1 Classical Model

The trapping and de-trapping of hydrogen isotopes at a given temperature
within the classical model [57] is schematically illustrated in figure 3.2. The
example shows the filling of initially empty traps during the deuterium im-
plantation. For a better comprehension, the traps are depicted as rectangular
potential wells with depths corresponding to the de-trapping energy required
to release the retained deuterium atoms. Three traps, indicated as trap 1 to 3,
with different de-trapping energies are shown in figure 3.2 (a). In addition, the
dashed red line divides the present traps according to the required de-trapping
energy into two groups. Those from which thermally activated de-trapping is
possible at the given temperature, i.e., trap 2, and those from which no release
can occur, i.e., trap 1 and 3. This strict separation is only for illustrative
reasons. As de-trapping is assumed to proceed in an Arrhenius-like fashion,
deuterium can in principle also be released from trap 3 but with a much lower
probability than from trap 2. For a higher given temperature, the dashed red
line would be shifted downwards indicating the possibility of additional release
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Figure 3.2: Schematic description of the classical model.

from traps with higher de-trapping energies. In contrast to that, for a lower
given temperature the dashed red line would be shifted upwards.
During implantation, solute deuterium is present in the sample as indicated
by the blue rectangle above the traps. The initially empty traps 1 to 3 can
capture deuterium atoms from the solute, as displayed in figure 3.2 (a). From
(b) it can be seen that for deuterium located in trap 1 and 3 the required
de-trapping energy is too high and thermally activated de-trapping at the
given temperature cannot occur, while the deuterium retained in trap 2 can be
released. This empty trap site can be re-occupied by deuterium from the solute,
as depicted in (c). Hence, during the deuterium implantation, which sustains
the solute concentration, deuterium is continuously captured and released by
trap 2. Once the implantation is stopped, the deuterium solute as well as the
deuterium occupying trap 2 effuses from the sample and only the deuterium
retained by trap 1 and 3 remains.

3.2.2 Fill-level Model

The principle of trapping and de-trapping in the framework of the fill-level
model [63, 64] is schematically depicted in figure 3.3. Similar to the situation
in figure 3.2, the filling of a fill-level trap with deuterium during implantation
at a given temperature is illustrated. In accordance with the classical model,
shown in figure 3.2, the trap is depicted as a rectangular potential well. The
additional dashed black lines inside the rectangular trap indicate the possible
fill levels with the associate de-trapping energy. The current fill level of the
trap is represented by a solid black line on which the respective atoms are
located. The dashed red line separates the fill levels with de-trapping energies
which permit deuterium release from those which impede the release at the
given temperature.
When deuterium implantation is started a solute concentration in the sample
builds up and the initially empty traps capture deuterium atoms from the
solute. However, in contrast to the classical model, a trap which is already
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Figure 3.3: Schematic description of the fill-level model.

occupied with one deuterium atom can capture a second deuterium atom, as
depicted in figure 3.3 (a). The uptake of the additional deuterium atom, which
corresponds to the increase of the fill level of the trap, leads to a decrease of the
de-trapping energy which is required to release one of the trapped deuterium
atoms (b). The accumulation of deuterium atoms in the trap continuous which
leads to a further increase of the fill level and consequently to a decrease of the
required de-trapping energy. Up to the fill level reached in (c), the de-trapping
energy is large enough to prevent the release of the trapped deuterium atoms,
as indicated by the deuterium atoms being located below the dashed red line.
The trapping of another deuterium atom from the solute induces a further
increase of the fill level and a decrease of the de-trapping energy to a value low
enough to permit the thermally activated release of the retained deuterium
atoms. This situation is depicted in (d) with the trapped deuterium atoms
being shifted above the dashed red line. The release of one deuterium atom
from the trap, shown in (d), results in the reduction of the fill level and the
increase of the required de-trapping energy to release one of the remaining
deuterium atoms, as can be seen in (e). From the fill level shown in (e) no
de-trapping of the retained deuterium is possible. However, a deuterium atom
can be captured from the solute again which will rise the fill level and bring
the trap back into the state shown in (d). Thus, as long as deuterium solute is
present in the sample, the trap will be in a quasi equilibrium of trapping and
de-trapping deuterium, similar to trap 2 in the classical model shown in figure
3.2. Once the implantation is stopped and the deuterium solute vanishes,
the trap releases deuterium atoms until a fill level is reached at which the
de-trapping energy is just sufficient to prohibit further thermally activated
release, as illustrated in figure 3.3 (c) and (e). Hence, the underlying principle
of the fill-level model is that the trapping or de-trapping of one hydrogen atom
increases or decreases the required de-trapping energy of all hydrogen atoms
which are contained in the trap.
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3.3 Hydrogen Isotope Exchange

The principle of hydrogen isotope exchange based on the classical and the fill-
level model is presented in the following and the fundamental difference of the
models is highlighted.

3.3.1 Classical Model

The hydrogen isotope exchange of deuterium by protium at a given tempera-
ture in the classical model is schematically illustrated in figure 3.4. After the
initial deuterium implantation, shown in figure 3.2, the protium implantation
is started. Trap 1 and 3 are filled with deuterium atoms and it is assumed that
the deuterium atom located in trap 2 is not yet released. This configuration
is the initial state of the traps at the beginning of the protium implantation
depicted in figure 3.4 (a). When the implantation is started, a protium solute
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Figure 3.4: Schematic description of the hydrogen isotope exchange of deuterium by pro-
tium in the classical model.

is established in the sample. Since the de-trapping energy required to release
the deuterium atom retained in trap 2 is low enough, the deuterium can be
thermally de-trapped at the given temperature and released to the solute. This
leads to a reduction of the total amount of deuterium retained by the three
traps. However, this process does not require the presence of protium solute
and would also take place without the protium implantation. The now un-
occupied trap 2 can be re-occupied by a protium atom from the solute, as
illustrated in (b). The net effect can be considered as the hydrogen isotope
exchange of a deuterium atom by a protium atom. However, since thermally
activated de-trapping is possible from trap 2, this captured protium atom can
be released again as shown in (c). Similar to figure 3.2, as long as protium
solute is present, trap 2 continuously captures and releases protium atoms.
Furthermore, it can be seen from figure 3.4, that the deuterium retained in
traps 1 and 3 is unaffected by the protium implantation and remains in the
corresponding traps. Hydrogen isotope exchange within the classical model
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can only take place when the de-trapping energy of the trap in which the deu-
terium atom is located is sufficiently low to permit thermally activated release
at the given temperature.

3.3.2 Fill-level Model

Figure 3.5 explains the hydrogen isotope exchange of deuterium by protium
at a given temperature in the framework of the fill-level model. After the
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Figure 3.5: Schematic description of the hydrogen isotope exchange of deuterium by pro-
tium in the fill-level model.

initial filling of the trap with deuterium, depicted in figure 3.3, the trap is
occupied with deuterium atoms up to a fill level at which the required de-
trapping energy is just large enough to impede further release of deuterium.
With the beginning of the protium implantation a certain amount of protium
solute is created in the sample. As can be seen from figure 3.5 (a), the trap
can capture a protium atom from the solute. This additional protium atom
causes an increase of the fill level and a decrease of the required de-trapping
energy. In (b) the required de-trapping energy is now sufficiently reduced to
permit the thermally activated de-trapping of hydrogen isotopes at the given
temperature. From the fill level shown in (b) either the recently captured
protium atom or one of the deuterium atoms can be released to the solute.
While the first process leaves the deuterium retention in the trap unchanged,
the second process, which is illustrated in (b), reduces the deuterium content
in the trap and describes the actual hydrogen isotope exchange process. The
release of the deuterium atom from the trap leads to a reduction of its fill level
and an increase of the de-trapping energy which prohibits further release of
hydrogen isotopes, as shown in (c). Yet, the trap can capture another protium
atom from the solute which rises its fill level and allows the release of either a
protium or a deuterium atom. The latter case is shown in (d). Though, it is
also possible that the trap captures the previously released deuterium atom,
but less likely. With this iterative process of capturing a protium atom and
releasing a deuterium atom instead, the initially trapped deuterium atoms can
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be successively released from the trap, as shown in (e).
Regarding the hydrogen isotope exchange, the main difference between the two
models can be summarized as as follows: In the classical model, the exchange
of deuterium in traps which do not allow thermally activated release at the
given temperature is not possible. In contrast to that, in the fill-level model
deuterium atoms which are initially contained in traps that impede thermally
activated de-trapping can be released by rising the fill level and thereby re-
ducing the required de-trapping energy for all hydrogen isotopes in the trap.
Hence, the difference of both models becomes most prominent, when the hy-
drogen isotope exchange is investigated on traps which do not allow thermal
release at the given temperature.

3.4 TESSIM-X

The TESSIM-X code [63, 65, 85] used to simulate the transport and interaction
of different hydrogen isotopes in tungsten is based on the physical model of
diffusion-trapping. In principle, this model can be implemented via different
techniques.
One is the Monte Carlo approach which describes the diffusion and trapping of
individual particles as a stochastic process [95]. This allows to treat interactive
processes of the diffusing species, e.g., self-trapping or site-blocking [90] on
a microscopic scale. In addition, an extension towards higher dimensional
systems can be achieved easier in the Monte Carlo framework. However, large
systems, in which the distance of one jump between adjacent sites is small
compared to the total dimension of the system, cannot be described efficiently
with this technique due to extensive computational resources required.
Another possibility to implement the diffusion-trapping model is via the rate-
equation approach [85, 96, 97]. Unlike the Monte Carlo approach, not the
diffusion and trapping of individual particles is modeled, but the evolution of a
diffusive and trapped particle concentration is simulated. This approximation
neglects interactions on the microscopic scale with the advantage that large
systems can be simulated with considerably higher efficiency. However, the
extension to higher dimensions cannot be realized easily.
The intention of TESSIM-X is to model experimentally obtained data. In
order to meet the experimental conditions such as the macroscopic sample size,
the diffusion-trapping concept in TESSIM-X is realized in the form of a one-
dimensional rate-equation model. Although TESSIM-X was initially developed
to simulate the behavior of hydrogen isotopes in tungsten, it is not limited to
this specific system, but can be used to model diffusion-trapping processes in
other systems as well. In the following, the working principle of TESSIM-X
will be explained and the most important equations will be reviewed in the
context of hydrogen isotopes in tungsten. Furthermore, the implementation
of the different trapping and de-trapping mechanisms, i.e., the classical model
and the fill-level model will be explained. Since the code allows to model the
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interaction of two different hydrogen isotopes, they are labeled isotope A and
B accordingly. The following equations are described with respect to isotope
A but hold without loss of generality for isotope B.

3.4.1 Diffusion-Trapping Equation

The rate-equation-based diffusion-trapping model strictly distinguishes be-
tween two different populations of hydrogen, the mobile solute hydrogen con-
centration CS

A (x, t) and the immobile trapped hydrogen concentration CT
A (x, t).

The evolution of both hydrogen populations in time t and space x, as well as
their interaction is described by the central partial differential equation of the
TESSIM-X code given by:

∂CS
A (x, t)

∂t
= DA (T (t))

∂2CS
A (x, t)

∂x2
+ SA (x, t)−

NT∑
i=1

∂CT
A,i (x, t)

∂t
, (3.1)

where DA (T (t)) corresponds to the temperature-dependent diffusion coeffi-
cient of hydrogen isotope A in tungsten given by the Arrhenius term:

DA (T (t)) = D0,A exp

(
− EDiff

A

kBT (t)

)
, (3.2)

where D0,A is the pre-exponential factor, EDiff
A the diffusion energy barrier,

kB the Boltzmann constant and T (t) the temperature as a function of time.
The diffusive transport of the solute hydrogen is described by the first term
on the right-hand side in equation (3.1), which represents Fick’s second law
of diffusion [87]. The second term, SA (x, t), is the solute source term of hy-
drogen isotope A which is required to simulate the loading of the sample with
hydrogen, e.g., by implantation and can be written as

SA (x, t) =
Γimp
A (t)

ρ0
ζA (x) with

∫ ∞
0

ζA (x) dx = 1, (3.3)

with Γimp
A (t) = (1−Rrefl) Γirr

A (t) corresponding to the implanted flux of hy-
drogen isotope A, with Γirr

A (t) being the irradiated flux and Rrefl the particle
reflection coefficient. ρ0 is the number density of tungsten and ζA (x) gives the
distribution of the solute source as a function of depth and is related to the
implantation profile of isotope A.
The last term in equation (3.1) couples the differential equations describing
the evolution of the trapped concentration of hydrogen isotope A in traps of
type i to the evolution of the solute hydrogen concentration. The sum over i
accounts for the contribution of NT different trap types that might be present
in the sample. Depending on the experimental conditions the traps can either
represent a sink or a source for the solute hydrogen. The filling of the traps
reduces CS

A (x, t), while a release of hydrogen from the traps increases CS
A (x, t).

The different models of trapping and de-trapping enter the diffusion-trapping
equation via this last term and are discussed in the following.
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3.4.2 Classical Model

The classical model [57] is characterized by the assumption that each trap can
be occupied by only one hydrogen atom and each trap type has a fixed de-
trapping energy. The concentration of hydrogen isotope A trapped in traps of
type i, CT

A,i (x, t), can be altered either by hydrogen release or by trapping and
is described by

∂CT
A,i (x, t)

∂t
=
DA (T (t))

a20β
CS

A (x, t)
(
ηi (x, t)−

(
CT

A,i (x, t) + CT
B,i (x, t)

))
− CT

A,i (x, t) νTS
A,i exp

(
−

ETS
A,i

kBT (t)

)
− CT

A,i (x, t)
(
εAA,i

(
x, t, ETS

A,i

)
+ εAB,i

(
x, t, ETS

A,i

))
. (3.4)

The first term on the right-hand side in equation (3.4) is the trapping rate and
describes at which rate hydrogen isotope A is captured by traps of type i from
the solute. The trapping rate is proportional to the available concentration
of unoccupied traps, which is defined by the difference of the concentration
of traps of type i, given by ηi (x, t), and the already trapped concentration
of isotopes A and B in traps of type i, CT

A,i (x, t) + CT
B,i (x, t). Furthermore,

the trapping rate of isotope A depends linearly on the available solute con-
centration CS

A (x, t) and on the rate to jump into the trap. The latter one is
characterized by the diffusion coefficient DA (T (t)), given in equation (3.2),
divided by the square of the tungsten lattice distance a0 and the number of
solute sites β per tungsten atom. This inherently assumes that the transition
rate from a solute site to a trap site is equal to that for the transition between
solute sites, since there is no additional energy barrier.
In order to implement the scenario of activated trapping, which assumes an
additional energy barrier that needs to be overcome for the hydrogen atom to
get trapped, an Arrhenius term with a higher energy than EDiff and a different
pre-exponential factor can be chosen. Furthermore, unsaturable traps, which
yield an infinite capability to trap hydrogen, can be introduced in the code by
neglecting the already trapped hydrogen concentration CT

A,i (x, t) + CT
B,i (x, t)

and using only ηi (x, t) instead of the difference stated in the bracket. The
evolution of the concentration of traps of type i can be simulated as well in
order to address the formation and saturation of traps during the implantation
by choosing an appropriate time dependence [98].
The two remaining terms on the right-hand side in equation (3.4) are the
de-trapping rates of hydrogen isotope A from traps of type i via different
mechanisms. The first one is the thermally activated release rate of isotope A
which is characterized by the Arrhenius term with the de-trapping energy ETS

A,i

and the attempt frequency νTS
A,i . The last term allows to take the kinetic de-

trapping of isotope A from traps of type i by direct collisions with energetic
particles from an impinging hydrogen ion beam and generated recoils into
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account. εAA,i

(
x, t, ETS

A,i

)
and εAB,i

(
x, t, ETS

A,i

)
correspond to the kinetic de-

trapping of isotope A by an ion beam of isotope A and B, respectively. As
can be seen from equation (3.5), exemplarily for εAB,i

(
x, t, ETS

A,i

)
, the kinetic

de-trapping scales linearly with the implanted flux Γimp
B (t).

εAB,i

(
x, t, ETS

A,i

)
=

Γimp
B (t)

ρ0
κAB

(
x,ETS

A,i

)
(3.5)

κAB

(
x,ETS

A,i

)
accounts for the spatial distribution of the kinetic de-trapping

term and can be approximated by the profile of the recoils of isotope A gen-
erated by implantation of isotope B. Furthermore, κ

(
x,ETS

A,i

)
depends on the

de-trapping energy ETS
A,i . Kinetic de-trapping of weakly trapped isotopes A is

more efficient than that of strongly trapped ones. The thermally activated de-
trapping as well as the kinetic de-trapping mechanisms require the presence of
a trapped hydrogen concentration and are therefore proportional to CT

A,i (x, t).

3.4.3 Fill-level Model

The fill-level model [63–65], inspired by DFT calculations [58–61], assumes that
each trap can be filled with several hydrogen atoms simultaneously. Depending
on the fill level k, which corresponds to the total number of hydrogen atoms
A and B in the trap, the de-trapping energy ETS

A,i,k of the trap varies, meaning
that the de-trapping energy of all atoms in the trap increases or decreases
when an atom is removed or added. Compared to the classical model it is
not sufficient to consider only traps of different types, also the fill level k of
the respective trap type i plays an important role. Thus, an additional sum
over the fill level index k is required, as can be seen in equation (3.6), where
CT

A,i,k (x, t) corresponds to the concentration of isotope A in traps of type i
filled to the level k with isotope A and B.

∂CT
A,i (x, t)

∂t
=

kmax∑
k=1

∂CT
A,i,k (x, t)

∂t
(3.6)

Trapping and De-trapping Rates

Before the equations which describe the evolution of the trapped hydrogen
concentration in the fill-level model are discussed, it is useful to introduce the
trapping rates χA,i,k (x, t) and de-trapping rates ψA,i,k (x, t), given by equations
(3.7) to (3.9). Depending on the fill level k in which the trapping or de-trapping
occurs different cases have to be distinguished.
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Trapping rate into k = 1

The trapping of hydrogen isotope A into the first fill level k = 1 of traps of
type i is described by

χA,i,1 (x, t) =
DA (T (t))

a20β
CS

A (x, t)

ηi (x, t)−
kmax∑
k̃=1

CT
A,i,k̃

(x, t) + CT
B,i,k̃

(x, t)

k̃


(3.7)

and corresponds to the initial filling of the traps. Hence the expression is very
similar to trapping in the classical model given by the first term in equation
(3.4). χA,i,1 (x, t) is proportional to the solute concentration of isotope CS

A (x, t)
and the probability to transit to the trap site, given by the first factor. Further-
more, χA,i,1 (x, t) depends linearly on the concentration of unoccupied traps of
type i given by the difference in the bracket. Compared to the classical model,
the trapped hydrogen concentration CT

A,i,k (x, t) + CT
B,i,k (x, t) needs to be di-

vided by the respective fill level k and summed over k to obtain the occupied
trap concentration.

Trapping rate into 1 < k ≤ kmax

The trapping into a fill level k of traps of type i with 1 < k ≤ kmax is given by

χA,i,k (x, t) =
DA (T (t))

a20β
CS

A (x, t)
CT

A,i,k−1 (x, t) + CT
B,i,k−1 (x, t)

k − 1
, (3.8)

which is proportional to the concentration of traps of type i filled to the fill
level k − 1. Trapping of hydrogen into traps filled to the maximum level kmax

is not possible.

De-trapping rate from k

The de-trapping rate ψA,i,k (x, t) describes the release of hydrogen isotope A
from traps of type i at fill level k and can be written as:

ψA,i,k (x, t) =CT
A,i,k (x, t) νTS

A,i,k exp

(
−

ETS
A,i,k

kBT (t)

)
+ CT

A,i,k (x, t)
(
εAA,i,k

(
x, t, ETS

A,i,k

)
+ εAB,i,k

(
x, t, ETS

A,i,k

))
. (3.9)

This expression is essentially the same as in the classical model and consists of
a thermally activated and a kinetic de-trapping contribution. The only differ-
ence is that the parameters, like νTS

A,i,k, ETS
A,i,k and indirectly εAB,i,k

(
x, t, ETS

A,i,k

)
and εAA,i,k

(
x, t, ETS

A,i,k

)
are not only defined by the trap type i but also by

the fill level k to which the traps are filled. Furthermore, the de-trapping
rate ψA,i,k (x, t) is not proportional to the hydrogen concentration trapped in
trap type i but only to the hydrogen concentration existing in traps of type i
occupied to fill level k.
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Evolution of Trapped Hydrogen Concentration

In order to model hydrogen isotope exchange experiments two different hydro-
gen isotopes A and B need to be simulated at the same time. For a trap of
type i filled to level k, k corresponds to the sum of the hydrogen isotopes A
and B in the respective trap. Since the exact number of A and B in the trap
is not known, the fractional occupancy, given by

ΛA,i,k (x, t) = k
CT

A,i,k (x, t)

CT
A,i,k (x, t) + CT

B,i,k (x, t)
, (3.10)

is introduced to account for the isotopic ratio.
The evolution of the hydrogen concentration of isotope A in traps of type i filled
to level k is given by equations (3.11) to (3.13). For a better comprehension of
the equations the explicit time and space dependences are omitted. Depending
on the observed fill level k, different cases have to be distinguished.

k = 1

The development of the concentration of isotope A in traps of type i in fill
level k = 1 is given by:

∂CT
A,i,1

∂t
=χA,i,1 (trapping into k = 1)

− (χA,i,2 + χB,i,2)× ΛA,i,1 (trapping into k = 2)

− (ψA,i,1 + ψB,i,1)× ΛA,i,1 (de-trapping from k = 1)

+ (ψA,i,2 + ψB,i,2)× ΛA,i,2 − ψA,i,2 (de-trapping from k = 2) .
(3.11)

The term in the first line of equation (3.11) corresponds to the trapping of
isotope A into the fill level k = 1, which leads to an increase of CT

A,i,1. The
second line describes the trapping of either isotope A or B into the fill level
k = 2. This results in an increase of CT

A,i,2 on expense of CT
A,i,1, which decreases

weighted by the fractional occupancy ΛA,i,1 accordingly. The third line yields
the direct de-trapping of either isotope A or B from level k = 1 and leads to a
decrease of CT

A,i,1. The last line corresponds to the de-trapping of either isotope
A or B from fill level k = 2, which leads to an increase of CT

A,i,1 weighted by the
fractional occupancy ΛA,i,2. When isotope A is released from level k = 2 the
increase of CT

A,i,1 is smaller compared to the case when isotope B is released.
This circumstance is taken into account by subtracting ψA,i,2.
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1 < k < kmax

For a fill level k with 1 < k < kmax, the evolution of the concentration of
isotope A located in traps of type i is described by:

∂CT
A,i,k

∂t
= (χA,i,k + χB,i,k)× ΛA,i,k−1 + χA,i,k (trapping into k)

− (χA,i,k+1 + χB,i,k+1)× ΛA,i,k (trapping into k + 1)

− (ψA,i,k + ψB,i,k)× ΛA,i,k (de-trapping from k)

+ (ψA,i,k+1 + ψB,i,k+1)× ΛA,i,k+1 − ψA,i,k+1 (de-trapping from k + 1) .
(3.12)

CT
A,i,k is not only increased by hydrogen isotopes A being trapped into fill level

k as it is the case for k = 1. From the additional term in the first line of
equation (3.12) compared to equation (3.11), it can be seen that the trapping
of any hydrogen isotope A or B into the fill level k results in an increase of
CT

A,i,k. The reason for this is that the hydrogen isotopes formerly trapped
in k − 1 are shifted to k and CT

A,i,k is increased according to the fractional
occupancy ΛA,i,k−1. The other terms in equation (3.12) are equal to the case
of k = 1.

k = kmax

The concentration of isotope A retained in the highest fill level kmax of traps
of type i is determined by:

∂CT
A,i,k

∂t
= (χA,i,k + χB,i,k)× ΛA,i,k−1 + χA,i,k (trapping into kmax)

− (ψA,i,k + ψB,i,k)× ΛA,i,k (de-trapping from kmax) . (3.13)

Since neither trapping into nor de-trapping from fill levels k > kmax is possible,
all terms relying on fill levels k + 1 are omitted in the equation. CT

A,i,kmax
can

only be increased by trapping hydrogen isotope A or B into fill level kmax as
described before in equation (3.8). A decrease of CT

A,i,kmax
can only occur due

to direct de-trapping from fill level kmax.

3.4.4 Surface Processes

TESSIM-X allows to chose from different models describing processes at the
surface. The most simple one is the diffusion limited boundary condition.
This model assumes that the diffusion of hydrogen to the surface and not the
desorption from the surface is the rate-limiting process. Thus every hydro-
gen atom which reaches the surface leaves the sample. In TESSIM-X this is
implemented as Dirichlet boundary condition by pinning the solute hydrogen
concentration at the surface to zero i.e. CS

A (0, t) = 0.
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Another possible type of boundary condition which can be applied in TESSIM-
X is the Neumann boundary condition. In this case the condition is not as-
signed to the function, i.e. CS

A (x, t), but to the derivatives, e.g., ∂CS
A(x,t)

∂x
.

According to Fick’s first law of diffusion [87], the diffusion flux is proportional
to this derivative. Hence, this boundary condition allows to implement flux-
limited boundary conditions, e.g., the recombination limited desorption model
by Pick and Sonnenberg [99] used by TMAP 7 [96]. In contrast to the previ-
ous model, it assumes that the desorption of hydrogen from the surface is the
process which determines the release. Consequently, the diffusive hydrogen
flux from the bulk to the surface must balance the flux of hydrogen molecules
desorbing from the surface. It should be mentioned that this model simpli-
fies the processes taking place at the surface considerably by using only one
parameter, i.e., the recombination rate coefficient.
A more sophisticated surface model, describing the physical and chemical pro-
cesses at the surface in a rate-equation model, can be chosen in TESSIM-X.
Here, the release of hydrogen atoms from the sample is considered as a two
step process. In the first step, the hydrogen atoms transit from the bulk to a
chemisorbed state at the surface. In a second step, the hydrogen atoms are
removed from the surface by the Langmuir-Hinselwood process, an Eley-Rideal
process [100] or due to sputtering by energetic ions. The first one describes the
recombination of two hydrogen atoms at the surface to a hydrogen molecule,
which subsequently desorbs. The second one accounts for a direct removal
of a hydrogen atoms from the surface by colliding with molecules or atoms
from the gas-phase. The last one treats the release of chemisorbed hydro-
gen atoms by direct collisions with energetic hydrogen ions impinging on the
surface. This surface rate-equation model also allows to simulate the up-take
of hydrogen by tungsten by gas or atomic hydrogen beam loading. In case
of molecules this is described by the dissociative adsorption at the surface
and the transition of the hydrogen atoms from the chemisorbed state into the
bulk. For atomic hydrogen beam loading the dissociative step is omitted and
the atoms are chemisorbed directly at the surface. In order to perform predic-
tive simulations with such a complex surface rate-equation model the accurate
determination of the parameters, i.e., the energy barriers, attempt frequencies
and cross-section of reactions is mandatory [101–103].

3.4.5 Implementation

The partial differential equations (3.1), defining the diffusion of the hydrogen
isotopes A and B, as well as the set of ordinary differential equations (3.4)
or (3.6), describing the trapping and de-trapping of the different isotopes A
and B, are solved by Mathematica Version 10.3 [104] or higher. The spatial
dimension is defined to match the dimension of the sample and appropriately
discretized either by a constant or a varying step-width. Based on this grid the
finite difference method is applied and the obtained linear system of equations
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is solved using the "Backward Differentiation Formula" Solver IDA [105] from
the Sundails (SUite of Nonlinear and Differential / ALgebraic equation Solvers)
solver suite available in Mathematica.

3.5 SDTrimSP

Relevant inputs for the TESSIM-X simulations are generated by SDTrimSP
5.07 (Static-Dynamic TRansport of Ions in Matter Sequential and Parallel pro-
cessing) [66, 67]. In this thesis, the code is used to determine the implantation
profiles of protium and deuterium in tungsten and to calculate the depth dis-
tribution of hydrogen recoils generated during the implantation. Beside this
application, SDTrimSP can be utilized to calculate sputtering yields and ion
beam damage.
In general, SDTrimSP is a Monte-Carlo-based code to simulate the irradia-
tion of an amorphous target with energetic projectiles as well as the resulting
interaction of the target and incident atoms. For the target a mono-atomic
material, a composition or a layered structure can be selected. The incident
atoms are characterized by the element, the energy or energy distribution and
the incident angle with respect to the surface of the target. In contrast to
molecular dynamics (MD), where the equations of motion of all atoms in the
target and the incident projectiles are solved simultaneously, SDTrimSP relies
on the binary collision approximation (BCA) [19], in which only the interaction
between the two involved scattering partners is considered.
The trajectory of one incident projectile atom is simulated as a sequence of
independent scattering events, until the projectile is either stopped or emit-
ted from the target. For each scattering event, the impact parameter, the
azimuthal scattering angle and the distance to the next scattering partner are
chosen randomly within appropriate boundaries. The scattering angle, which
is the angle between the incoming and the asymptotic outgoing trajectory of
the projectile, is determined by solving the scattering integral by applying the
"Magic Formula" [106]. The Kr-C potential [107], which is a radial symmet-
ric Coulomb potential with modifications to account for the screening of the
core charge by the surrounding electrons, is chosen as interaction potential.
From the scattering angle the energy loss, also referred to as nuclear energy
loss, of the projectile is calculated. The energy loss of the projectile between
subsequent scattering events due to electronic excitation of the target is taken
into account via an equipartition of the Oen-Robinson [108] and the Lindhard-
Schraff [109] model. Along its trajectory, the projectile atom collides with
numerous target atoms. If the transferred energy from the projectile atom to
the resting scattering partner is larger than the predefined displacement en-
ergy, a recoil atom is created. This recoil atom itself acts as projectile and may
create other recoil atoms along its trajectory before it is stopped or ejected
from the target. The result is a cascade of recoil atoms created by the initial
incident projectile atom.
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In order to extract collective information, such as the implantation profile, the
recoil generation profile or the reflection coefficient the simulation is repeated
for several thousand projectiles to gain data with sufficient statistics. In addi-
tion to the static mode, in which the change of the target composition during
the implantation is neglected, SDTrimSP also offers a dynamic mode. Here,
after the simulation of one projectile package, consisting of a predefined num-
ber of projectiles, the target composition and the corresponding parameters are
updated and serve as input for the simulation of the next package of projectiles.
In cases in which neither the target composition is changed significantly, nor
severe sputtering of the target occurs, the static mode is a sufficient approx-
imation to determine implantation and recoil profiles. However, if material
erosion and sputtering is studied explicitly, a dynamic SDTrimSP simulation
is inevitable.
For more information on the topic of interaction of ions with matter in general
the reader is referred to Was [13] and with the focus on BCA-based simulations
to Eckstein [19].
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Implantation of D into W at 150K

In order to investigate the fill-level model as the underlying isotope exchange
mechanism, the exchange of deuterium by protium in tungsten is performed un-
der different conditions. However, the initial deuterium implantation is always
performed in the same manner. At a sample temperature of 150K deuterium
with an energy of 3.0 keV/D and a flux of 8.4×1017Dm−2s−1 is implanted un-
der normal incidence into the tungsten samples until an irradiated deuterium
fluence of 8.4 × 1021Dm−2 is reached. From previous experiments in which
deuterium with energies ranging from 0.5 to 3.0 keV/D was implanted into
single- and polycrystalline tungsten samples at temperatures between 350 and
700K, the modification of the surface morphology is well-known [27, 98, 110].
In this context, the formation of deuterium gas-filled cavities, termed blis-
ters, are one of the most prominent features. Due to the low temperature at
which the deuterium is implanted in the present experiments, an even more
severe change of the surface morphology of the tungsten samples is expected
for twofold reason. First, the diffusion of deuterium in tungsten is considerably
reduced at 150K which leads to the build-up of a large amount of deuterium
within the implantation zone. This accumulated deuterium can stress the
tungsten lattice and cause a modification of the surface, e.g. the formation of
blisters. Second, the fracture toughness of tungsten decreases with decreasing
temperature [111, 112]. Hence crack propagation is facilitated at low tem-
perature rendering the material more vulnerable to the formation of blisters.
Thus, before the exchange of deuterium by protium in tungsten is studied in
more detail, the implications of the energetic deuterium implantation at low
temperature in terms of deuterium retention and concentration as well as in
terms of modification of the surface morphology are investigated.
In the following chapter the experimental procedures to explore the develop-
ment of the deuterium retention and the surface morphology during the low-
temperature deuterium implantation into tungsten are briefly outlined and the
outcomes are described. The results of the surface morphology studied during
the deuterium implantation are evaluated and the gained insights are used
to interpret the evolution of the retention and concentration of deuterium in
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tungsten. Finally, the obtained conclusions and results are set in relation to
those found in contemporary literature.

4.1 Experimental Procedures

4.1.1 D Retention and Depth Profile

The evolution of the deuterium retention and concentration in tungsten at low
temperature is studied in situ by NRA in the dual beam experiment. At a
sample temperature of 150K, deuterium with an energy of 3.0 keV/D and a
flux of 8.4× 1017Dm−2s−1 is implanted stepwise into the tungsten specimens
under normal incidence with respect to the surface. The deuterium implanta-
tion is started in steps of 0.8 to 1.5×1020Dm−2. Once an irradiated fluence of
1.6×1021Dm−2 is exceeded, the deuterium fluence per step is increased. First
to 2.0 and then to 4.0×1020Dm−2 until the final irradiated deuterium fluence
of 7.9×1021Dm−2 is reached. After each implantation step, the deuterium re-
tention is probed by NRA using 3He ions with an energy of 0.69MeV. The NRA
measurements are performed at the same spot and the acquired ion charge per
measurement is 1 µC, resulting in a total accumulated ion charge of 37 µC at
the end of the experiment. Once the final deuterium fluence of 7.9×1021Dm−2
has been irradiated on the sample, the homogeneity of the deuterium retention
across the implantation spot is verified by NRA using again 3He ions with an
energy of 0.69MeV. When the homogeneity is confirmed, NRA is performed
with 3He ions of eight different energies ranging from 0.5 to 4.5MeV on a new
spot. The acquired ion charge depends on the 3He ion energy and is 4 µC
for 0.5, 0.69 and 0.8MeV and 6 µC for 1.2, 1.8, 2.4, 3.2 and 4.5MeV, adding
up to a total of 42 µC. The obtained data is post-processed by SIMNRA and
NRADC to generate the deuterium depth profile. The integral of this depth
profile yields the total amount of deuterium retained in the tungsten sample
up to a depth of 7.5 µm. Assuming that this final deuterium retention cor-
responds to a certain number of proton counts per acquired charge measured
with 3He ions with an energy of 0.69MeV, this number of proton counts can be
set in relation to those obtained in the NRA measurements after the different
deuterium implantation steps which finally allows to deduce the corresponding
deuterium retention after each implantation step. This method of determin-
ing the deuterium retention is significantly faster than measuring a deuterium
depth profile after each implantation step. However, it requires that the total
amount of deuterium in the sample is probed by the 3He ions with an energy
of 0.69MeV. Furthermore, the cross section for the D(3He,p)4He nuclear reac-
tion must not change significantly in the depth region where the deuterium is
located. It will be shown in the following section that both requirements are
sufficiently fulfilled for the here-conducted experiments.
NRA measurements with 3He ions of one energy are not sufficient to monitor
the evolution of the deuterium depth profile during the implantation. In order
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to gain information on the deuterium concentration in the tungsten sample
during deuterium implantation a slightly different approach than the previous
one is applied. Deuterium is implanted into a virgin tungsten sample under
the conditions stated above. After irradiation of specific deuterium fluences,
i.e., 1.3, 2.5 and 8.4× 1021Dm−2, the homogeneity of the deuterium retention
in the implantation spot is verified and deuterium depth profiling by NRA
with 3He ions of eight different energies is performed as previously described.
In order to minimize the influence of the 3He analysis beam on the measured
deuterium retention [113, 114], each depth profile of the subsequent fluences is
measured at a different spot.
Once the highest fluence of 8.4 × 1021Dm−2 is irradiated and the NRA mea-
surements at 150K are finished, the sample is warmed-up to 290K and kept
at this temperature for approximately 114h. After this period the sample is
cooled down again to 150K and another deuterium depth profile is measured.
By comparing the depth profiles and deuterium retention before and after
warm-up, a first impression on diffusive effects and the trapped deuterium
inventory being released during warm-up is obtained.

4.1.2 Surface Morphology

In contrast to the investigation of the evolution of the deuterium retention
and concentration, the development of a surface morphology during deuterium
implantation at 150K cannot be studied in situ, but is conducted as follows.
The implantation of deuterium into the tungsten sample is carried out in the
dual beam experiment with deuterium of an energy of 3.0 keV/D, a flux of
8.4 × 1017Dm−2s−1 at a temperature of 150K under normal incidence with
respect to the sample surface. In order to save machine time of the dual beam
experiment and the Helios setup, the deuterium implantation is not carried
out stepwise at the same spot with SEM and EBSD performed in between.
Instead seven implantation spots with different deuterium fluence ranging from
8.5 × 1019 to 1.7 × 1022Dm−2 are created on the same sample by restricting
the deuterium ion beam with the ion beam analysis aperture with a diameter
of 1.5mm. Due to the divergence of the ion beam an implantation spot size
with a diameter of 2.1mm is achieved. Once the implantation of the seven
spots is finished the sample is warmed up to 290K and mounted in the Helios
setup. On each implantation spot a series of backscattered electron images
with increasing magnification is performed using an acceleration voltage for
the electrons of 5.0 kV. After this visual characterization, EBSD with electrons
accelerated by a voltage of 20.0 kV is performed on the very same region. In
total an area of 100× 100 µm2 is scanned with a step width of 1 µm to obtain
the crystallographic orientation of the individual grains with respect to the
surface. Specific spots, e.g. the boundary of grains with significantly different
surface orientation, are then studied in greater detail.
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4.2 Results

4.2.1 Evolution of D Retention

The deuterium retention in tungsten as a function of irradiated deuterium
fluence at a sample temperature of 150K is shown in figure 4.1. For low
irradiated fluences, approximately up to 1.6× 1021Dm−2, a linear increase of
the deuterium retention is observed. When the implantation is continued the
increase of the deuterium retention is reduced. Finally, the retention levels
off and saturates at a value of 2.07± 0.25× 1021Dm−2 for irradiated fluences
larger than 6.0× 1021Dm−2.
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Figure 4.1: Deuterium retention in tungsten as a function of the irradiated
deuterium fluence at 150K. The deuterium implantation is conducted with an
energy of 3.0 keV/D normal to the sample surface.

The case of 100% deuterium retention of the irradiated fluence is illustrated
in figure 4.1 by the solid black line and indicated with the slope of 1.0. The
measured deuterium retention cannot exceed this line for physical reasons.
However, only a certain portion of the irradiated deuterium fluence is actually
implanted into the sample, while the other part is reflected. The particle
reflection coefficient, which is the ratio of reflected to irradiated atoms, depends
for a given projectile target combination strongly on the projectile energy and
the angle of incidence. For the implantation conditions in the here-conducted
experiment, a particle reflection coefficient of 0.43 for deuterium on tungsten is
calculated by SDTrimSP with the parameters given in appendix A.2. Taking
this reflection coefficient into account the dash-dotted black line shown in figure
4.1 is obtained which corresponds to the retention of 57% of the irradiated
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deuterium fluence. It can be seen that for fluences up to 2.6 × 1021Dm−2
the measured deuterium retention is systematically larger than predicted by
SDTrimSP. A linear fit on the experimental data up to irradiated fluences
of 1.6 × 1021Dm−2, indicated by the dashed red line, shows a retention of
approximately 73% of the irradiated deuterium fluence.
The green stars depicted in figure 4.1 correspond to the deuterium retentions
obtained from the deuterium depth profiles shown in figure 4.2. The orange
arrows indicate the irradiated deuterium fluences for which SEM and EBSD
is conducted, shown in figures 4.3 and 4.4 (a) to (e).

4.2.2 Evolution of D Depth Profile

Beside the evolution of the deuterium retention also the development of the
deuterium depth profile during the implantation is of interest. In figure 4.2
the depth profiles obtained for three different irradiated deuterium fluences are
shown. After irradiation of a deuterium fluence of 1.3× 1021Dm−2 at sample
temperature of 150K the deuterium depth profile shown as solid black line
in figure 4.2 is obtained. Within the first 60 nm a deuterium concentration
of 24 at.% is measured. For a depth between 60 to 130nm a concentration
of 5.8 at.% is observed, while for larger depth no deuterium is detected. As
the implantation is continued to 2.5× 1021Dm−2 irradiated fluence, the depth
profile, indicated by the solid green line, shows an increase of the deuterium
concentration close to the surface to 32 at.%. Furthermore, deuterium can be
found in the sample up to a depth of 160nm, though its concentration has
not increased. After reaching the final deuterium fluence of 8.4× 1021Dm−2,
the depth profile depicted as solid blue line is measured. A further increase
of the deuterium concentration to 42 at.% up to a depth of approximately
70 nm can be observed. In larger depth the deuterium concentration is similar
to those found for lower irradiated deuterium fluences and the depth profile
extends up to 170nm into the bulk. By integrating the depth profiles in figure
4.2 over depth, the total amount of retained deuterium can be determined to
1.15± 0.12, 1.56± 0.18 and 2.08± 0.25× 1021Dm−2 for increasing irradiated
deuterium fluence, respectively.
For comparison the deuterium implantation profile calculated by SDTrimSP
with 106 projectiles for the given implantation conditions and an irradiated
deuterium fluence of 1.3 × 1021Dm−2 is depicted in figure 4.2. The detailed
parameters of the SDTrimSP simulation are stated in the appendix A.2. The
deuterium implantation profile is simulated for this specific fluence since the
deuterium retention is expected to increase linearly up to 1.6× 1021Dm−2 ac-
cording to figure 4.1. The calculated deuterium implantation profile possesses
a maximum at a depth of 25 nm with a deuterium concentration of approxi-
mately 21 at.%. It can be seen that most of the measured deuterium is located
within the calculated implantation zone up to 60 to 70 nm. Nevertheless, deu-
terium is also found up to 130 to 170nm in the bulk, which is clearly behind
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Figure 4.2: Deuterium depth profiles after irradiation of different deuterium
fluences of 1.5, 3.0 and 8.4×1021 Dm−2 at 150K and after warm-up and hold at
290K for 114 h following the highest irradiated deuterium fluence. NRA cross
section σNRA of the D(3He,p)4He nuclear reaction as function of depth for 3He
ions with an energy of 0.69MeV (dashed black line). Calculated implantation
profile of deuterium in tungsten implanted with an energy of 3.0 keV/D under
normal incidence with respect to the surface (thin solid black line).

the largest calculated implantation depth of approximately 100nm.
After irradiation of the final deuterium fluence of 8.4× 1021Dm−2 the sample
is warmed up to 290K and held at this temperature for approximately 114h,
before it is cooled down again to 150K. The corresponding deuterium depth
profile measured after this temperature treatment is shown as solid red line
in figure 4.2. The deuterium concentration decreased considerably resulting
in a profile with three steps. Close to the surface, within the first 30 nm, a
concentration of 15 at.% is observed. Between 30 to 70 nm the concentration
reduces to 9.3 at.% and further down to 0.9 at.% for even larger depth. Com-
pared with the depth profile before the temperature treatment, deuterium can
be detected up to 200nm in the bulk which suggests an inward diffusion of
deuterium. The total amount of retained deuterium is 0.61±0.04×1021Dm−2,
which is approximately 30% of the original deuterium retention at 150K.
In addition to the depth profiles the NRA cross section σNRA of the D(3He,p)4He
nuclear reaction for 3He with an energy of 0.69MeV is plotted as a function of
depth in figure 4.2. It possesses a peak of 60.4mb sr−1 at a depth of 80 nm and
decreases towards the surface, where most of the deuterium is located, by 3%.
At 170nm the cross section is lower by 5% and at 200nm by 8%. The con-
clusion from the comparison of the deuterium depth profiles with the nuclear
reaction cross section is twofold. First, in the here-conducted low-temperature
experiments 3He ions with an energy of 0.69MeV probe the total amount of
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deuterium retained in the tungsten samples. Second, due to the minor varia-
tion across the depth of interest, the cross section can be regarded as constant
in this region. As a consequence, the proton signal generated by the corre-
sponding 3He ions is proportional to the total amount of retained deuterium.
Thus, it is sufficient to measure one depth profile using 3He ions of eight dif-
ferent energies to obtain the total retained amount of deuterium and monitor
the evolution of the retained deuterium by using 3He ions with an energy of
0.69MeV. For a comparison of deuterium retention derived by NRA with 3He
ions of one versus eight energies, the retention obtained from the depth pro-
files in figure 4.2 are plotted in figure 4.1. The good agreement between the
differently derived deuterium retention values supports the assumption of a
constant cross section in the relevant depth region.

4.2.3 Evolution of Blister Formation

In order to study the development of the surface morphology during implan-
tation at 150K, the sample is exposed to seven different deuterium fluences
starting at 8.5 × 1019 up to 1.7 × 1022Dm−2. The SEM and EBSD images
shown in figure 4.3 are recorded after irradiation of the lowest deuterium flu-
ence of 8.5 × 1019Dm−2. The backscattered electron image (a) in figure 4.3
provides an excellent grain contrast which helps to identify individual grains.
The grain size ranges between 10 to 40 µm which is the expected size after
recrystallization at 2000K for this tungsten material according to Manhard et
al. [83].
In figure 4.3 (b), the EBSD scan of the region shown in image (a) is plotted in
the IPF-Z color coding [81], without any further post-processing. By applying
the IPF-Z color coding, shown in figure 4.3 (d), blue, green and red grains
correspond to grains with an {111}, {110} and {100} plane parallel to the
surface, respectively. Hence, the major crystal axis 〈111〉, 〈110〉 and 〈100〉
are oriented perpendicular to the sample surface. Grains which are less well
oriented with respect to the surface are indicated by a mixture of the high
symmetry colors shown in figure 4.3 (d). As can be seen from the EBSD
scan, most of the grains are marked by a red, pink or orange color which
indicates a preferred grain orientation close to the {100} plane with respect to
the surface. Only a few grains, labeled by purple or bluish color, possess an
orientation close to the {111} plane at the surface. No grains with a surface
orientation close to the {110} plane are present in the EBSD scan. These
findings are in good agreement with the experiments by Manhard et al. [83]
which revealed a surface texture dominated by grains oriented close to the
{100} plane with respect to the surface once the tungsten is recrystallized at
2000K. Furthermore, in figure 4.3 (b) only a small portion of grains with an
orientation close to the {111} plane and hardly any grains oriented close to the
{110} plane with respect to the surface are observed. Apart from the colorful
grains, also white squares are visible in the EBSD scan in figure 4.3 (b). They
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Figure 4.3: (a) Backscattered electron image of tungsten irradiated with deuterium
of an energy of 3.0 keV/D at a sample temperature of 150K with a fluence of 8.5 ×
1019 Dm−2. (b) EBSD image corresponding to the region shown in (a) with EBSD
solving probability. (c) High magnification backscattered electron image of the region
in (a) indicated by the solid white square. The white arrows mark some of the blisters
on the grains. (d) Inverse pole figure with IPF-Z color coding used in (b).
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correspond to EBSD spots, where the Kikuchi pattern could not be matched to
a specific crystallographic orientation. Especially at grain boundaries, where
the electron beam hits two or more grains simultaneously, the probability for a
correct matching is lower compared with spots within a grain. As the raw data
of the EBSD scan is shown in figure 4.3 (b), individual white pixels surrounded
by eight pixels of the same color are very likely to belong to the same grain
and would be interpolated in a post-process step. Without post-processing,
the EBSD solving probability, which is in this thesis defined as the percentage
of measured EBSD spots for which the Kikuchi pattern could be solved and a
specific crystallographic orientation could be assigned, is 91%. Furthermore,
small and large angle grain boundaries are indicated by solid gray and black
lines in figure 4.3 (b), respectively.
On image (a) in figure 4.3 no obvious change in the surface morphology com-
pared with an unirradiated sample can be observed. However, the magnified
image of the area indicated by the solid white square, shown in image (c),
reveals the appearance of small features inside the grains. Some of them are
marked by white arrows. The observed features have a circular shape with
a diameter between 80 to 100nm and are presumably the first blisters. This
means that the initiation of blister formation takes place already below the
lowest irradiated deuterium fluence of 8.5× 1019Dm−2.
The further development of the surface morphology and the blisters during
the deuterium implantation is shown in figure 4.4 (a) to (f) for increasing
deuterium fluences from 4.2 × 1020 to 1.7 × 1022Dm−2, respectively. On the
left-hand side the backscattered electron images are shown with the corre-
sponding irradiated deuterium fluences indicated in the images. The level of
magnification of the shown images is a compromise between the visualization
of individual blister and the presentation of a large number of grains. On the
right-hand side the section of the EBSD scan which corresponds to the area
shown on the left-hand side is plotted. The percentage inserted in the EBSD
scans yields the EBSD solving probability of the total 100× 100 µm2 scan.
By comparing the backscattered electron images of figure 4.4 (a) with those of
figure 4.3, it can be seen that a five times higher irradiated deuterium fluence
alters the sample surface significantly. The size of the blisters compared with
those shown in image (c) of figure 4.3 has obviously increased. On some grains
in image (a) of figure 4.4 a large quantity of densely packed, predominantly cir-
cular shaped blisters is detected. Furthermore, from the comparison of image
(a) with the corresponding EBSD scan a clear dependence of the diameter and
the number density of the blisters on the grain orientation with respect to the
surface is observed. The grains on which massive blistering occurs are mainly
of red color, corresponding to a surface orientation near the {100} plane. On
the other hand, grains indicated in the EBSD scan by pink color, which is
related to an orientation in between the {100} and {111} plane, show only
sparse blistering. By comparing the EBSD scan of the region in figure 4.4 (a)
with the one of figure 4.3 (a), it can be seen that the EBSD solving probability
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Figure 4.4: (a) to (f) Backscattered electron image (left) and corresponding EBSD
scan (right) of tungsten irradiated with deuterium of an energy of 3.0 keV/D at a sample
temperature of 150K with fluences of 4.2× 1019 to 1.7× 1022 Dm−2, respectively.
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is reduced to 72%.
For increasing irradiated deuterium fluences up to 1.7×1021Dm−2 the blisters
appear to become larger, as can be seen from the backscattered electron images
(b) and (c) in figure 4.4. For even higher fluences up to 1.7×1022Dm−2, shown
in the images (d) to (f) of figure 4.4, the size of the blisters seems to remain
constant. A comparison of the EBSD scans performed after irradiation of
different deuterium fluences shows that the EBSD solving probability decreases
with increasing fluence, from 91% after irradiation of 8.5×1019Dm−2 to 38%
after 1.7× 1022Dm−2.
The majority of the observed grains possess a plane at the surface with an
orientation close to the {100} plane. Therefore, the growth of the blisters is
exemplarily studied on grains with a maximum derivation of 10 ◦ from this
specific orientation. Since the shape of the blisters is mainly circular, the
blister diameter seems to be a suitable quantity to compare the size of the
blisters at different implantation stages.
In figure 4.5 (a) the distribution function of the blister diameter with a binning
width of 50 nm is shown as a function of the irradiated fluence up to 1.7 ×
1021Dm−2. After irradiation with a deuterium fluence of 8.5× 1019Dm−2 the
distribution function shows one maximum.
Assuming a normal distribution of the blister diameter, a fit on the data yields
an average diameter with the corresponding standard derivation of 160±40 nm.
Exposure of the sample to a deuterium fluence of 4.2 × 1020Dm−2 leads to
a shift of the distribution function towards larger blister diameter of up to
800nm. Furthermore, the distribution function of the blister diameter be-
comes bimodal. The two distinct peaks suggest the coexistence of a small and
large blister population on the grains. By fitting the distribution function of
the blister diameter with two normal distributions average blister diameters of
150±40 and 450±130nm are obtained for the small and large blisters, respec-
tively. After irradiation of 8.4 × 1020Dm−2 the blister diameter distribution
function extends to even larger diameter, with the largest one at approximately
at 900nm. The previously observed peak at a blister diameter of 150 to 160nm
has vanished and the bimodal character of the distribution is not as clear as
before. However, the distribution function possesses an asymmetric shape with
a tail towards smaller blister diameters which might be an indication of the
increase of the average diameter of the small blister population. The data is
again fitted with two normal distributions yielding average blister diameters
of 300 ± 120 and 540 ± 140nm for the small and large blister population, re-
spectively. As the deuterium implantation is continued to 1.7 × 1021Dm−2
irradiated fluence, the distribution function of the blister diameter shifts to-
wards even larger diameter. The largest observed blister diameter is 1150nm.
Furthermore, the bimodal nature of the distribution function becomes visible
again. A fit, consisting of two normal distributions, reveals an increase of the
average diameter of the large blister population to 730±140nm. In contrast to
that the average diameter of the small blister population has hardly changed
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Figure 4.5: Distribution functions of the blister diameter of grains with an ori-
entation with a maximum deviation of 10 ◦ from the {100} plane with respect to
the surface for irradiated deuterium fluences of (a) 8.5×1019 to 1.7×1021 Dm−2

and (b) 1.7 × 1021 to 1.7 × 1022 Dm−2. The number of measured blisters is
stated in the brackets.
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and yields 330± 120nm.
The distribution function of the blister diameter for irradiated deuterium flu-
ences of 1.7× 1021 to 1.7× 1022Dm−2 is illustrated in figure 4.5 (b). It can be
seen that once an irradiated fluence of 1.7 × 1021Dm−2 is exceeded a further
increase of the fluence does not have a significant effect on the distribution
function of the blister diameter. Especially no further shift towards larger
blister diameter is observed in contrast to figure 4.5 (a). Moreover, the two
peaks, corresponding to the small and large blister population, can be seen
very clearly. The fit of each blister diameter distribution function with two
normal distributions reveals a mean blister diameter of 330 ± 110, 320 ± 90
and 270 ± 90 nm for the small blister population and 800 ± 180, 780 ± 140
and 720 ± 140nm for the large blister population for irradiated fluences of
3.4× 1021, 8.5× 1021 and 1.7× 1022Dm−2, respectively.
The following considerations regarding the statistics of the data shown in figure
4.5 should be kept in mind. As can be seen from the backscattered electron
images in figure 4.4, the number of blisters per grain is sufficient to conduct a
reliable statistical analysis of the blister diameter on the respective grain. Yet,
the EBSD scan of an area of 100× 100 µm2, contains only a few grains which
fulfill the requirement of a grain orientation deviating not more than 10 ◦ from
the {100} plane with respect to the surface. Thus, the distribution functions
of the blister diameter shown in figure 4.5 are composed from data of only a
few grains each, which is not enough for a comprehensive statistical analysis.
It is likely that variations of the blister diameter of grains with different grain
orientations within the predefined maximum deviation of 10 ◦ lead to a biased
distribution functions of the blister diameter to some extent. However, the
main features, which are the observation of two different blister populations
and the growth of the blisters to a limited size should be trustworthy.

4.2.4 Grain Orientation Dependence of Blistering

From the backscattered electron images and the EBSD scans shown in figure
4.4, the dependence of the blister properties on the grain orientation with
respect to the surface are quite obvious. Hence, a more detailed analysis of
this phenomenon is conducted. In order to have a sufficiently blistered tungsten
sample as well as reliable crystallographic information, the implantation spot
irradiated with a deuterium fluence of 4.2×1020Dm−2 is investigated. In figure
4.6 (a) to (d), the relevant blister parameters are illustrated as a function of
the grain orientation with respect to the surface in the inverse pole figure [81].
Also the boundaries which mark a deviation of the grain orientation from the
high symmetry planes with respect to the surface by 5 and 10 ◦ are indicated.
In addition, a selection of backscattered electron images of different grains with
varying surface orientation are shown and assigned in the inverse pole figures.
In figure 4.6 (a) all analyzable grains of the 100 × 100 µm2 EBSD scan from
figure 4.4 (a), i.e., in total 59, are shown with their corresponding orientation.
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Figure 4.6: Grain-orientation-dependent blistering of tungsten exposed to deuterium with
an energy of 3.0 keV/D at a sample temperature of 150K up to a fluence of 4.2×1020 Dm−2.
The blister type, the most probable blister diameter, the blister number density and the area
coverage are shown as function of the grain orientation with respect to the surface together
with backscattered electron images of representative grains A to M.
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The distribution of the grains in the inverse pole figure reflects the texture of
the tungsten material. Most of the grains are located in the corner of the {100}
plane, a few in the {111} corner and none in the {110} corner. The grains
are distinguished according to the existence and the shape of the blisters,
i.e., no blisters, circular blisters and irregular shaped blisters. Blister with
circular shape are located predominately on grains with an orientation close
to the {100} plane with respect to the surface, as can be observed from the
backscattered electron images of grains D to L. When the grain orientation
tends from the {100} towards the {111} plane, the circular shaped blisters
become fewer, as can be seen by comparing grain H and L. Also grains without
blisters are observed, e.g. grain M. As the grain orientation approaches the
{111} plane, irregular shaped blisters appear on the grains, as depicted in the
backscattered electron images of grain A. When the surface orientation of the
grains changes from the {100} to the {110} plane, the circular blisters become
smaller, as can be seen on grain G and F, and more grains with no blisters
are observed, e.g. grain C. For grains with an orientation close to the {110}
plane, no data is available due to the texture of the material.
The backscattered electron images of grains D to L show circular shaped blis-
ters. However, the blister properties vary significantly between them. There-
fore, a more detailed analysis of the grains containing circular shaped blisters
is conducted. For each grain, the blister diameter distribution function, sim-
ilar to those shown in figure 4.5, is determined together with the area of the
respective grain.
In figure 4.6 (b) the most probable blister diameter of large blister population
is plotted as a function of the grain orientation. It can be seen that the
largest most probable diameters are observed for grains with an orientation
that deviates by 5 to 10 ◦ from the {100} plane. The largest most probable
blister diameter of nearly 600nm is observed on grain G. Furthermore, the
existence of a population of small blisters dispersed between the large blisters
can be seen very clearly on the images of grain G, H and I. For grains whose
surface orientation deviates by ≤ 5 ◦ from the {100} plane, a slightly smaller
most probable blister diameter is observed. Grains which possess a surface
orientation that deviates by more than 10 ◦ show lower most probable blister
diameters. In addition, the most probable blister diameter seems to decrease,
the further the grain orientation tends towards the {111} plane, as can be
observed from grains D, E, K and L.
The number density of the blisters, illustrated in figure 4.6 (c), is calculated
by dividing the number of detected small and large blisters per grain by the
area of the respective grain. It can be seen that the number density of the
blister tends to be higher for grains oriented within ≤ 10 ◦ to the {100} plane
and seems to decrease the further the grain orientation deviates from this
specific plane. This trend can be observed very illustratively by comparing
the backscattered electron images of grain G and D. However, it seems that
the grains which possess the largest most probable diameter do not yield the
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highest number density of blisters.
The percentage of area covered by blisters per grain, shown in 4.6 (d), is
determined under the assumption of circular blisters. The total area covered
by blisters per grain is calculated by summation of the squared and by π/4
multiplied blister diameter distribution function. The division by the area
of the respective grain yields the percentage of area covered by blisters. By
comparing the inverse pole figures of the most probable blister diameter (b)
and the one of the area covered by blister (d), it can be seen that the grains
showing the largest most probable diameter tend to have the largest area
covered by blisters. In case of grain G this is approximately 31%. The more
the grain orientation with respect to the surface deviates from the {100} plane,
the lower is the area covered by blisters, as can be observed on the images of
grain D, E, K and L.

4.3 Discussion

From the results in the previous section it can be seen that the deuterium
retention and the concentration in tungsten during the deuterium implanta-
tion at low temperature evolve in parallel to the development of the surface
morphology. A separate evaluation of the results would neglect interdepen-
dences among them. Therefore, the discussion of the results is structured as
follows: At first the relevant results obtained from the investigation of the
surface morphology evolving during the deuterium implantation are discussed.
This includes the formation and development of the blisters, the evolution
of the EBSD data as well as the grain orientation dependence of blistering.
Finally, these insights are used to interpret the results obtained for the deu-
terium retention and the depth profiles during the deuterium implantation at
low temperature. The results gained from the investigation of the surface mor-
phology as well as from the deuterium retention and the depth profiles can be
summarized as follows:

Surface Morphology:

1. The formation of blisters is already observed at the lowest irradiated
deuterium fluence.

2. At low irradiated deuterium fluences an increase of the blister diameter
is observed.

3. At high irradiated deuterium fluences no further increase of the blister
diameter is observed.

4. An increase of the irradiated deuterium fluence results in a reduction of
the EBSD solving probability.
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5. The blister properties are strongly depending on the grain orientation
with respect to the surface.

6. The largest blisters are observed on grains with a surface orientation de-
viating by 5 to 10 ◦ from the {100} plane.

Deuterium Retention and Concentration:

1. At low irradiated deuterium fluences a linear increase of the deuterium
retention is observed.

2. The deuterium retention in the linear regime is larger than predicted by
SDTrimSP.

3. At high irradiated deuterium fluences a saturation of the deuterium re-
tention is observed.

4. An extremely high deuterium concentration, saturating at 42 at.%, is
measured.

4.3.1 Initiation and Growth of Blisters

Nowadays, the interaction of deuterium with tungsten is predominately studied
in linear plasma devices which intend to mimic the conditions prevailing in the
divertor region of a nuclear fusion device. These setups produce deuterium
plasmas from which a high flux of low-energy deuterium ions impinges on
the tungsten sample. The blisters and surface morphologies found on those
samples are manifold. With sizes and depths of blisters ranging from a few
nm up to tens of µm [115, 116], from the blisters located at grain boundaries
[116, 117] to intra grain blisters [116, 118–120], from circular [110] and irregular
shaped blisters [118] to flat table-mountain-like shaped ones [121]. This large
variety indicates that the appearance of blisters is influenced by many different
parameters, e.g. sample temperature [110, 122], ion energy [123], ion flux
[116, 124], ion fluence [123], grain orientation [125], material grade [117, 126]
and finally surface finish [31, 127, 128].
However, the blisters created in the here-performed experiment do not fit to
those observed in linear plasma devices with respect to their shape. Most of the
intra grain blisters, generated by irradiation of tungsten with high flux and low
energy deuterium ions, possess an irregular shape with sharp edges [29, 116,
118, 124, 125, 127, 129–132] or even facets or steps [120, 121, 133]. In contrast
to that most of the here created blisters have a predominately circular shape.
Furthermore, their appearance has more in common with blisters obtained by
irradiation of metals with energetic helium ions [134–137].
In case of helium, the formation of blisters can be attributed to the low sol-
ubility of helium in metals and its self-trapping property [138], leading to an
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excess of helium which finally precipitates. For the implantation of protium
into molybdenum at temperatures, ranging from 158 to 673K, the formation of
circular blisters at low temperature is observed, while no blisters are detected
at high temperature [135]. It is argued that the formation of the blisters at low
temperature is caused by an excess of protium, similar to the case of helium.
It is very likely that this argument holds for the here-conducted experiment as
well. The solubility of deuterium in tungsten is low and the reduced diffusion
of deuterium out of the implantation zone at low temperature leads to substan-
tial deuterium concentrations and local oversaturation. In addition to that,
the fracture toughness of the material is reduced at low temperature [111, 112],
promoting the initiation and propagation of cracks inside the grains.

The formation of blisters in metals driven by oversaturation of gaseous species
of low solubility is assumed to proceed in several steps. A good overview of
the basic theories associated with each step can be found in [137]. In the first
step gas bubbles are formed in the material. It is generally assumed that the
formation of gas bubbles, which finally evolve into the blister, require the pres-
ence of nucleation seeds. Vacancies [60], dislocations [62] as well as impurities
and grain boundaries [139] have been proposed as possible nucleation sites. In
the second step, once sufficient atoms of the gaseous species have accumulated
to form the bubble, the growth of the bubble starts. For this initial growth
at low temperatures different theories are suggested: The emission of disloca-
tion loops from the overpressurized bubble [140] or the capture of vacancies
produced by the ion beam in close proximity of the bubble [141]. The ac-
tual blister is formed in the third step. According to the interbubble fracture
model [142, 143], lateral compressive stress exists in the bubble-containing layer
parallel to the surface as well as tensile microstress between the bubbles per-
pendicular to the surface. The latter one leads to the fracture of the material
parallel to the surface and generates the initial crack of the blister. Subsequent
accumulation of gaseous species results in an increase of the pressure inside the
blister, leading to the propagation of the crack and the growth of the blister.
The further growth and the final appearance of the blister can be described by
different models, e.g. the spherical shell model [144], the lateral compressive
stress model [145], the crack growth model [146] or FEM simulations [147].

In the here-performed experiment the energy of the incident deuterium is
3.0 keV/D from which a maximum of 125 eV can be transferred to a tung-
sten atom [13]. The minimum energy to displace a tungsten atom from its
original position in the lattice is 41 eV [148]. Hence, the deuterium implanta-
tion leads to the formation of vacancy-interstitial pairs which could serve as
bubble nucleation site. The growth of precipitated deuterium bubbles cannot
be observed in this experiment and probably requires other means of inves-
tigation, e.g. transmission electron microscopy. However, the growth of the
resulting blisters is observed for increasing irradiated deuterium fluences, as
can be seen from the backscattered electron images in figure 4.3 and figure 4.4
(a) to (c) as well as from the blister diameter distribution function illustrated
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in figure 4.5 (a). It can be assumed that the accumulation of deuterium in the
blisters causes a pressure increase in the blister cavities which is relaxed by
crack propagation, resulting in the growth of the blisters.
In between an irradiated deuterium fluence of 8.4× 1020 to 1.7× 1021Dm−2,
the blister growth seems to stop, as can be observed from the backscattered
electron images (c) to (f) in figure 4.4 and the hardly changing distribution
function of the blister diameter in figure 4.5 (b).
One possibility which could explain this observation is that the available space
for blister growth is limited. As soon as the blister diameter approaches the
inter-blister distance, adjacent blisters hinder one another from growing to
larger size.
Another mechanism which can explain the restriction of the blister size, is the
rupture of blisters during the implantation at low temperature once a certain
fluence is exceeded. Figures 4.7 (a) to (c) show high resolution secondary
electron images of the tungsten sample irradiated with deuterium fluences of
4.2 × 1020, 8.4 × 1020 and 1.7 × 1021Dm−2, respectively. For the highest flu-

(c) (b) (a) 

4.2x1020 D m-2 1.7x1021 D m-2 8.4x1020 D m-2 1 μm 1 μm 1 μm 

Figure 4.7: High resolution secondary electron images of tungsten irradiated at a sample
temperature of 150K with deuterium of an energy of 3.0 keV/D with fluences from 4.2× 1020

to 1.7× 1021 Dm−2. Ruptured blisters are exemplarily marked with white arrows.

ence, shown in image (c), several of the blisters possess a very bright rim, as
exemplarily highlighted by the white arrows. This is caused by enhanced emis-
sion of secondary electrons as it is often observed at edges or shine-throughs.
The increased brightness indicates a detachment of the blister cap from the
material underneath which corresponds to the rupture of the blister. This ob-
servation is also in agreement with the FEM simulations by Enomoto et al.
[110] which showed that the largest stress occurs at the rim of a blister. Also
for an irradiated deuterium fluence of 8.4× 1020Dm−2 some ruptured blisters
are observed, as shown and exemplarily indicated in image (b). Compared to
image (c) the cracks at the blister rim are less obvious and harder to detect.
In contrast to that no ruptured blisters are observed for the lowest fluence of
4.2 × 1020Dm−2, shown in image (a). However, it should be mentioned that
the detection of ruptured blister is difficult. Only in some cases the signs of
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rupture are as prominent as shown in image (c). Consequently, no statistically
significant result on ruptured blisters can be provided.
Also a combination of the two mechanisms might be possible. First, the blis-
ters grow due to the accumulation of deuterium until the lack of available
space constrains further growth. Second, continuing uptake of deuterium or
coalescence of adjacent blisters, which might weaken the surrounding material,
finally lead to the rupture of the blisters. However, it cannot be excluded that
the rupture of the blisters takes place during the warm-up of the sample to
room temperature.
Obviously, the mechanisms which are responsible for the initiation, growth
and rupture of the blisters in the here-performed experiment are not entirely
understood. Also the reason for the observed coexistence of a small and large
blister population, shown in figure 4.5, remains unclear and requires more
systematic experiments. In order to gain a more detailed understanding of
the development of the blisters, in situ SEM investigations at variable sample
temperature would be highly beneficial but are experimentally challenging.

4.3.2 Kikuchi Pattern

Apart from the crystallographic information of the individual grains, the EBSD
scans, shown in figures 4.3 (b) and 4.4 (a) to (f), can also be used to quali-
tatively assess the condition of the near-surface crystal structure. The infor-
mation depth of EBSD performed with electrons of an energy of 20.0 keV is
approximately 20 to 50 nm. When the crystal structure within this depth is
intact the diffraction of the elastically backscattered electrons is not disturbed.
As a result the Kikuchi patterns are clearly visible, as shown in figure 4.8 (a)
after irradiation of the lowest deuterium fluence of 8.5×1019Dm−2. The prob-
ability to find the correct crystallographic orientation of the underlying grain
which is responsible for the observed Kikuchi pattern is high.
However, the diffraction of the electrons can be significantly disturbed by in-
duced crystal defects and distortion. The reasons for the degradation of the
near-surface crystallinity are manifold. First, the implanted deuterium pos-
sesses enough energy to displace tungsten atoms from their original positions
in the lattice, leading to the formation of vacancy-interstitial pairs. Second,
the emergence and growth of blisters with the associated stress and strain fields
distort the surrounding tungsten lattice [110]. In addition, the formation of
dislocations in the vicinity of the blisters is expected, as reported by Man-
hard [149]. Finally, the deuterium remaining in the sample could strain the
tungsten lattice or influence the diffraction of backscattered electrons directly.
Thus, the obtained Kikuchi patterns become blurred, as can be observed from
figure 4.8 (b) recorded after irradiation with the highest deuterium fluence of
1.7 × 1022Dm−2. A successful identification of the surface orientation of the
investigated grain is therefore less likely.
The EBSD solving probability obtained for the total scanned area can be used

69



Chapter 4: Implantation of D into W at 150K

(a) (b) 

8.5x1019 D m-2 1.7x1022 D m-2 

Figure 4.8: Kikuchi patterns of grains with a surface orientation deviating less than
5 ◦ from the {100} plane after an irradiated deuterium fluence of (a) 8.5 × 1019 and (b)
1.7× 1022 Dm−2.

as a qualitative indicator for the induced damage close to the surface. As
can be seen from the EBSD scans shown in figure 4.3 and 4.4 (a) to (d), the
EBSD solving probability decreases considerably for deuterium fluences up to
3.4×1021Dm−2. For higher deuterium fluences, illustrated in the EBSD scans
of 4.4 (d) to (f), a less dramatic decrease is observed. This correlates with the
stop of the blister growth and might correspond to a saturation of the defect
concentration generated during the implantation of energetic deuterium ions.

4.3.3 Grain Orientation Dependence of Blistering

The reason for the observed dependence of blistering on the grain orientation
with respect to the surface is not yet fully understood and requires a more de-
tailed investigation. However, the appearance of the largest blisters on grains
with a surface orientation close to the {100} plane suggests that ion chan-
neling of deuterium in the tungsten lattice is involved. In a crystal lattice,
sets of adjacent atomic planes along specific directions or atomic rows along
high symmetry crystallographic axis provide channels. Deuterium ions which
are injected into such a channel are reflected by the repulsive potential of the
channel walls and thereby guided along the channel deeper into the bulk. A
prerequisite for this ion channeling effect to occur is the nearly parallel align-
ment of the incident deuterium ion beam and the respective channel [13]. Thus,
deuterium irradiated on grains for which the channeling conditions are met can
penetrate the material to larger depth [150, 151]. This would lead to a larger
deuterium concentration deeper in the bulk compared to grains for which no
channeling occurs. Assuming that the depth of the blisters correlates with the
ion implantation range, the initiation of the blister is expected at larger depth
for grains which show ion channeling. As a consequence of the larger depth of
blister initiation, the size to which the blisters can grow increases [17, 152]. As
a result, the largest blister would occur on grains which possess an orientation
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with respect to the surface that allows channeling of the incident deuterium
ion. A positive correlation between ion implantation range and blister size
was also observed in case of molybdenum being irradiated with helium ions of
different energies ranging from 7 to 350 keV/He [134, 153].
As proposed by the interbubble fracture model, the tensile microstress in be-
tween the gas bubbles perpendicular to the sample surface finally cracks the
material and initiates the blisters. Hence, the capability of the material to
withstand this stress, which is defined by the fracture toughness, is an essential
parameter in the blister formation process. In cleavage experiments conducted
on tungsten single crystals, a variation of the fracture toughness depending
on the crystal plane of cleavage was observed [111, 112, 154]. At a tempera-
ture of 150K the fracture toughness of a {100} plane is 5.2 and 3.1MPam1/2

for a 〈001〉 and 〈011〉 crack front direction, respectively. In contrast to that
the fracture toughness of a {110} plane is 8.6 and 4.3MPam1/2, for the same
crack front directions [111]. Due to the unavailable fracture toughness data
for the {111} plane and the absence of grains with a {110} surface orientation
in the here-conducted experiment, a further assessment of the influence of the
fracture toughness on the blister formation is not possible.
Also on tungsten exposed in linear plasma devices to deuterium with ion en-
ergies of 38 to 55 eV, fluxes of 0.8 × 1022 to 1.5 × 1024Dm−2s−1 at sample
temperatures between 315 to 1293K and fluences of 1026 to 1027Dm−2, a
grain orientation dependence of the blister formation was observed [33, 120,
121, 125, 129, 133, 155]. However, in contrast to the here-conducted exper-
iments, the most severely blistered grains possess a surface orientation close
to the {111} plane. For grains oriented near the {100} plane a reduced or no
blister formation was reported. However, recent findings indicated that the oc-
currence of blisters on grains with a specific orientation under these conditions
is also influenced by the sample polishing [127].

4.3.4 100% D Retention

The insights gained in the discussion of the results obtained from the surface
morphology study can be used to interpret the deuterium retention data. In
figure 4.9, the deuterium retention from figure 4.1, the diameter of the large
and small blister population shown in figure 4.5 as well as the EBSD solving
probability in figures 4.3 and 4.4 are plotted as a function of the irradiated
deuterium fluence. Furthermore, the linear fit on the deuterium retention for
irradiated deuterium fluences lower than 1.6× 1021Dm−2 and the SDTrimSP
prediction of 100% retention of the implanted deuterium are shown as dashed
red and dash-dotted black line, respectively. Within the regime of linear in-
crease of the deuterium retention up to an irradiated deuterium fluence of ap-
proximately 1.6×1021Dm−2, the blister diameter of the large and small blister
population increases, which suggests that the implanted deuterium is captured
by the blisters. A diffusing deuterium atom which encounters a closed blister
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Figure 4.9: Deuterium retention, blister diameter of the large and small population on
grains with a surface orientation close to the {100} plane and EBSD solving probability
as a function of the irradiated deuterium fluence. Linear fit on the deuterium retention
for irradiated fluences smaller 1.6 × 1021 Dm−2 (dashed red line). 100% retention of the
implanted deuterium fluence calculated by SDTrimSP (dash-dotted black line).

transits from the bulk to the inner blister surface, where it can recombine with
another deuterium atom and desorb as a molecule into the blister cavity. In
order to leave the blister, the reverse process of dissociative adsorption and
transition from the inner blister surface to the bulk is required. This process
is very similar to the one taking place in experiments studying hydrogen gas
loading of tungsten [23]. At low temperature the high energy barrier between
the surface and the bulk suppresses the escape of deuterium trapped in the
blister. Consequently, permanent trapping of deuterium in closed blisters at
low temperature is very efficient. In addition, also the EBSD solving probabil-
ity decreases significantly in this regime, indicating a successive damage and
defect generation in the tungsten sample. It can be concluded that for irradi-
ated deuterium fluences smaller than 1.6 × 1021Dm−2 trapping of deuterium
is highly effective due to an excess of trap sites, e.g. vacancies, dislocations
and blisters. In addition to the reduced diffusion of deuterium in tungsten at a
sample temperature of 150K, this excess of trap sites hampers the implanted
deuterium from leaving the sample. Hence, it can be assumed that in the
early stage of the deuterium implantation in the here-conducted experiments
100% of the implanted deuterium is retained. This agrees well with results
from previous experiments, dedicated to the implantation of deuterium with
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energies between 1.0 to 14.0 keV/D into stainless steel at a sample temperature
of 150K. In those experiments a 100% retention of the implanted deuterium
for low fluences, followed by saturation of the retention at higher fluences was
observed [156].
Assuming a 100% retention of the implanted deuterium for low fluences in
the here performed experiment, a particle reflection coefficient of 0.27 is de-
termined for deuterium on tungsten under the given irradiation conditions.
Compared to the theoretical one of 0.43, the experimentally obtained particle
reflection coefficient is lower by a factor of 0.62. This reduced particle reflec-
tion coefficient fits well to the experiments by Eckstein [157], in which the
measured particle reflection coefficient of deuterium on tungsten for energies
between 5.0 to 10.0 keV/D is systematically lower than the theoretical one.
A possible explanation of this observed discrepancy could be provided by the
previously mentioned channeling of deuterium ions in the tungsten lattice. The
reflection of irradiated deuterium ions is caused by backscattering on tungsten
atoms close to the surface. Deuterium ions which impinge on grains with a
surface orientation that facilitates channeling penetrate the sample to larger
depth [150]. The probability for backscattering close to the surface is therefore
reduced. Consequently, the particle reflection coefficient is lower. For grains
which possess an orientation which impedes ion channeling, backscattering of
deuterium ions close to the surface is more likely and the particle reflection
coefficient is higher. The SDTrimSP code assumes an amorphous target and
therefore neglects such effects attributed to the crystalline structure. The
tungsten samples used in the here-conducted experiments are not amorphous
but polycrystalline. As a consequence the average particle reflection coefficient
is reduced compared to the one of an amorphous sample, resulting in a higher
amount of implanted and consequently retained deuterium than predicted by
SDTrimSP.

4.3.5 Saturation of D Retention

As can be seen from figure 4.9, for irradiated deuterium fluences exceeding
approximately 1.6 × 1021Dm−2 the average blister diameter of the small and
large blister population on grains with a surface orientation close to the {100}
plane does not increase further. This fluence coincides quite well with the
irradiated deuterium fluence for which a deviation of the deuterium retention
from the 100% retention regime is observed. Under the assumption that the
rupture of blisters occurs during the implantation, it can be expected that not
all blister rupture at the same time. It is more likely that the blisters rupture
gradually. Thus, as the deuterium irradiation is continued, more and more
blisters rupture and release the captured deuterium. Consequently, the amount
of deuterium retained by blisters decreases. From the fact that no decrease
in the total deuterium retention is observed in figure 4.9, it can be deduced
that the retained fraction of the implanted deuterium flux is larger than the
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flux of deuterium released by bursting blisters. Finally, when all blister cavities
possess a connection to the surface, the blisters themselves can no longer act as
quasi unsaturable traps for deuterium and do not contribute to the deuterium
retention anymore. Though, the defects created in the vicinity of the blisters,
e.g. dislocations [128], do contribute to the retention. In addition, the observed
saturation of the deuterium retention, illustrated in figure 4.9, supports the
assumption that the blisters rupture during the deuterium irradiation at low
temperature and not during the warm-up to room temperature. If this would
not be the case, the blister could accumulate more deuterium and a saturation
would not be observed.
Another important effect caused by ruptured blisters is the enhanced re-emis-
sion of implanted deuterium as discussed in reference [152]. For blisters created
under conditions similar to the here-performed experiment, it could be shown
that deuterium atoms which encounter a ruptured blister are not retained
but re-emitted from the sample. Thus, the transport of deuterium into the
bulk behind the depth of the blisters, which was determined to approximately
200nm, is reduced. As a result, the observed deuterium retention for a defined
irradiated deuterium fluence is lower compared to an unblistered reference
sample.
Furthermore, from figure 4.9 it can be seen that for irradiated deuterium flu-
ences larger than 2.0×1021Dm−2 the EBSD solving probability decreases less
strongly compared with lower fluences. As pointed out before this could be
interpreted as a saturation of the defect concentration created by the ener-
getic deuterium ions. In previous experiments the saturation of the defects
generated by energetic ion implantation was studied extensively [158–161]. In
those experiments, the tungsten specimens were irradiated with different flu-
ences of energetic tungsten ions. The defects created by this self-implantation
procedure were subsequently decorated with deuterium by plasma or ion beam
loading and the resulting deuterium retention and the depth profile was mea-
sured with NRA. For low irradiated tungsten fluences the deuterium retention
and concentration showed an increase. Once a certain fluence was reached no
further increase was observed and the retention and concentration saturated
at a level depending on the deuterium loading conditions [158–161]. It has
been suggested that the observed effect is caused by a saturation of the va-
cancy concentration, assuming that sufficient tungsten interstitial atoms are
present in the sample to annihilate with the generated vacancies immediately.
This effect should be even more pronounced in the here-conducted experiment,
since damaging and deuterium loading is not conducted sequentially, but hap-
pens simultaneously. This should facilitate the generation of vacancies due to
the reduction of the formation energy [162] and stabilize the created vacancies
presumably by occupation of the vacancies with deuterium atoms [163, 164].
Consequently, the vacancy concentration is expected to saturate at a higher
level.
Taking all the experimental results into account it can be assumed that the
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observed saturation of the deuterium retention is caused by two effects: Rup-
tured blisters, which no longer act as quasi unsaturable traps, enhance the
re-emission of implanted deuterium and reduce the deuterium transport into
the bulk, and a saturation of the defect concentration in the respective depth.
Consequently, during the deuterium implantation at low temperature a maxi-
mum trap site concentration is reached, which can be occupied with deuterium
to a level depending on the temperature.

4.3.6 D Depth Profile

From the deuterium depth profiles shown in figure 4.2, it can be seen that a
significant amount of deuterium is found in larger depth than calculated by
SDTrimSP. This might be attributed to ion channeling of deuterium in the
tungsten lattice as discussed before. In grains which allow channeling deu-
terium is implanted at larger depth compared with grains which impede ion
channeling. The averaging over many grains with different surface orientation
in the NRA measurement could finally lead to such a depth profile [150]. An-
other aspect is the slight shift of the edges of the two steps in the deuterium
depth profile towards larger depth for increasing irradiated deuterium fluences.
This might be an indication for deuterium diffusion into the bulk although the
sample temperature is only 150K and the mobility of deuterium should be
very low.
Together with the deuterium retention, the deuterium concentration increases
and finally saturates due to the already discussed reasons. The deuterium
concentration of 42 at.%, measured when the tungsten sample is saturated
with deuterium at 150K, is one of the highest concentrations of deuterium in
tungsten observed so far. Even after warm-up and hold at 290K for 114h,
a deuterium concentration of 15 at.% is still observable. In the following, the
here obtained concentrations are compared to some selected deuterium con-
centrations found in the contemporary literature to highlight the large range
of deuterium concentrations in tungsten.
Depending on the tungsten grade and the conditions under which the samples
are loaded with deuterium, the observed concentration can vary over orders of
magnitude. The deuterium concentration in recrystallized undamaged tung-
sten, which yields a small defect concentration, can be rather low. Deuterium
plasma loading with an energy of 200 eV/D at 320K of such samples results in
a deuterium concentration in the bulk below 10−2 at.% [44]. This small deu-
terium concentration can be altered significantly when the defect concentration
in the material is increased. In deuterium retention experiments conducted on
tungsten samples which were damaged by pre-irradiation with energetic ions
and loaded with deuterium by plasmas or atomic beams, a deuterium con-
centration of up to 1.9 at.% is observed in the damaged zone depending on
the sample temperature during loading [47, 103, 158, 165]. Even higher deu-
terium concentrations are observed in experiments conducted by Gao et al.
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[164]. NRA with considerably enhanced depth resolution revealed the exis-
tence of a deuterium supersaturated surface layer (DSSL) with a thickness
of 10 nm and a deuterium concentration up to 10 at.% in tungsten samples
loaded in a plasma at 300K. This value is in the range of the 15 at.% observed
after warm-up to 290K in the here-presented experiment. An even larger
deuterium concentration can be achieved when the deuterium is incorporated
into the lattice during the growth of tungsten layers. In dedicated magnetron
sputtering co-deposition experiments deuterium concentration of up to 23 at.%
were observed [166]. The only experiment in which a deuterium concentration
comparable to the here measured 42 at.% is reported, was conducted by Zhao
et al. [167]. After implantation of deuterium with an energy of 75 keV/D into
tungsten foils at room temperature a deuterium concentration of 42 at.% was
observed. However, the deuterium concentration is measured with NRA using
the D(D,p)T nuclear reaction which is less well-known than the D(3He,p)4He
reaction applied in the standard NRA method to detect deuterium. A com-
parison of the two different NRA methods is required to verify this extremely
high deuterium concentration observed at room temperature.

4.4 Conclusion

The irradiation of tungsten at a sample temperature of 150K with deuterium
of an energy of 3.0 keV/D and a flux of 8.4 × 1017Dm−2s−1, leads to a linear
increase of the deuterium retention for fluences up to 1.6 × 1021Dm−2. Due
to the reduced deuterium diffusivity at low temperature, the ongoing defect
generation by the energetic deuterium ion beam and the continuation of blister
growth, it can be assumed that within this linear regime 100% of the implanted
deuterium fluence is retained. A particle reflection coefficient of deuterium on
tungsten of 0.27 is obtained for the given experimental conditions. Compared
with the theoretical value of 0.43, the experimentally determined value is lower
by a factor of 0.62, which is presumably the result of ion channeling in certain
grains of the polycrystalline tungsten sample.
For irradiated fluences larger than 1.6 × 1021Dm−2 the deuterium retention
starts to saturate and finally converges to 2.07±0.25×1021Dm−2. The onset of
saturation appears to coincide with the irradiated deuterium fluence at which
the growth of blisters on grains with a surface orientation close to the {100}
plane stops. It is assumed that this stop of blister growth is associated with the
rupture of the blister during the deuterium implantation at low temperature.
Furthermore, the observed saturation of the EBSD solving probability might
be associated with a saturation of the defect concentration. It can be concluded
that the saturation of the deuterium retention is the result of ruptured blisters
and a saturation of the created trap concentration. While the former ones
can no longer act as quasi unsaturable traps for deuterium, the latter one
is saturated with deuterium up to a level at which no significant thermally
activated de-trapping occurs at the given temperature of 150K. However, due
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to the low statistics in the study of the surface morphology the conclusions
above can only be regard as preliminary.
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Chapter 5

Exchange of D by H in W at Low
Temperatures

This chapter is dedicated to the experimental investigation of the hydrogen
isotope exchange in tungsten at low temperature within the ion implantation
zone. Experiments are carried out applying nuclear reaction analysis (NRA)
and mass spectroscopy (QMS) in situ. Three experimental scenarios to test
the fill-level model as the underlying mechanism for hydrogen isotope exchange
at low temperature are presented. The scenarios are designed such that an
exchange should be observed within the fill-level model but not within the
classical model. The obtained results are discussed in the context of the fill-
level model. In addition, a simple urn model is devised to gain a qualitative
understanding of the observed hydrogen isotope exchange from a combina-
torial point of view. Furthermore, the influence of different trap types and
the effect of blisters, investigated in chapter 4 and reference [152], on the hy-
drogen isotope exchange are assessed. Since the here-conducted exchange of
deuterium by protium takes predominantly place in the ion implantation zone,
other exchange mechanisms, e.g. sputtering and kinetic de-trapping, are eval-
uated. Eventually, the here derived results are compared with those reported
in contemporary literature.

5.1 Initial D Implantation

The systematic investigations of the hydrogen isotope exchange in tungsten
requires identical samples with respect to the trap concentration and surface
morphology. As could be shown in the previous chapter, the irradiation of
a sufficiently high fluence of energetic deuterium at low temperature leads to
the saturation of the deuterium retention in the tungsten samples. This in-
dicates the saturation of the trap concentration due to the saturation of the
ion-beam-induced defects and the rupture of blisters. Thus, in order to prepare
tungsten samples with the same trap concentration and surface morphology
for the investigation of the hydrogen isotope exchange, all samples are ini-
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tially implanted with deuterium under the same conditions until saturation of
the deuterium retention is reached. In particular, deuterium with an energy of
3.0 keV/D and a flux of 8.4×1017Dm−2s−1 is irradiated under normal incidence
on the samples up to a fluence of 8.4 × 1021Dm−2. During the implantation
the sample is cooled with liquid nitrogen and kept at 150K by active heating.

Within the framework of the fill-level model, this initial deuterium implanta-
tion at temperature T0 leads to the filling of the traps as schematically illus-
trated in figure 3.3. When the fill level is reached at which deuterium atoms can
be released by thermally activated de-trapping at temperature T0, the traps
enter a quasi equilibrium of de-trapping and re-trapping deuterium atoms, as
shown in figure 5.1 (a). Once the implantation is stopped, the traps release
deuterium atoms until a fill level is reached at which the required de-trapping
energy is large enough to prevent further thermally activated de-trapping at
the given temperature T0. This situation is schematically illustrated in fig-
ure 5.1 (b). Such deuterium saturated traps represent the basis for all three
experimental scenarios described below.

+D 

-D 

(a) During D implantation at T0 (b) After D implantation at T0 

De-trapping 

No de-trapping 
-D 

D 

Figure 5.1: Schematic saturation of the deuterium retention in a trap (a) during and (b)
after the initial filling by deuterium implantation.

5.2 Exchange after Ramp & Hold to Different
Temperatures

5.2.1 Experimental Procedure

The first experimental scenario to test the fill-level model in the context of
hydrogen isotope exchange is depicted in figure 5.2. The experiment starts with
a sample in which the traps are saturated with deuterium at the temperature
T0, as shown in figure 5.1 (b). When the sample temperature is merely held
at T0, no loss of deuterium is expected, as can be seen in case (a) of figure 5.2.
Hence, starting the protium implantation without prior heating the sample
should result in the immediate exchange of deuterium by protium. As the
traps are already saturated with deuterium, one additional protium atom in
the trap would result in a fill level at which the required de-trapping energy
is small enough to allow the release of either deuterium or protium from the
trap at T0. Assuming in a first order approach that deuterium and protium
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(b) Ramp & Hold to T1 > T0 
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Figure 5.2: Schematic illustration of the exchange of deuterium by protium in a fill-level
trap after Ramp & Hold to different temperatures.

have the same mass independent attempt frequency, the release probability of
a specific hydrogen isotope depends only on the isotopic ratio in the respective
trap. For the example shown in figure 5.2 (a), the release probability of a
deuterium atom is four times higher than for a protium atom, as indicated by
the black arrows of different thickness.
As illustrated in figure 5.2 (b), the situation is different when Ramp & Hold
to T1 is performed before the protium implantation is conducted at T0. The
temperature increase to T1 causes a release of deuterium atoms from the traps.
This results in a decrease of the fill level of the traps and an increase of the
required de-trapping energy. The release of deuterium atoms proceeds until a
fill level is reached at which the required de-trapping energy is large enough to
prevent further thermally activated de-trapping of deuterium at the tempera-
ture T1. In the subsequent protium implantation at temperature T0, the traps
can capture protium atoms from the solute which leads to an increase of the fill
level. However, in order to observe an exchange of deuterium by protium at T0,
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the traps need to be re-filled with protium up to a fill level with low enough
de-trapping energy to allow significant thermal release of either protium or
deuterium from the traps. Thus, in contrast to case (a), where the sample
temperature is not increased prior to the protium implantation, the hydrogen
isotope exchange cannot set in immediately, but requires the implantation of
a certain amount of protium. Moreover, the isotopic ratio of deuterium to
protium in the fill level from which the thermal de-trapping occurs is lower in
figure 5.2 (b) than in (a). The probability to release a deuterium atom is only
one and a half times larger than for a protium atom in the shown example.
From the gedankenexperiment shown in figure 5.2 the following three effects
should be observable: First, if the sample temperature is not increased before
the protium implantation, the exchange of deuterium by protium should set
in immediately. Second, the higher the temperature T1, the more protium is
required to fill the traps and to trigger the exchange of deuterium by protium.
Third, the higher the temperature T1, the lower the isotopic ratio of deuterium
to protium when the exchange sets in, which should result in a lower exchange
rate of deuterium. Finally, it should be noted that in the experimental pro-
cedure discussed above the exchange of deuterium by protium is performed
always at the same temperature T0. In this way temperature-dependent pa-
rameters, such as the diffusion and recombination rate coefficient, are kept
constant.

This proposed experiment is conducted on three consecutive days with four
samples in total. On the first day, deuterium implantation is performed. On
the second day, temperature Ramp & Hold is carried out and analyzed by
NRA and mass spectrometry. The exchange of deuterium by protium is stud-
ied on the third day. In addition to the samples undergoing Ramp & Hold
experiments to different final temperatures, hydrogen isotope exchange is also
studied on a sample which is merely held at 150K for 3 h on the second day.
During the three days the sample is continuously cooled with liquid nitrogen.
First, deuterium is implanted into the sample according to the conditions de-
scribed in section 5.1. 3 h after the implantation is finished the sample heating
is stopped, resulting in a decrease of the sample temperature from 150K to
approximately 140K.
Before the Ramp & Hold experiment is conducted, a deuterium depth profile
is measured by NRA using 3He ions of eight different energies ranging from
0.5 to 4.5MeV to obtain the total amount of retained deuterium. In addi-
tion, the lateral homogeneity of the deuterium implantation spot is verified
by performing NRA with 0.69MeV 3He ions across the spot. Furthermore,
the quadrupole mass spectrometer, which is used to follow the D2 and HD
release during the Ramp & Hold experiment, is calibrated with a D2 and a
H2 leak valve to allow a quantification of the deuterium mass spectra. The
sample temperature is increased to 150K, from which the actual Ramp & Hold
experiment is started. During the ramp phase the sample temperature is in-
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creased with a heating rate of 0.5Kmin−1 to the final temperature of 200, 250
and 290K, respectively. In the hold phase the sample is kept at the partic-
ular temperature for 3h. During the whole Ramp & Hold cycle NRA with
0.69MeV 3He ions is conducted in intervals of 10min. According to chapter 4
this method allows to observe the development of the total deuterium reten-
tion during the Ramp & Hold. For each measurement an ion charge of 1 µC
is acquired which corresponds to a measurement time of approximately 120 s.
In addition, these NRA measurements are performed at a different spot than
the previously measured deuterium depth profile in order to avoid the detec-
tion of helium induced artifacts [113, 114]. Once the Ramp & Hold cycle is
completed, the sample heating is switched off which leads to a rapid decrease
of the sample temperature by initially 5 to 11Kmin−1 depending on the final
hold temperature. The quadrupole mass spectrometer is calibrated again to
check and correct for possible drifts of the mass spectra recorded during the
Ramp & Hold cycle.
The hydrogen isotope exchange of deuterium by protium is conducted on the
third day. First the sample temperature is increased again to 150K. Subse-
quently a full deuterium depth profile with 3He ions possessing the above stated
eight energies is measured on a new spot to obtain the total amount of retained
deuterium before the hydrogen isotope exchange is performed. The implanta-
tion of protium with an energy of 3.0 keV/H and a flux of 8.4× 1017Hm−2s−1
is conducted stepwise up to an irradiated fluence of 8.4 × 1021Hm−2. The
incremental protium fluence is increased from 1.3 to 4.2 × 1020Hm−2 as the
accumulated protium fluence increases. In between the protium implantation
steps, nuclear reaction analysis with 3He ions of an energy of 0.69MeV is con-
ducted on a new spot to probe the deuterium retention. In all performed
hydrogen isotope exchange experiments an ion charge of 1 µC, corresponding
to a measurement time of approximately 120 s, is acquired. The only excep-
tion is the hydrogen isotope exchange studied after Ramp & Hold to 290K, in
which an ion charge of 2 µC is acquired to gain sufficient counting statistics.

5.2.2 Results

The retained and released deuterium amounts measured simultaneously by
NRA and mass spectroscopy in the three Ramp & Hold experiments to 200,
250 and 290K are shown as a function of time in the figures 5.3, 5.4 and 5.5,
respectively. Since the HD signal is negligible compared with the D2 signal,
only the latter one is considered in the data evaluation. The deuterium des-
orption rate, shown in the figures as solid gray line, is obtained by multiplying
the D2 signal by a factor of two to account for the molecular release.
In order to verify that the measured deuterium release origins from the deu-
terium implanted into the tungsten samples and not from deuterium adsorbed
on cold parts of the experimental setup, a reference measurement is conducted.
In this reference measurement the Ramp & Hold experiment to 290K is es-
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sentially repeated with the exception that the shutter in front of the sample is
closed during the deuterium implantation. As can be seen from the deuterium
desorption rate of the reference measurement, shown as solid blue line in fig-
ure 5.5, no release of deuterium is observed. Hence, the measured deuterium
release is caused by the deuterium implanted into the samples. The deuterium
retention as a function of time determined by NRA during the Ramp & Hold
experiments is illustrated as black squares in each figure. As can be seen
in figures 5.3 to 5.5, the initial deuterium retention is very similar in each
Ramp & Hold experiment and yields approximately 2.1 × 1021Dm−2. The
NRA measurement itself also affects the deuterium release. During the NRA
measurements the desorption rate of deuterium is increased. This is visible as
spikes on top of the regular release signal without ongoing NRA measurement,
as exemplarily indicated by the dashed black arrow in figure 5.3. In order
to compare the QMS data of the released and the NRA data of the retained
deuterium, the deuterium desorption rate is integrated and subtracted from
the initial deuterium retention measured by NRA. The resulting curve is il-
lustrated in each figure as solid red line. In addition, the measured sample
temperature as a function of time is displayed as solid green line with the ver-
tical dashed green line indicating the transition from the ramp phase to the
hold phase.
From figure 5.3 it can be observed that the desorption of deuterium strongly
increases as soon as the sample temperature is ramped up. After the first steep
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Figure 5.3: Deuterium desorption rate and retention during Ramp & Hold to 200K.

rise, the desorption rate increases less strongly, resulting in the appearance of
a shoulder after approximately 24min which corresponds to a temperature of
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162K (blue arrow). After 68min, i.e., a temperature of 183K, the signal levels
off, which leads to the formation of a kink in the deuterium desorption rate
spectrum (orange arrow). Once the ramp phase is completed and the sample
temperature is held at 200K for 3 h, an exponential decrease of the deuterium
desorption rate is observed.
Starting from 2.05±0.21×1021Dm−2, the deuterium retention determined by
NRA appears to be constant for the first 30min. Subsequently, an approxi-
mately linear decrease of the retained amount occurs until the end of the ramp
phase at 100min. The linearity of the decrease fits to the observed satura-
tion of the deuterium desorption rate. During the hold phase the decrease of
the deuterium retention becomes smaller which is inline with the exponential
decline of the desorption rate. The final deuterium retention after the Ramp
& Hold cycle is 1.41± 0.14× 1021Dm−2, indicating that 30% of the initially
retained deuterium is released. The evolution of the deuterium retention calcu-
lated from the deuterium desorption rate is in good agreement with the NRA
measurement.
The deuterium desorption rate spectrum of the Ramp & Hold experiment to
250K, shown in figure 5.4, exhibits the same low temperature features as the
one to 200K, illustrated in figure 5.3. As the sample temperature is ramped
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Figure 5.4: Deuterium desorption rate and retention during Ramp & Hold to 250K.

beyond 200K, the deuterium desorption rate appears to remain nearly constant
at 0.98×1017Dm−2s−1. Once the final sample temperature of 250K is reached,
an exponential decrease of the deuterium desorption rate is observed during
the hold phase of 3 h.
The initial deuterium retention determined by NRA is 2.10±0.27×1021Dm−2.
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When the sample temperature is increased the retention seems to be constant
in the beginning and starts to decrease linearly after approximately 30min until
the ramp phase is finished. As already mentioned before, the linear decrease of
the deuterium retention reflects the observed constant desorption rate. During
the hold phase, at a temperature of 250K, the deuterium retention declines
slower and a final retention of 0.97 ± 0.13 × 1021Dm−2 is reached after 3 h.
Thus, approximately 54% of the initially retained deuterium is released in
the Ramp & Hold experiment to 250K. The deuterium retention measured by
NRA is consistent with the one calculated from the deuterium desorption rate
spectrum.
The deuterium desorption rate recorded during the Ramp & Hold experiment
to 290K, shown in figure 5.5, is very similar to the previous ones in the respec-
tive temperature range. In addition, the desorption rate spectrum exhibits a
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Figure 5.5: Deuterium desorption rate and retention during Ramp & Hold to 290K.

dip at 200min, respectively 250K, which is probably due to a suddenly reduced
thermal contact to the heater. After approximately 210min, corresponding to
a temperature of 255K, a linear decrease of the deuterium desorption rate
sets in until the end of the ramp phase with a final temperature of 290K is
reached. In the following hold phase an exponential decline of the desorption
rate is measured, similar to the previous Ramp & Hold experiments.
An initial deuterium retention of 2.16 ± 0.16 × 1021Dm−2 is determined by
NRA before the sample temperature is ramped up. The decrease of the deu-
terium retention as a function of time, respectively temperature, shows up to
250K the same behavior as in the experiment illustrated in figure 5.4. When
the sample temperature exceeds 250K the decrease of the deuterium reten-
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tion is slightly reduced, which corresponds to the decrease of the deuterium
desorption rate. However, a linear decrease in the desorption rate would cor-
respond to a quadratic term in the evolution of the deuterium retention which
is not observed in the NRA data and is probably beyond the capability of the
NRA measurement. During the hold phase at a sample temperature of 290K,
the decline of the deuterium retention is further reduced and a final retention
of 0.78 ± 0.06 × 1021Dm−2 is obtained. Thus, 64% of the initially retained
deuterium is released during the experiment. The directly and indirectly ac-
quired deuterium retention from the NRA and the mass spectrometry data
respectively are in good agreement.
After the Ramp & Hold to different temperatures the hydrogen isotope ex-
change is investigated at a sample temperature of 150K. Prior to the exchange
of deuterium by protium a depth profile is measured to quantify the amount
of deuterium retained in the tungsten sample. Figure 5.6 shows the deuterium
depth profiles acquired after the sample temperature is only held at 150K
for 3 h as well as after Ramp & Hold to 200, 250 and 290K, respectively. In
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Figure 5.6: Deuterium depth profile before protium implantation at 150K
without and with prior Ramp & Hold to 200, 250 and 290K for 3h, respectively.

the case where the sample temperature is held at 150K for 3 h, a maximum
deuterium concentration of 43 at.% within the first 68 nm is measured. Fur-
thermore, the deuterium depth profile extends almost 200nm deep into the
bulk with a deuterium concentration of 2.5 at.%. After performing the Ramp
& Hold experiments to 200, 250 and 290K, the maximum deuterium concen-
tration within 56 to 61 nm from the surface decreases to 31, 24 and 17 at.%,
respectively. Compared to the depth profile recorded without prior Ramp &
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Figure 5.7: Deuterium retention during protium implantation at 150K after
the temperature is only held at 150K for 3h and with Ramp & Hold to 200,
250 and 290K for 3 h, respectively.

Hold, the depth profiles measured after Ramp & Hold extend only 130 to
140nm into the bulk, but possess a higher deuterium concentration at this
specific depth. The reason for this could be an artifact from the evaluation
process of the deuterium depth profile in the case of no prior Ramp & Hold.
Nevertheless, the shape of the deuterium depth profiles are very similar and no
significant diffusion of deuterium into the bulk is observed as the samples are
heated to the different temperatures. This observation might be attributed to
the presence of ruptured blisters, which enhance the re-emission of deuterium
from the sample and prevent the transport into the bulk to some extent [152].
The deuterium retention during hydrogen isotope exchange at 150K, after the
samples were ramped to different temperatures or only held at 150K, is shown
as a function of the implanted protium fluence in figure 5.7. Unfortunately, the
available techniques cannot be used to determine a particle reflection coefficient
of protium on tungsten. Thus, a value of 0.24 is assumed to calculate the
implanted protium fluence. This value is derived by correcting the simulated
particle reflection coefficient of 0.39 by the factor of 0.62, which corresponds to
the deviation of the experimental and simulated particle reflection coefficient
found in chapter 4 for deuterium on tungsten under the given implantation
conditions. The parameters of the SDTrimSP simulation to determine the
particle reflection coefficient of protium on tungsten are listed in the appendix
A.2.
As can be seen from figure 5.7, when the sample is just held at a temperature
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of 150K, a reduction of the deuterium retention is observed directly after the
first incremental protium fluence is implanted. If Ramp & Hold is performed
before the hydrogen isotope exchange is conducted, the deuterium retention
is constant at low implanted protium fluences. Once a critical amount of
protium is implanted into the samples a decrease of the deuterium retention
is measured. Obviously, the higher the temperature to which the sample was
heated, and therefore, the lower the initially retained deuterium amount, the
higher is the required protium fluence at which the deuterium retention starts
to decrease. For Ramp & Hold temperatures of 200, 250 and 290K, the critical
implanted protium fluences are 0.6, 0.8 and 1.0× 1021Hm−2, respectively.
In order to compare the results of the present hydrogen isotope exchange study
with existing literature data, an exchange cross section σDH is determined by
fitting the part of the deuterium retention curves in which the decrease is
observed with

RD (φH) = A+B exp (−σDHφH) . (5.1)

A and B are fit parameters and φH corresponds to the implanted protium
fluence. The parameter A can be regarded as the part of the retained deu-
terium which cannot be exchanged. The exchange cross sections and the other
parameters obtained by fitting the deuterium retention are listed in table 5.1.
The obtained exchange cross section σDH, is independent of the temperature to
which the sample was heated in the preceding Ramp & Hold experiment and
an average value of 0.64± 0.03× 10−21m2 is determined. This result suggests
that the exchange efficiency does not depend on the initial deuterium retention
or concentration.

T [K] A [1020Dm−2] B [1021Dm−2] σDH [10−21m2]

150 1.53± 0.07 2.00± 0.03 0.64± 0.02
200 1.70± 0.08 2.06± 0.06 0.68± 0.02
250 1.34± 0.10 1.51± 0.07 0.63± 0.03
290 0.73± 0.04 1.21± 0.03 0.62± 0.02

Table 5.1: Fit parameters of isotope exchange of deuterium by
protium at 150K after Ramp & Hold to different temperatures.

5.3 Exchange at Different Temperatures

5.3.1 Experimental Procedure

Another experiment to investigate the fill-level model as the underlying ex-
change mechanism at low temperature is to exchange a defined amount of
deuterium by protium at different temperatures, as schematically illustrated
in figure 5.8. Just as in the previous experiment, a tungsten sample with traps
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(a) H implantation at T0 (b) H implantation at T1 > T0, T1 ≤ T2 
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Figure 5.8: Schematic illustration of the exchange of deuterium by protium in a trap at
different sample temperatures after warm-up.

saturated with deuterium at a temperature T0 is used. In the first step, a
defined deuterium retention is created by warming the sample from temper-
ature T0 to T2. When the temperature is ramped up, an increasing number
of deuterium atoms is released from the traps. As the number of deuterium
atoms remaining in the traps is reduced, the required energy for de-trapping
increases. Finally, the number of deuterium atoms in the traps has decreased
to a fill level at which the required de-trapping energy is high enough to im-
pede further thermal release of deuterium atoms at the temperature T2. In a
second step, illustrated in figure 5.8 (a), the sample is cooled down again to
the temperature T0 at which protium implantation is performed. The solute
protium atoms are captured by the traps which still contain a certain number
of deuterium atoms. As the number of hydrogen atoms in the traps increases,
the fill level rises and the required de-trapping energy decreases. Once the
traps are occupied up to a fill level at which the required de-trapping energy
allows thermally activated release at the temperature T0, either protium or
deuterium atoms can leave the traps. As can be seen from the isotopic ratio
in figure 5.8 (a), the probability to release a protium atom is four times higher
than for a deuterium atom in this example.

The experiment is repeated with a new sample. However, as depicted in figure
5.8 (b), the sample is cooled down to T1, which is higher than T0 but lower
than T2. The protium implantation conducted at temperature T1 results in
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the filling of the traps. Since the temperature is higher compared to T0 in
figure 5.8 (a), the release of hydrogen atoms from the traps occurs already at
a lower fill level associated with a higher de-trapping energy. Consequently,
the required amount of protium to fill the traps to the level from which the
release occurs is lower compared to that in figure 5.8 (a). This implies, due to
the same initial amount of retained deuterium in (a) and (b), that the isotopic
ratio of deuterium to protium is higher in (b). Thus, in the depicted example
the release probability of a protium atom is only three times higher than for a
deuterium atom.

From the simple considerations in figure 5.8 two effects can be deduced. First,
the amount of protium required to fill the traps to a level at which significant
de-trapping and consequently hydrogen isotope exchange can occur decreases
with increasing exchange temperature. Second, the exchange rate is higher
at higher temperatures due to the increased isotopic ratio of deuterium to
protium. Yet, in contrast to the previously described experiment, the exchange
is performed at different temperatures which may alter the transport properties
of the hydrogen isotopes in the material.

This gedankenexperiment is realized in two steps. In the first step, a defined
inventory of deuterium, which can be exchanged at different temperatures in
the second step, needs to be established in the sample. This is achieved by the
initial deuterium implantation under the conditions stated in section 5.1. Once
the final irradiated fluence of 8.4× 1021Dm−2 is reached, the sample heating
and the liquid nitrogen cooling is switched off. Consequently, the sample warms
up to approximately 290K within 18 h. After keeping the samples at 290K for
114h, the liquid nitrogen cooling is turned on again to cool the sample down
to approximately 140K.

In the second step, the hydrogen isotope exchange is performed. First, the lat-
eral homogeneity of the implantation spot is checked and a deuterium depth
profile is measured to determine the total deuterium retention, as in the pre-
vious experiment. Finally, the sample is heated to either 150, 200, 250 or
290K, at which the protium is implanted. The energy of the implanted pro-
tium is 3.0 keV/H and the irradiated flux is 8.4 × 1017Hm−2s−1. As in the
other experiment, the implantation is performed in a stepwise fashion up to a
final irradiated fluence of 8.4 × 1021Hm−2. The incremental protium fluence
irradiated at each step is increased from 2.1× 1020Hm−2 to 4.2× 1020Hm−2,
as the accumulated fluence exceeds 4.2× 1021Hm−2. Like in the other experi-
ment, the development of the deuterium retention is monitored on a new spot
by NRA using 3He ions with an energy of 0.69MeV in between the individual
protium implantation steps. For each measurement an ion charge of 2 µC is
acquired, corresponding to a measurement time of approximately 240 s.
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Figure 5.9: Deuterium retention during protium implantation at 150, 200,
250 and 290K after prior warm-up and hold at 290K for 114 h.

5.3.2 Results

Figure 5.9 shows the deuterium retention during the protium implantation at
different temperatures after the sample was warmed-up and kept at 290K for
114h. The initially retained amount of deuterium is in all cases approximately
0.6 × 1021Dm−2. When the exchange of deuterium by protium is conducted
at 150K, a protium fluence of at least 0.8×1021Hm−2 is required to observe a
decrease of the deuterium retention. For lower protium fluences the deuterium
retention remains constant. As the sample temperature at which the protium
implantation is carried out is increased, the critical protium fluence required
to observe a reduction of the deuterium retention decreases. At 200 and 250K,
the deuterium retention starts to decline when an implanted protium fluence
of approximately 0.4×1021Hm−2 is exceeded. In case of 290K, a reduction of
the retained deuterium amount sets in already after the first protium implan-
tation step and becomes even stronger after 0.3×1021Hm−2. Furthermore, the
decrease of the deuterium retention per implanted protium fluence increases,
the higher the temperature at which the exchange is conducted.
In order to quantify this increase of the exchange efficiency, the regions in which
the reduction of the deuterium retention is observed are fitted with equation
(5.1). The determined isotopic exchange cross sections σDH together with the
other fit parameters are given in table 5.2. The comparison of the exchange
cross sections of deuterium by protium at 150 and 290K reveals an increase by
more than a factor of two. In addition, it can be seen from figure 5.9 and the
fit parameter A in table 5.2 that the amount of deuterium remaining in the
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sample at the end of the isotope exchange experiment is inversely depending
on the temperature. At 150K approximately 0.6× 1020Dm−2 remains in the
sample, while at 290K it is only 0.1× 1020Dm−2.

T [K] A [1020Dm−2] B [1020Dm−2] σDH [10−21m2]

150 0.62± 0.06 0.87± 0.04 0.52± 0.03
200 0.41± 0.03 0.76± 0.02 0.68± 0.02
250 0.42± 0.02 0.92± 0.05 1.08± 0.03
290 0.11± 0.08 0.80± 0.04 1.24± 0.03

Table 5.2: Fit parameters of isotope exchange of deuterium by
protium at different temperatures after warm-up and hold at 290K
for 114 h.

5.4 H Implantation between Two Ramp & Holds

5.4.1 Experimental Procedure

In the experiments discussed so far, the fill-level model is investigated in the
context of the hydrogen isotope exchange by studying the decrease of the deu-
terium inventory during the protium implantation at a fixed temperature. An-
other possibility to examine the fill-level model as underlying exchange mech-
anism is to analyze the variation of the deuterium desorption rate spectrum
as a consequence of a preceding protium implantation. The corresponding ex-
perimental scenario, in which the fill-level model is tested in two consecutive
temperature Ramp & Hold cycles, is schematically depicted in figure 5.10.
As in the two previous scenarios, the experiment starts with a sample in which
the traps are saturated with deuterium. In the first Ramp & Hold cycle the
sample temperature is ramped from T0 to T1, with T1 being lower than temper-
ature T2. As the number of deuterium atoms which occupy the traps decreases,
the required energy for de-trapping increases. Holding the sample temperature
at T1, deuterium is released from the traps until a fill level is reached at which
the required de-trapping energy is sufficient to suppresses further thermally
activated release of deuterium. Subsequently, the sample is cooled down again
to temperature T0. The case in which no protium implantation is conducted
before the second Ramp & Hold cycle is illustrated in figure 5.10 (a). In the
second Ramp & Hold cycle the sample is heated up from T0 to T2 instead of
T1. While the sample temperature is below T1 no release of deuterium atoms
from the traps is expected. Simply because the traps are not filled to the level
at which the de-trapping energy is sufficiently small to allow deuterium release
below T1. Once the sample temperature exceeds T1, deuterium can be released
from the traps.
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Figure 5.10: Schematic illustration of the protium implantation in between two consecutive
Ramp & Hold cycles to increasing temperature.

The experiment is repeated with a new sample, but before the second Ramp &
Hold cycle is performed, protium implantation at temperature T0 is conducted,
as illustrated in figure 5.10 (b). The traps which are still partly occupied with
deuterium capture the implanted protium atoms from the solute. As the num-
ber of hydrogen atoms in the traps increases the necessary de-trapping energy
decreases. The protium fluence needs to be chosen low enough in order to
avoid loss of deuterium from the traps by hydrogen isotope exchange. On the
other hand the protium fluence must be sufficient to fill the traps up to the
highest level at which no de-trapping of hydrogen atoms occurs at temperature
T0. After the protium implantation is completed the sample temperature is
ramped from T0 to T2. Since the traps are filled up to the maximum possi-
ble level at T0, the release of deuterium and protium atoms from the traps is
already expected for temperatures below T1, with the corresponding release
probability depending on the isotopic ratio. This is in contrast to the case in
figure 5.10 (a), where the release of deuterium requires a sample temperature
above T1.
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The experiment is realized on four subsequent days. Deuterium implantation
is conducted on the first day, followed by the first Ramp & Hold cycle on the
second day. Protium implantation is performed on day three and the second
Ramp & Hold cycle is conducted on the fourth day. In order to study the
effect of the intermediate protium implantation a second sample on which the
protium implantation is omitted serves as a reference. The initial deuterium
implantation is carried out as described in section 5.1. After the final irradiated
deuterium fluence of 8.4 × 1021Dm−2 is reached, the sample is kept at 150K
for another 3 h. Following the calibration of the quadrupole mass spectrometer
with the D2 and H2 leak valves, the first Ramp & Hold cycle is started. As
in the experiment before, a heating rate of 0.5Kmin−1, a final temperature
of 200K and a hold time of 3 h is chosen. Once the first Ramp & Hold cycle
is completed, the sample heating is switched off and the calibration of the
quadrupole mass spectrometer is repeated. On the third day, the protium
implantation at 150K is performed with an energy of 3.0 keV/H and a flux
of 8.4 × 1017Hm−2s−1. The irradiated protium fluence is 0.9 × 1021Hm−2
which is just below the fluence at which hydrogen isotope exchange occurs
after Ramp & Hold to 200K. Once the implantation is completed the sample
is kept for another 3 h at 150K, before the sample heating is switched off. On
the fourth day, the second Ramp & Hold cycle is performed. The heating
rate and the hold time are the same as in the first Ramp & Hold cycle, yet
the final temperature is set to 290K instead of 200K. The quadrupole mass
spectrometer is calibrated with the D2 and H2 leak valves before and after the
Ramp & Hold cycle. As already mentioned, the whole experimental procedure
is repeated with a reference sample which is not implanted with protium on
the third day.

5.4.2 Results

The deuterium release spectra of two consecutive Ramp & Hold experiments to
200 and 290K, without and with protium implantation conducted in between
are shown in figure 5.11 (a) and (b), respectively. In both cases the release spec-
tra observed in the first Ramp & Hold cycle to 200K exhibit a similar shape
which is in agreement with the previously discussed deuterium desorption spec-
trum in figure 5.3. The peak desorption rate at 200K is 0.96× 1017Dm−2s−1
in (a) and 0.91 × 1017Dm−2s−1 in (b). Integrating the desorption spectra
yields a released deuterium amount of 0.59 and 0.55× 1021Dm−2 for (a) and
(b), respectively. The difference of 6.8% might be the result of a slightly
smaller initial amount of implanted deuterium in (b). Both values are smaller
but within the uncertainty when comparing the difference of the initial and
final deuterium retention derived by NRA in figure 5.3 which accounts to
0.64± 0.09× 1021Dm−2.
In the second Ramp & Hold cycle with no protium implantation conducted in
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Figure 5.11: Deuterium desorption rate measured in two consecutive Ramp
& Hold experiments (a) without and (b) with protium implantation at 150K
after the first Ramp & Hold cycle to 200K, respectively.
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between, shown in figure 5.11 (a), no release of deuterium is observed in the
beginning. After a ramp time of 68min, which corresponds to a temperature
of 184K, the deuterium desorption rate starts to increase slowly. Interestingly,
this specific temperature coincides with temperature at which the kink in the
desorption spectrum of the first Ramp & Hold cycle appears. Once the final
temperature of 200K of the first Ramp & Hold cycle is exceeded, the desorp-
tion rate grows significantly. It reaches a maximum of 0.95 × 1017Dm−2s−1
after 187min or 244K. For higher temperatures the features already known
from figure 5.5, such as the dip, the linear decrease, and once the ramp phase
is finished, the exponential decrease are observed. The amount of deuterium
released in the second Ramp & Hold cycle is 0.88 × 1021Dm−2. Together
with the deuterium released in the first Ramp & Hold cycle, a total amount
of 1.47× 1021Dm−2 is released. This value is within the range of the deu-
terium release in the Ramp & Hold experiment shown in figure 5.5, which is
determined by NRA to 1.39± 0.15× 1021Dm−2.

As can be seen from figure 5.11 (b), the situation is quite different when pro-
tium implantation is performed before the second Ramp & Hold cycle. Due
to the presence of protium in the sample, deuterium is not only released as
D2, but also as HD. The shape of the D2 and the HD spectra are very sim-
ilar. Hence, after calibration of the individual spectra and under considera-
tion of the different amount of deuterium per molecule the spectra are added.
Compared with the deuterium release spectrum of the second Ramp & Hold
experiment with no prior protium implantation, shown in figure 5.11 (a), two
major differences are apparent. First, the desorption of deuterium is already
observed directly after the temperature ramp is started, in contrast to the de-
layed rise illustrated in figure 5.11 (a). Two shoulders, after 24 and 74min,
corresponding to 162 and 187K, respectively, are present in the spectrum.
These features coincide well with the shoulder and the kink observed in the
deuterium desorption rate spectra of the first Ramp & Hold cycles in figures
5.11 (a) and (b). The second difference is the maximum deuterium desorption
rate of 0.64 × 1017Dm−2s−1, which is only 67% of the one measured in 5.11
(a). However, the amount of deuterium released in the second Ramp & Hold
cycle in figure 5.11 (b) is 0.82 × 1021Dm−2 and thus 6.8% lower than in the
second Ramp & Hold cycle without prior protium implantation, shown in fig-
ure 5.11 (a). Since the deuterium release in the first Ramp & Hold cycle is
already lower by 6.8%, this implies that no deuterium is released during the
protium implantation as it was intended. Accordingly, the total amount of
deuterium released during both Ramp & Hold cycles with intermediate pro-
tium implantation is 1.37 × 1021Dm−2 and lower by 6.8% compared to the
one without protium implantation performed in between. From those results
it can be concluded that the implantation of protium led to a redistribution of
strongly to weakly trapped deuterium without decreasing the total deuterium
amount.
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5.5 Discussion

Evaluating the data from the previous sections, it can be seen that the deu-
terium retention as a function of the implanted protium fluence is characterized
by two features. The first one is the critical implanted protium fluence at which
the onset of the decrease in the deuterium retention appears. The second one
is the efficiency at which the deuterium retained in the sample is exchanged
by protium, represented by the hydrogen isotope exchange cross section. The
dependence of both features on the exchange temperature and the initial deu-
terium retention can be described as follows:

Critical Protium Fluence:

1. The higher the deuterium retention prior to the isotope exchange, the
lower the critical protium fluence at a given temperature.

2. The higher the exchange temperature, the lower the critical protium
fluence for a given initial deuterium retention.

3. The protium implantation leads to an redistribution of strongly to weakly
bound deuterium.

Exchange Cross Section of D by H:

1. The exchange cross section does not depend on the initial deuterium
retention for a given temperature.

2. The higher the exchange temperature, the higher the exchange cross sec-
tion at a given initial deuterium retention.

Figure 5.12 and 5.13 illustrate the results of the critical implanted protium
fluence and the exchange cross sections obtained in the two different hydrogen
isotope exchange experiments conducted with NRA. The linear fits in the
figures are supposed to guide the eye and highlight trends in the data.
In the following the results regarding the critical protium fluence as well as
the hydrogen isotope exchange cross section will be discussed qualitatively in
the context of the fill-level model. Furthermore, the effects of different trap
types on the observed exchange will be assessed and other alternative exchange
mechanisms are evaluated. Finally, the data obtained in the here-conducted
experiments are compared to the available literature.

5.5.1 Critical Protium Fluence

Interpreting the results in the context of the fill-level model, the observation
of a critical amount of protium which is required to trigger a decrease in the
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Figure 5.12: Comparison of the critical implanted protium fluence at which
the decrease of the deuterium retention occurs in the different hydrogen isotope
exchange experiments conducted with NRA.
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Figure 5.13: Comparison of the exchange cross section of deuterium by pro-
tium measured in the different hydrogen isotope exchange experiments con-
ducted with NRA.
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deuterium retention can be associated with the filling of traps. This implic-
itly assumes that the transport of deuterium, respectively protium, is not the
dominating process. The influence of the transport can only be assessed with
more sophisticated models such as TESSIM-X and will be discussed later in
detail.
Under this assumption the dependence of the critical protium fluence on the
initial deuterium retention can be explained qualitatively as follows: The lower
the temperature in the preceding Ramp & Hold cycle, the higher the initial
deuterium retention and consequently the higher the level to which the traps
are filled. Hence, as shown in figure 5.12, less protium is required to fill the
traps to a level with low enough de-trapping energy to allow thermal release of
deuterium at a given temperature. Likewise, the relationship between the criti-
cal protium fluence and the temperature of the exchange can be explained. The
higher the temperature at which the isotope exchange is conducted, the lower
the required level to which the traps need to be filled for thermal de-trapping
to occur. Since the initial deuterium retention is the same, less protium is
required at higher exchange temperature, as illustrated in 5.12. Similarly, the
observed shift of the onset of the deuterium desorption rate in the second
Ramp & Hold cycle from high to low temperatures, observed in figure 5.11
(b), can also be assigned to trap refilling. The additional protium in the traps
leads to the occupation of fill levels with reduced de-trapping energy. As a
consequence, protium and deuterium can be released already at lower tem-
peratures than that observed in the second Ramp & Hold cycle without prior
protium implantation, shown in 5.11 (a). Furthermore, deuterium released
from levels with low de-trapping energy cannot be released again from levels
with high de-trapping energy, consequently the deuterium desorption rate at
higher temperature is bound to be lower.

5.5.2 Exchange Cross Section

The dependences of the exchange cross section on the deuterium retention
prior to the protium implantation and on the exchange temperature can be
qualitatively understood by a simple combinatorial model described in the
following. Within the fill-level model, the actual exchange process sets in once
the trap is filled with a mixture of deuterium and protium up to a level with
a low enough de-trapping energy to allow thermally activated release of either
deuterium or protium. Qualitatively, such a fill-level trap could be considered
as an urn to which a protium atom is added and either a deuterium or protium
atom is drawn. Hence, in a qualitative first order approach an ensemble of
such urns could be used to understand the principal relations of the hydrogen
isotope exchange from a combinatorial point of view. This simple urn model
neglects the transport of hydrogen and its subsequent desorption at the surface.
Furthermore, it is assumed that the urns are only refilled with protium while
refilling with released deuterium is not considered. In the fill-level picture, the
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temperature defines from which level the hydrogen is released, consequently it
also defines the maximum possible number of deuterium and protium atoms
in the trap. Hence, the temperature enters the urn model via the number of
possible hydrogen atoms in the urns.
The initial state of the ensemble is characterized by the probability vector p (0)

in equation (5.2), with
∥∥p (0)

∥∥ = 1. The entries pD=0 to pD=N can possess
values between 0 to 1 and correspond to the fraction of urns containing 0 to
N deuterium atoms. The evolution of the initial state in one drawing event
is described by the (N + 1)× (N + 1) transition matrix M , given in equation
(5.2), where i is the index of the row, starting with 1, and N the possible
number of hydrogen atoms in one urn.

p (0) =


pD=0 (0)
pD=1 (0)
pD=2 (0)

...
pD=N (0)

 , M =



1 1
N+1

0 · · · · · · 0

0 N
N+1

2
N+1

. . . ...
... 0 N−1

N+1

. . . . . . ...
... 0

. . . . . . 0
... . . . . . . i

N+1

0 · · · · · · · · · 0 N+2−i
N+1


, b =


0
1
2
...
N


(5.2)

The diagonal and off-diagonal entries of the matrix correspond to the proba-
bility of drawing a protium or deuterium atom from the urn, respectively. By
applying the transition matrix consecutively on the initial probability vector,
as shown in equation (5.3), the state of the ensemble p (n), after n iteration is
obtained.

p (n) = Mnp (0) (5.3)

The accumulated average amount of deuterium retained in the urns after n
iterations, RD (n), can be calculated by the following equation:

RD (n) = p (n) · b, (5.4)

with b, shown in equation (5.2), effectively weighting the respective portion of
urns with the corresponding amount of retained deuterium atoms.
Lets assume N = 5 and an initial state p (0) with pD=5 (0) = 1, which rep-
resents the case where each urn is filled to the maximum with 5 deuterium
atoms. The evolution of this ensemble as a function of iterations is shown
in figure 5.14. In the beginning the fraction of urns containing 5 deuterium
atoms is unity. After the first iteration the majority of urns lost a deuterium
atom and the fraction containing four atoms reaches a maximum. As drawing
deuterium from the urns is continued each fraction goes through a maximum.
The position of the maximum increases as the number of deuterium atoms
retained in the urns of the respective fraction decreases. Once 5 iterations
are conducted a certain fraction of urns containing no deuterium appears and
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increases with every further iteration. After approximately 40 iterations most
of urns lost their deuterium completely. The average deuterium retention of
each fraction of urns as a function of the number of iterations is illustrated in
figure 5.15. It can be seen that the accumulated average deuterium retention
of the ensemble follows an exponential decrease.
To mimic the experimental situation, where hydrogen isotope exchange is stud-
ied as a function of the initial deuterium retention at a given temperature, the
number of possible hydrogen atoms in one urn is set to N = 5 and the initial
probability vector is altered to represent the cases of each urn containing 1
to 5 deuterium atoms. The acquired results are illustrated in figure 5.16 as
black lines. It can be seen that the exponent of the exponential decrease of
the accumulated average deuterium retention is always the same regardless of
the initial retention. Even ensembles combined of arbitrary fractions of urns
with a different initial number of deuterium atoms yield the same exponential
decrease. This observation fits very well to the experimental result in which
no dependence of the exchange cross section on the initial deuterium retention
is found.
The hydrogen isotope exchange experiment to investigate the exchange of a
given initial deuterium retention as a function of temperature, shown in figure
5.9, can also be addressed with the urn model. The initial probability vector is
chosen such that each urn is occupied by two deuterium atoms and the number
of possible hydrogen atoms in each urn is decreased from N = 5 to N = 2
to represent an increase of the exchange temperature. As can be observed
from the red lines in figure 5.16, decreasing the maximum number of hydrogen
atoms per urn results in a larger absolute exponent and a faster exponential
decrease of the average deuterium retention. Hence from a pure combinato-
rial consideration a more effective hydrogen isotope exchange is obtained at
higher temperature. This result is in good qualitative agreement with the ex-
perimental observation of an increased exchange cross section of deuterium by
protium at higher temperatures. Nevertheless, it should be kept in mind that
in this experiment the exchange is performed at different temperatures which
affects the diffusion coefficient, the recombination rate as well as de-trapping
and re-trapping of hydrogen. Thus, despite the same trap concentration, the
transport properties of hydrogen in tungsten could be different.

5.5.3 Influence of Different Trap Types

The interpretation of the experimental data in the fill-level model rises the
impression that only one trap type with levels of different de-trapping energies
exists in the sample. This is of course not the case. At least three different
trap types are present: Vacancies, dislocations and blisters.
The first type is created by the deuterium implantation itself. The energy of
3.0 keV/D is sufficient to displace tungsten atoms from their lattice positions
and create interstitial-vacancy pairs. The vacancies, acting as trap sites for the
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Figure 5.14: Evolution of the fraction of urns containing different amount of
deuterium as function of iterations. In the initial state all urns are occupied
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hydrogen isotopes, can be described with the fill-level model [58–61]. Regard-
ing the dislocations, it was shown by Manhard et al. [149] that the emergence
of blisters is accompanied with the appearance of dislocations in the proximity
of the blisters. As shown in chapter 4, the conditions under which deuterium is
implanted in the here-performed experiments lead to severe blister formation
which also implies the presence of dislocations. According to DFT studies by
Terentyev et al. [62] hydrogen being immobilized at a dislocation also shows a
decrease of the required de-trapping energy as the number of hydrogen atoms
trapped at the dislocation increases.
While vacancies and dislocations can be described in the framework of the
fill-level model, blisters cannot. The role of blisters in the hydrogen isotope
exchange process can be complex, depending whether the blister is closed or
possesses a connection to the surface. When the blister is closed, the deuterium
gas in the cavity needs to be removed. This requires the dissociative adsorption
of deuterium molecules at the inner blister surface followed by the transition of
deuterium atoms into the bulk. A mechanism in which the additional presence
of protium in the blister as well as in the surrounding bulk material enhances
the release of deuterium gas from the blister is not yet known. From an exper-
imental point of view, the question whether hydrogen isotope exchange takes
place in blisters could not be resolved so far. As discussed in chapter 4, the ob-
served saturation of deuterium retention as well as the investigation of blisters
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by SEM imply that the blisters rupture already during the deuterium implan-
tation. Since all hydrogen isotope exchange experiments are performed after
the samples were saturated, the influence of closed blisters should be small. In
contrast to that, an open blister could lead to a more efficient hydrogen isotope
exchange. It could be shown that ruptured blisters close to the surface are re-
sponsible for an enhanced re-emission of implanted deuterium from the sample
[152]. Compared to an unblistered sample, where the de-trapped deuterium
atom needs to diffuse to the surface in order to leave the sample, the presence
of open blisters provides an additional release channel. Consequently, the en-
hanced release of de-trapped deuterium atoms from the sample should result
in a faster decrease of the deuterium retention and a more efficient isotopic
exchange should be observed.

5.5.4 Alternative Exchange Mechanisms

So far the discussion of the experimental data was conducted under the as-
sumption that the fill-level model describes the underlying mechanism of the
hydrogen isotope exchange. However, the exchange of deuterium by hydrogen
observed in the experiments could also be explained by other effects. The
isotopic exchange takes predominantly place in the ion implantation range,
therefore also ion-beam effects must be considered as a possible exchange mech-
anism. As an implanted protium atom propagates through the tungsten lattice
it loses energy by electronic and nuclear stopping [13]. The first one describes
the inelastic interaction of the implanted protium with the bound and delo-
calized electrons of the system. The second one considers the energy loss due
to elastic collisions between the protium atom and other atoms in the target,
which can be tungsten, deuterium or protium. When an incoming protium
atom collides with a trapped deuterium atom and the transferred energy is
sufficient, the deuterium atom can be kicked out of the trap. As the generated
deuterium recoil atom propagates in the tungsten lattice it loses energy. Once
it comes to rest at a different site, it starts to diffuse until it gets trapped again
or leaves the sample. This kinetic de-trapping process is temperature indepen-
dent and allows the removal of deuterium atoms from traps at temperatures
which prohibit a thermally activated release.
In order to assess the relevance of this effect, SDTrimSP [66, 67] simulations
of protium implantation into deuterium containing tungsten are conducted.
Protium is implanted with an energy of 3.0 keV/H perpendicular to the surface.
The deuterium concentration in the tungsten target is varied between 10 and
50 at.%. The displacement energy of deuterium atoms is altered within the
range of the diffusion energy barrier of 0.25 eV [89] and the de-trapping energies
up to 2.0 eV [86]. In the SDTrimSP simulations 105 protium projectiles are
calculated with the parameters stated in appendix A.3. In figure 5.17 the
simulated protium implantation profile and the deuterium recoil profile for
specific deuterium concentrations and displacement energies are shown, all
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spectra are divided by the number of implanted protium atoms.

The shape of the protium implantation profile does not depend on the dis-
placement energy of deuterium atoms but on the deuterium concentration in
the tungsten target. As the deuterium concentration increases the stopping
power of the target decreases, resulting in a larger penetration depth of the
implanted protium. Consequently, the protium implantation profile broadens.
The deuterium recoil generation profile, representing the origin of the recoils,
depends strongly on the concentration and the displacement energy of deu-
terium in the tungsten target. The higher the deuterium concentration, the
higher the probability of a collision between a protium and a deuterium atom.
Hence, a larger number of deuterium recoil atoms are created at a higher deu-
terium concentration. In addition, as the penetration depth of protium atoms
increases with increasing deuterium concentration, more deuterium recoils are
created in larger depth, resulting in a broadening of the deuterium recoil pro-
file. Furthermore, figure 5.17 shows that a lower displacement energy leads to
the generation of a larger number of deuterium recoil atoms. The distance be-
tween the origin and the final position of the deuterium recoil atom is described
by a log-normal distribution and depends slightly on the deuterium concen-
tration and the displacement energy. The largest distances are observed for a
concentration of 10 at.% and a displacement energy of 2.0 eV, with the corre-
sponding mean value and standard derivation of 1.1 and 0.09 nm, respectively.
Thus, it can be concluded that most of the created deuterium recoil atoms
come to rest in close vicinity of their origin.

The integration of the deuterium recoil profiles, shown in figure 5.17, yields
the ratio of the total number of deuterium recoil atoms created per implanted
protium atom. Figure 5.18 summarizes this ratio as function of the deuterium
concentrations for different displacement energies of deuterium atoms. As can
be seen, the number of generated deuterium recoil atoms increases with in-
creasing deuterium concentration and decreasing displacement energy. At low
deuterium concentrations as well as at high displacement energies, most of the
created deuterium recoils are generated by a direct collision with a protium
atom. Hence, they can be regarded as first generation recoils or primary knock
on atoms [13]. The dashed black polygon in figure 5.18 indicates the region
where the majority of deuterium recoils belong to the first generation. For
higher deuterium concentrations and lower displacement energies the effect of
collision cascades becomes more important. Deuterium atoms are not only
displaced by protium atoms but also by previously created deuterium recoil
atoms. The dash-dotted black triangle in figure 5.18 marks the region in which
the majority of deuterium recoil atoms belong to the second or later generation.
In the most extreme case, i.e. a deuterium displacement energy of 0.25 eV and
a concentration of 50 at.%, up to 150 deuterium recoils per implanted protium
atom are created. It should be mentioned that the conducted SDTrimSP sim-
ulations consider only the de-trapping caused by direct collisions between the
trapped deuterium atoms and other atoms. The extent to which an electronic

106



Discussion Section 5.5

 D conc. = 50 at.%
D recoil profile:
         D conc. [at.%]   E

Displ.
 [eV]

      10  0.5
          10 2.0
          50 0.5
          50  2.0

0.0

0.5

1.0

1.5

2.0

D
 R

ec
oi

l P
ro

fil
e 

[1
09 

D
R

ec
. H

-1 Im
p.

 m
-1
]

Figure 5.17: SDTrimSP simulations of 3.0 keV/H protium implantation into
tungsten with different deuterium concentrations of 10 (red) and 50 at.% (blue).
The protium implantation profiles are shown as solid lines. The deuterium
recoil profiles are shown as dashed and dash-dotted lines for a displacement
energy of 0.5 and 2.0 eV, respectively. All spectra are divided by the number
of implanted protium atoms.
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excitation of the system, due to electronic loss of the implanted protium atom,
contributes to the de-trapping of deuterium atoms is unknown.
Based on these simulations, the required time to displace all retained deu-
terium atoms in the sample once can be estimated. Addressing the most
extreme scenario, i.e. the hydrogen isotope exchange experiment at 150K
without preceding Ramp & Hold, shown in figure 5.6 and 5.7. In this case the
deuterium concentration and retention is 43 at.% and 2.04±0.24×1021Dm−2,
respectively. Assuming a displacement energy of 0.25 eV, this corresponds to
120 created deuterium recoils per implanted protium atom. Dividing the deu-
terium retention by the implanted protium flux of 6.4×1017Hm−2s−1 and 120,
the required time to displace all retained deuterium atoms is approximately
30 s.
In the case where hydrogen isotope exchange is conducted at 150K after Ramp
& Hold to 290K, an initial deuterium concentration of 17 at.% and a reten-
tion of 0.78 ± 0.06 × 1021Dm−2 is measured. Accounting for the release of
deuterium from traps with low de-trapping energy during the Ramp & Hold
cycle, a displacement energy of 1.0 eV is assumed. At this specific displace-
ment energy and deuterium concentration approximately 10 deuterium recoils
per implanted protium atom are generated. The required time to displace all
deuterium atoms is estimated to 120 s. Compared with the time to perform a
hydrogen isotope exchange experiment, which is in the range of several hours,
the kinetic de-trapping process is quite fast. Hence, as these rough estimates
show, the kinetic de-trapping of deuterium by the protium beam is significant
and must be considered as alternative exchange mechanism.
Beside the kinetic de-trapping some other exchange mechanisms are also pos-
sible but less likely. One possibility is the removal of the deuterium containing
layer by sputtering with protium. Yet, sputtering occurs only within the first
few monolayers from the surface. In order remove the deuterium located deeper
in the bulk it is necessary to sputter the tungsten away. The sputter yield of
pure tungsten by protium with an energy of 3.0 keV/H under normal incidence
is 0.0015W/H [168]. The irradiation of a protium fluence of 8.4× 1021Hm−2
leads to the removal 1.3nm of tungsten. For comparison, the deuterium depth
profile extents in some cases up to 200nm into the bulk. Unless the presence of
deuterium in the tungsten lattice does not increase the sputter yield massively,
the deuterium removal by sputtering seems less probable.

5.5.5 Comparison with Literature Results

Recently a lot of experiments have been conducted to investigate the hydro-
gen isotope exchange in tungsten under various conditions. Exchange was
performed by exposing tungsten to ion beams [44, 45], plasmas [44, 46–48] and
atomic beams [49–51, 163] of different hydrogen isotopes to study the exchange
in the bulk, at the surface and in the near-surface region of heavy-ion-beam-
damaged and undamaged tungsten. In addition, the exchange of deuterium in
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tungsten by a mixed protium-helium plasma was investigated [53].
Despite this large number of experiments only a few were evaluated in terms of
exchange cross sections. One of those experiments was performed by Roth et
al. [44] in which deuterium plasma-loaded tungsten samples were exposed to a
protium ion beam with an energy of 200 eV/H at a sample temperatures of 320
and 450K. The authors suggested two different mechanisms for the exchange
close to the surface and in the bulk. The fit of the data with a sum of two
exponential functions yields an exchange cross section of 10−22 to 10−21 and
10−25m2 for the near-surface and the bulk exchange, respectively.
Another experiment in which the exchange cross section for deuterium by
protium in tungsten was determined, was conducted by Takagi et al. [48].
The samples were consecutively exposed at room temperature to a deuterium
and a protium plasma with an approximate hydrogen isotope energy of 1 eV.
The obtained exchange cross sections range from 3.2 to 5.4× 10−23m2.
A rather extensive study was conducted by Markelj et al. [50, 52]. The ex-
change of deuterium by protium in self-damaged tungsten samples was per-
formed with a neutral atomic beam source with energies of the hydrogen iso-
topes of 0.28 eV. Similar to Roth et al. [44] the exchange close to the surface
and in the bulk were investigated. For the near-surface exchange, cross sections
of 0.9±0.15 and 1.2±0.6×10−22m2 were reported for sample temperatures of
380 and 480K, respectively. For the bulk, exchange cross sections of deuterium
by protium of 5.2 ± 0.5 and 6.5 ± 0.3 × 10−25m2 were derived for a sample
temperature of 600K.
Compared to the here-conducted experiments, in which the determined ex-
change cross sections of deuterium by protium range from 0.52 to 1.24 ×
10−21m2, most of the values found in the contemporary literature are lower.
However, it should be noted that the experimental conditions differ signifi-
cantly. The above stated literature exchange cross sections are obtained in
experiments conducted at room temperature or higher and with low-energy
hydrogen ions or atoms. In contrast to that, the current experiments are
performed at temperatures at or below 290K and with energetic hydrogen iso-
topes. In addition, the data obtained in the current study can be fitted with
one exponential function compared to Roth et al. [44] and Markelj et al. [52]
who fitted or modeled with two exponential functions. This difference could
be explained by the low temperature at which the deuterium is initially im-
planted. Since most of the deuterium is located within the implantation zone,
an exchange of deuterium by protium in the bulk becomes obsolete.
The only hydrogen isotope exchange experiment with comparable temperature
and ion energy was conducted by Blewer et al. [156], though not on tungsten
but on stainless steel. Deuterium and protium ions with energies ranging from
1 to 14 keV/(D,H) were sequentially irradiated at a sample temperature of
150K. The obtained data were fitted with a sum of two exponential functions
to account for an easy replaceable and a replacement resistant deuterium com-
ponent. For the first one, an exchange cross sections of 0.79 × 10−21m2 is
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determined which decreases to 0.11 × 10−21m2 as the ion energy is increased
from 1 to 14 keV/(D,H). For the latter one, a decrease of the exchange cross
section from 1.2 to 0.11 × 10−22m2 is derived accordingly. Especially the ex-
change cross section of the easy replaceable deuterium component obtained
for low keV ion energies fits quite well to the here observed values despite the
different material.
However, the data on exchange cross sections of hydrogen isotopes in tungsten
is too sparse and the possible influencing parameters, e.g. temperature, ion
energy, surface morphology or material grade, are too many to deduce global
trends or dependences.

5.6 Conclusion
The experimental results regarding the critical implanted protium fluence are
in good qualitative agreement with the simple considerations in the frame-
work of the fill-level model conducted at the beginning of this chapter, al-
though transport effects are not yet taken into account. In addition, the ex-
perimentally observed dependences of the exchange cross section of deuterium
by protium on the temperature and the initial deuterium retention support
the fill-level picture as well.
The exponential decrease of the deuterium retention during the exchange with
protium, the independence of the exchange cross section from the initial deu-
terium retention and its qualitative temperature dependence could be repro-
duced with a simple urn model based on the fill-level framework.
Furthermore, SDTrimSP simulations and the thereon based estimations showed
that the kinetic de-trapping of trapped deuterium atoms by energetic protium
atoms must not be neglected. Due to the temperature independence of this
de-trapping mechanism, deuterium can be released from a trap even if the
corresponding de-trapping energy is large enough to suppress thermally acti-
vated de-trapping. Hence, the kinetic de-trapping mechanism combined with
the classical model must be considered as alternative explanation of the ex-
perimental observations.
In order to assess the different possible exchange mechanisms a detailed model-
ing of the experimental data with TESSIM-X is carried out in the next chapter.
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Chapter 6

Comparison of Exchange
Mechanisms with TESSIM-X

In this chapter the results of the hydrogen isotope exchange experiments pre-
sented in the previous chapter are modeled by TESSIM-X [63, 65]. The fill-
level model as well as the classical model, both with and without the kinetic
de-trapping contribution of the ion beam, are applied. The relevant assump-
tions and input parameters entering the simulation are briefly reviewed. In a
first step, the de-trapping energies of the traps and fill levels are determined
by simulating the development of the deuterium desorption rate and the deu-
terium retention during the Ramp & Hold experiments. Based on these results
the hydrogen isotope exchange under the different experimental conditions is
simulated in the second step. The modeling results are discussed in detail for
one specific experiment and the insights are transferred to interpret the results
of the other simulation scenarios. Finally, the conclusions are drawn and an
outlook for possible future experiments is provided.

6.1 Modeling Inputs and Procedure

In the following the inputs and assumptions which enter the TESSIM-X code,
described in chapter 3, are presented. This includes the tungsten target as
well as the diffusion, implantation, trapping and de-trapping of the hydro-
gen isotopes. In addition, the modeling procedure is illustrated on a specific
example.

6.1.1 Target and Boundary Conditions

With respect to the tungsten target, in which the hydrogen isotope exchange
is simulated, some assumptions are required. As shown in chapter 4, the im-
plantation of energetic deuterium at low temperature leads to severe blistering
of the tungsten samples. Moreover, it is anticipated that those blisters rup-
ture during the initial deuterium implantation. It is shown in reference [152]
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that blisters generated under the same implantation conditions as in the here-
performed experiments are located in a depth up to approximately 200nm. In
addition, the presence of those ruptured blisters leads to the re-emission of the
implanted deuterium from the sample and reduces the transport of deuterium
into the bulk considerably. Since TESSIM-X is a one-dimensional diffusion
trapping code, the implementation of three-dimensional objects such as blis-
ters is not possible.
However, in order to account for these effects in the simulation, the sample
is approximated as a slab with a finite thickness of 200nm and discretized
with a grid of a step width of 1 nm. Since the blister depth depends on the
grain orientation with respect to the surface, it would be more reasonable for
a polycrystalline sample to model different thicknesses weighted according to
the distribution function of the blister depth. However, since representative
information of the blister depth distribution is not available and to keep an
acceptable computation time, a single slab with a thickness of 200nm is chosen.
Furthermore, the simulation of a slab ignores the fact that despite the presence
of blisters some hydrogen can migrate into the bulk, as can be observed from
the deuterium depth profiles in reference [152]. Yet, based on the considerably
higher defect concentration and the lower temperatures at which the hydrogen
isotope exchange experiments are performed, it is questionable if significant
transport of hydrogen isotopes beyond the depth of the blisters occurs. By
comparing the deuterium depth profiles after the Ramp & Hold and before
the hydrogen isotope exchange experiments in figure 5.6 with the depth of the
blisters, this seems not to be the case. Thus, the simulation of a slab with a
thickness of 200nm seems reasonable.
On the front and rear side of the sample slab diffusion-limited boundary con-
ditions are applied which pin the solute hydrogen concentration to zero, i.e.
CS

H,D (0, t) = CS
H,D (xmax, t) = 0. This approximation neglects surface reactions

such as the recombinative desorption described in the Langmuir-Hinselwood
process [100]. Yet, it needs to be evaluated if such surface reactions are relevant
at temperatures down to 150K and in the presence of an energetic deuterium
or protium ion beam which effectively sputters hydrogen isotopes from the
surface region.

6.1.2 Diffusion

The diffusion coefficient of solute protium in tungsten derived by Frauen-
felder [23], with an energy barrier for diffusion of EDiff

H = 0.39 eV and a pre-
exponential factor of D0,H = 4.1× 10−7m2s−1, is commonly used. However, it
is assumed that the diffusion of hydrogen obtained for temperatures lower than
1500K is influenced by trapping and does not represent the solute diffusivity.
A recent evaluation of Frauenfelder’s data by Heinola et al. [89], taking only
the data at higher temperature into account, yields a diffusion energy barrier
of EDiff

H = 0.25 eV and a pre-exponential factor of D0,H = 1.58 × 10−7m2s−1.
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These values are used to model the protium diffusion in tungsten for the present
experiments. The diffusion parameters of deuterium in tungsten are derived
by dividing the pre-exponential factor D0,H by the square-root of the isotopic
mass ratio of deuterium and protium, resulting in D0,D = 1.12 × 10−7m2s−1.
The energy barrier for diffusion is assumed to be equal for both isotopes,
EDiff

H = EDiff
D = 0.25 eV. Furthermore, a concentration dependence of the diffu-

sivity is not considered, neither is the effect of site-blocking taken into account
[90]. Tunneling effects, which might be present at temperatures below 200K
[89], are beyond the scope of TESSIM-X and are not considered.

6.1.3 Implantation

In order to simulate the implantation of the hydrogen isotopes into the sample,
a volume source term for solute deuterium, SD (x, t), and protium, SH (x, t), is
implemented in TESSIM-X. SDTrimSP [66, 67] is used to generate the implan-
tation profiles by simulating hydrogen isotopes of an energy of 3.0 keV/(H,D)
impinging under normal incidence on a pure tungsten target. For these sim-
ulations 106 projectiles are calculated with the detailed parameters given in
appendix A.2. The source distribution functions ζD (x) and ζH (x) are de-
termined by fitting the area-normalized implantation profiles with a Gaussian
function, as shown in figure 6.1. For protium and deuterium maxima at depths
of 25 and 28 nm and standard deviations of 17 and 19 nm are obtained, respec-
tively. Dynamic effects like the evolution of the implantation profiles towards
larger depth, caused by a decrease of the stopping power as the hydrogen con-
centration increases, are not considered in the TESSIM-X simulations. The
flux of the irradiated hydrogen isotopes is set to 8.4×1017 (H,D)m−2s−1 with a
reflection coefficient of 0.27 and 0.24 for deuterium and protium, respectively.

6.1.4 Trapping and Thermally Activated De-trapping

As already pointed out before, at least two microscopic trap types, i.e., vacan-
cies and dislocations are present in the sample. However, in order to limit the
number of parameters in the simulation to a reasonable value, some simplifying
assumptions regarding the trap types as well as the trapping and de-trapping
parameters are required. In case of the fill-level model only one trap type i
with kmax different levels is considered. When the classical model is applied,
NT different trap types with equal trap concentration are used. Due to the
multiple occupancy of the traps in the fill-level picture the total trap con-
centration is kmax times lower than in the classical model in order to obtain
the same hydrogen retention capability. When both models are compared the
number of fill levels equals the number of different trap types, i.e., kmax = NT ,
which is considered as a free parameter to model the experimental data.
The depth profile of the hydrogen retention capability used as input for the
simulations is based on the deuterium depth profile measured after deuterium
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Figure 6.1: TESSIM-X inputs: Depth profile of the hydrogen retention capability (solid
blue line). Area-normalized implantation profiles of protium and deuterium into tungsten
with an energy of 3.0 keV/(H,D) under normal incidence calculated by SDTrimSP (solid black
and red line). Gaussian fits of the implantation profiles to obtain the spatial distribution of
the solute hydrogen source terms ζD and ζH (dashed black and red line). Deuterium and
protium recoil profiles created by protium implantation into tungsten containing 20 at.% of
the respective hydrogen isotope, calculated for a displacement energy of 0.5 eV by SDTrimSP
(solid purple and green line). The profiles are divided by the hydrogen concentration and
the number of implanted protium atoms. Gaussian fits of the processed recoil profiles to
determine the spatial distribution of the kinetic de-trapping terms κDH and κHH (dash-
dotted purple and green line).

implantation and hold at 150K, depicted in figure 5.6, and consists of two
steps as shown in figure 6.1. The first step is capable of retaining hydrogen
up to a concentration of 48 at.% and a depth of 70 nm from the surface. The
second step yields a maximum retainable hydrogen concentration of 6.5 at.%
at a depth between 70 and 130nm. Furthermore, an intrinsic hydrogen reten-
tion capability with a concentration of 1 × 10−4 at.% in the bulk is assumed.
Compared with the measured deuterium depth profile a 12% higher concen-
tration is assumed to account for the loss of deuterium between the end of the
implantation and the measurement of the depth profile.

It is necessary to mention that the depth profile of the hydrogen retention
capability does not directly correspond to the trap distribution. In case of the
fill-level model the profile in figure 6.1 needs to be divided by the number of
fill levels to gain the depth profile of the trap. The same holds for the classical
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model, in which the profile is divided by the number of different trap types to
obtain the depth profile of an individual trap type. A dynamic evolution of the
trap depth profile is not considered [98]. The traps are assumed to be present
in the sample from the beginning on and are merely filled during the initial
deuterium implantation. This seems a reasonable assumption, since in all
experiments presented in chapter 5 the samples are implanted with deuterium
until saturation before the protium implantation is conducted.
Apart from the number of traps and their depth profiles, also assumptions
with respect to the trapping and de-trapping itself are made, independent
of the applied model. The concept of activated trapping, i.e., an additional
energy barrier between solute and trap site, is not applied. The transition rate
from a solute site to trap site equals that between solute sites. The release
of hydrogen atoms from a certain trap type or fill level to the solute is an
Arrhenius-like process as described by equations (3.4) and (3.9). The attempt
frequency νTS

H,D is commonly approximated by the Debye frequency of tungsten
which is in the order of 1× 1013 s−1 and in good agreement with recent DFT
calculation of the attempt frequency [61]. In the here-conducted simulations
it is assumed that every fill level or trap type is characterized by the same
attempt frequency, independent of the considered hydrogen species and the
de-trapping energy, i.e., νTS

H = νTS
D = 1×1013 s−1. The de-trapping energies of

the fill levels k or trap types i are kept as free parameters with the restriction
that ETS

H,i,k = ETS
D,i,k.

6.1.5 Kinetic De-trapping

As discussed in chapter 5, the kinetic release of trapped hydrogen isotopes by
the impinging protium ion beam within the implantation zone must not be
neglected. In TESSIM-X this kinetic de-trapping can be taken into account
by the temperature-independent de-trapping terms εAB,i (x, t) and εAA,i (x, t)
given by equation (3.5). The spatial distribution of this terms can be approx-
imated by the recoil profiles calculated by SDTrimSP. Since the focus of the
here-presented experiments is on the hydrogen isotope exchange of deuterium
by protium, only the hydrogen recoils generated during the protium implan-
tation are considered. The impinging protium atoms collide with trapped
deuterium and protium atoms alike, thus the recoil profiles for both isotopes
need to be simulated with SDTrimSP. Another aspect is that the shape of the
hydrogen recoil profiles depends on the hydrogen concentration present in the
tungsten sample, as can be seen in figure 5.17. This effect cannot be included
in TESSIM-X. Instead the recoil profiles of protium and deuterium are ap-
proximated by SDTrimSP calculations assuming a concentration of 20 at.% of
the respective isotope. The implantation of protium atoms with an energy of
3.0 keV/H under normal incidence on the surface of the target is simulated with
SDTrimSP using 105 projectiles and the parameters given in appendix A.3. In
order to take the dependence of the recoil generation on the de-trapping energy
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of the fill level or the trap type into account, the required displacement energy
is varied from 0.3 to 2.0 eV in steps of 0.1 eV. The calculated sets of protium
and deuterium recoil profiles are divided by the number of implanted protium
atoms and the concentration of the respective isotope. Subsequently, these
profiles are fitted by a Gaussian function in order to obtain a parametriza-
tion of the spatial distribution of the kinetic de-trapping as a function of the
de-trapping energy of the different fill levels or trap types. In case of kinetic
de-trapping of deuterium by protium the parametrized spatial distribution is
given by

κDH,i,k

(
x,ETS

D,i,k

)
=

6.88× 108 m−1
(
ETS

D,i,k [eV]
)−0.959

exp

(
−
(

(x [nm]− 23.1)

26.5

)2
)

(6.1)

and in case of protium by protium it yields

κHH,i,k

(
x,ETS

H,i,k

)
=

1.01× 109 m−1
(
ETS

H,i,k [eV]
)−0.929

exp

(
−
(

(x [nm]− 22.4)

26.5

)2
)
. (6.2)

These parametrized profiles are finally used as input for the TESSIM-X simu-
lations. The deuterium and protium recoil profiles calculated with SDTrimSP
and the corresponding Gaussian fits are illustrated in figure 6.1 for a displace-
ment energy of 0.5 eV exemplarily. As can be seen, the generation rate of
protium recoils is higher than that of deuterium recoils due to a more effi-
cient energy transfer in protium-protium collisions than in protium-deuterium
collisions.

6.1.6 Modeling Procedure

According to the conclusion drawn in chapter 5 the experimental hydrogen
isotope exchange data is modeled in the framework of the classical and the fill-
level model, both with and without taking the kinetic de-trapping mechanism
into account. Thus, in total four different scenarios are simulated and evaluated
for each conducted experiment. The modeling with TESSIM-X requires the
simulation of the whole experimental cycle as illustrated exemplarily in figure
6.2 for the case of hydrogen isotope exchange conducted at 150K after Ramp
& Hold to 290K. This includes (a) the initial deuterium implantation phase,
(b) the Ramp & Hold phase and finally (c) the protium implantation and the
hydrogen isotope exchange phase. The rest phases of 10000 and 1000 s after
the deuterium implantation and the Ramp & Hold phases allow the system to
reach an equilibrium state. In all phases the implanted flux, the retention and
the desorption rate are simulated for both hydrogen isotopes.
Before the actual hydrogen isotope exchange experiments can be simulated
the de-trapping energies of the different fill levels or trap types, which are
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Figure 6.2: TESSIM-X simulation sequence shown exemplarily for hydrogen isotope ex-
change conducted at 150K after Ramp & Hold to 290K. (a) Deuterium implantation phase,
(b) Ramp & Hold phase, (c) hydrogen isotope exchange phase. (a) and (b) are followed by
a rest phase of 10000 and 1000 s, respectively.

free parameters, need to be determined. This is achieved by modeling the
deuterium desorption rate spectra and the retention during the Ramp & Hold
experiments to different temperatures. Since no ion implantation takes place in
the Ramp & Hold phase, this modeling is conducted without applying the ki-
netic de-trapping mechanism. As no optimization algorithm is implemented in
TESSIM-X yet, the number of trap types or fill levels with their de-trapping
energies are adjusted manually. Starting with the trap type or fill level of
the lowest de-trapping energy, further trap types or fill levels are consecutively
added and their de-trapping energy is chosen such to reproduce the experimen-
tal data best. The so obtained de-trapping energies are then used to simulate
the hydrogen isotope exchange after Ramp & Hold to different temperature,
at different temperature and in between two Ramp & Hold cycles.
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6.2 Modeling Results

6.2.1 De-trapping Energies of Trap Types and Fill Levels

The TESSIM-X modeling results of the experimental Ramp & Hold data from
figures 5.3 to 5.5 for 200, 250 and 290K in the classical and the fill-level
framework are shown in figure 6.3. For the simulation 11 trap types or fill levels
are required with the de-trapping energies listed in table 6.4. The maximum
sample temperature reached in the Ramp & Hold experiments is 290K. At
this temperature approximately 36% of the initially retained deuterium is
still remaining in the sample. Since data for higher temperatures is not yet
available, no de-trapping energies can be assigned to the trap types or fill levels
in which the remaining deuterium is trapped. Consequently, some reasonable
de-trapping energies, given by the first three entries in table 6.4, are assumed.
The only constraint is that the energies are large enough to prevent deuterium
release at 290K. The application of 11 different fill levels is in agreement with
recent DFT calculations [61] suggesting even 12 hydrogen atoms per vacancy.
As can be seen from figure 6.3 (a), the classical and the fill-level model repro-
duce the deuterium desorption rate during the different Ramp & Hold experi-
ments very well. Even the exponential decrease of the desorption rate during
the hold phases fits nicely to the experimental data. However, one feature of
the experimental spectra which is insufficiently reproduced is the steep rise
of the desorption rate at the beginning of the temperature ramp and the first
shoulder after approximately 24min, corresponding to a temperature of 162K.
In figure 6.3 (b), the experimental deuterium retention and the correspond-
ing TESSIM-X simulations during the different Ramp & Hold experiments are
compared. The decrease of the deuterium retention in the ramp phase and
the subsequent leveling in the hold phase are reproduced by the simulations
for both models. However, the simulation of the Ramp & Hold experiment to
200K overestimates the final deuterium retention, while in the case of 290K
it is slightly underestimated. Furthermore, it can be seen that the simulated
deuterium retention in the case of the fill-level model is minimally but sys-
tematically smaller compared with the classical model. This effect is caused
by a higher de-trapping rate in the fill-level model compared to the classical
model. Thus, in order to reproduce the experimental data, the de-trapping
energies of the fill levels are approximately 0.03 eV higher than those of the
trap types in the classical model, as can be seen from table 6.4. The reason
for the increased de-trapping can be found by comparing equations (3.4) and
(3.9). In case of the classical model, the de-trapping rate is proportional to
the concentration of hydrogen trapped in trap type i, given by CT

A,i. In the
most extreme case all traps of type i are filled, resulting in CT

A,i = ηi. For
the fill-level model the de-trapping rate is proportional to the concentration
of hydrogen occupying the fill level k i.e. CT

A,i,k. Filling all traps to level k
corresponds to CT

A,i,k = k ηi. Consequently, for this scenario CT
A,i,k = k CT

A,i

holds, which results in a k times higher de-trapping rate in the fill-level model
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Figure 6.3: TESSIM-X modeling of (a) the experimental deuterium desorp-
tion rate and (b) the deuterium retention during the Ramp & Hold experiments
to 200, 250 and 290K, shown in figures 5.3 to 5.5, with the classical and the
fill-level model.

i, k 1 2 3 4 5 6 7 8 9 10 11

Classical model:
ETS

i [eV] 1.60 1.59 1.58 0.83 0.735 0.675 0.63 0.58 0.53 0.485 0.43
Fill-level model:
ETS

k [eV] 1.60 1.59 1.58 0.85 0.763 0.71 0.66 0.61 0.56 0.512 0.45

Figure 6.4: De-trapping energies, ETS
i and ETS

k , of trap types and fill levels determined by the
TESSIM-X simulations shown in figure 6.3.
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compared to the classical model.

6.2.2 Exchange after Ramp & Hold to Different Temper-
atures

The derived de-trapping energies are finally used to model the exchange of deu-
terium by protium after Ramp & Hold to different temperatures. In figure 6.5
the experimental data from figure 5.7 is compared to the TESSIM-X simula-
tions within the framework of (a) the fill-level and (b) the classical model, each
with and without considering the kinetic de-trapping mechanism. In order to
obtain the deuterium retention as a function of implanted protium fluence, the
implanted protium flux is multiplied with the implantation time.
By applying the fill-level model without considering the kinetic de-trapping
mechanism, shown as dashed lines in figure 6.5 (a), some of the experimental
observations are qualitatively and partially quantitatively reproduced, while
others are insufficiently described. The initial deuterium retention at the be-
ginning of the protium implantation is well reproduced by the TESSIM-X
simulations for all conducted experiments. Furthermore, the experimental ob-
servation of a critical protium fluence, which needs to be implanted in order
to initiate the decrease of the deuterium retention when Ramp & Hold is per-
formed before the exchange, is also observed in the simulated data. Even the
increase of the critical protium fluence as a function of the final temperature
reached in the preceding Ramp & Hold phase is correctly described. In addi-
tion, the final amounts of deuterium remaining in the sample after the protium
implantation is finished fit to the experimentally obtained values.
However, some features of the experimental data are insufficiently reproduced
by the simulations. In the case where no Ramp & Hold is conducted and the
sample temperature is just held at 150K, the experimentally observed decrease
of the deuterium retention after implantation of the first incremental protium
fluence is not reproduced. Yet, the largest discrepancy between the simulations
and the experimental data can be found in the decrease of the deuterium
retention itself. In all cases the TESSIM-X simulation underestimates the
decrease of deuterium retention at the beginning of the protium implantation
and overestimates it towards the end. Furthermore, in the decreasing part of
the simulated deuterium retention curve a kink, which is due to the additional
effusion of deuterium from the rear side of the sample, is observed. The position
of the kink, indicated by dotted red circles, depends on the final temperature
reached in the Ramp & Hold cycle, i.e., the lower the temperature, the lower
the implanted protium fluence at which the kink occurs. A comparison of
the decrease of the deuterium retention for protium fluences larger than the
one which corresponds to the kink, shows a similar exponential decrease in
all simulated cases. This observation is in good agreement with the results
obtained with the urn model for fill-level traps in chapter 5. Repeating the
simulations and taking the kinetic de-trapping of hydrogen isotopes by the
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Figure 6.5: Comparison of TESSIM-X simulations and experimental data of
deuterium exchanged by protium at 150K after holding at 150K and Ramp &
Hold to 200, 250 and 290K, shown in figure 5.7. Simulations are performed by
applying (a) the fill-level and (b) the classical model, both with and without
considering the kinetic de-trapping mechanism.
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protium ion beam into account hardly changes the results. The only minor
difference is that the deuterium retention decreases slightly before the critical
protium fluence is implanted. Once the critical protium fluence is exceeded,
the deuterium retention decreases equally in both cases.

In the case of the classical model without taking the kinetic de-trapping into
account, shown as dashed lines in figure 6.5 (b), the experimental data cannot
be reproduced at all. Only a slight decrease of the deuterium retention during
the protium implantation is observed when the sample temperature is merely
held at 150K. At this temperature the traps with de-trapping energies of 0.43
and 0.485 eV release deuterium to the solute. When no protium is present in
the sample, the de-trapped deuterium can be recaptured by the empty traps,
resulting in slow effusion of deuterium from the sample. However, during the
protium implantation a considerable amount of protium solute is present in
the sample. Traps which released deuterium have therefore a higher proba-
bility to capture protium from the solute rather than the released deuterium.
Hence, the presence of protium reduces the available amount of empty traps
to recapture deuterium, which leads to a lower trapping rate of deuterium.
The deuterium, which is effectively forced to stay in the solute, finally effuses
from the sample, leading to a reduction of the deuterium retention. When all
traps which are active at 150K lost their deuterium and the deuterium solute
is released from the sample the deuterium retention converges to a constant
value. If Ramp & Hold to 200, 250 and 290K is performed before protium is
implanted at 150K, no decrease in the deuterium retention is observed. This is
expected since the traps which could de-trap deuterium at 150K have already
released their deuterium in the preceding Ramp & Hold cycle.

The situation is quite different when the kinetic de-trapping of hydrogen iso-
topes by the impinging protium ion beam is taken into account. As can be seen
from the solid lines in figure 6.5 (b), the deuterium retention remains nearly
constant in the beginning of the protium implantation. Once a certain critical
implanted protium fluence is exceeded, a decrease in the deuterium retention
is observed. Furthermore, the higher the sample temperature which is reached
in the Ramp & Hold phase, the higher the protium fluence which needs to be
implanted to trigger the decrease of deuterium retention. In the cases where
Ramp & Hold is conducted before the exchange, the TESSIM-X simulation
reproduces the measured critical protium fluence, at which the decrease sets
in, very well. However, the experimentally observed immediate decrease of the
deuterium retention when the sample is only held at 150K is not described by
the simulation. Here also a small critical protium fluence is required before the
decrease of the deuterium retention begins. While the critical protium fluence
is reproduced by the simulations, the rate at which the deuterium retention de-
creases is not. Compared to experimental data, the decrease of the deuterium
retention per implanted protium fluence is less pronounced in the simulation.
Furthermore, the amount of deuterium retained in the sample at the end of
the protium implantation is overestimated by the simulations. Similar to the
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simulations based on the fill-level model, a kink in the decreasing part of the
deuterium retention curve is observed, marked by dotted red circles in figure
6.5 (b). In addition, the exponential decrease of the deuterium retention for
protium fluences larger than the one associated with the kink is comparable
in all four TESSIM-X simulations.

6.2.3 Exchange at Different Temperatures

In figure 6.6 the measured deuterium retention during the isotope exchange
of deuterium by protium at 150, 200, 250 and 290K after warm-up and hold
at 290K for 114h is compared to TESSIM-X simulations applying (a) the
fill-level and (b) the classical model, both with and without considering the
kinetic de-trapping mechanism.
The TESSIM-X simulations based on the fill-level model with and without
the kinetic de-trapping, shown in figure 6.6 (a), reproduce the experimental
data only qualitatively. The experimentally observed reduction of the critical
protium fluence as well as the stronger decrease of the deuterium retention
when the isotope exchange is conducted at higher temperatures is described
by the simulations. Furthermore, the latter one is qualitatively in good agree-
ment with the results obtained with the simple urn model for fill-level traps in
chapter 5. In addition, it can be seen that the simulated deuterium retentions
exhibit a kink in the decreasing part of the curve, which indicates, similar to
the TESSIM-X simulations in figure 6.5, the additional effusion of deuterium
from the rear side of the simulated tungsten slab. The higher the tempera-
ture at which the protium implantation is performed, the lower the implanted
protium fluence at which the kink occurs.
Quantitatively, the TESSIM-X simulations overestimate the deuterium reten-
tion in all experiments shown in figure 6.6. The simulated initial deuterium
retention at the beginning of the isotope exchange is slightly higher than the
measured one. Furthermore, for the isotope exchange at 150 and 200K the
critical protium fluence, which needs to be implanted to cause a decrease of the
deuterium retention, is overestimated in the simulation. The reproduction of
the measured exponential decrease of the deuterium retention by the simula-
tion is best for the isotope exchange conducted at 290K and becomes worse for
lower temperatures. The final deuterium retention fits best for the exchange
performed at 200 and 290K and is over- and underestimated for 150 and 250K,
respectively. Similar to the results in figure 6.5 (a), the consideration of the
kinetic de-trapping mechanism in the framework of the fill-level model has only
a minor effect on the simulation results. Merely the deuterium retention before
the critical protium fluence is exceeded shows a slight decrease.
When the classical model without kinetic de-trapping is applied to simulate the
experimental data, no significant decrease of the deuterium retention occurs,
as can be observed from the dashed lines in figure 6.6 (b).
Including the kinetic de-trapping mechanism in the classical model, indicated
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Figure 6.6: Comparison of the TESSIM-X simulations with the experimental
data of the exchange of deuterium by protium at 150, 200, 250 and 290K after
warm-up and hold at 290K for 114 h, illustrated in figure 5.9. Simulations are
performed by applying (a) the fill-level and (b) the classical model, both with
and without considering the kinetic de-trapping mechanism.
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by the solid lines in figure 6.6 (b), the obtained simulation results are very
similar to those determined with the fill-level model with and without kinetic
de-trapping. The experimental data is again reproduced qualitatively. The
dependence of the critical protium fluence on the temperature at which the
isotope exchange is performed is correctly described. Moreover, the experi-
mentally observed stronger decrease of the deuterium retention for increasing
exchange temperatures is also reproduced by the TESSIM-X simulations. In
accordance with the fill-level simulations, shown in figure 6.6 (a), the decreas-
ing part of deuterium retention curve possesses a kink. From a quantitative
perspective, the initial deuterium retention is overestimated analogue to the
simulations conducted with the fill-level model. Also the final deuterium reten-
tion in the simulations are higher compared with the experimentally obtained
values and the fill-level-based simulations. Furthermore, the rate at which
the deuterium retention decreases is underestimated by the simulations for all
exchange temperatures.

6.2.4 H Implantation between Two Ramp & Holds

Figure 6.7 compares the deuterium desorption rate measured during the second
Ramp & Hold cycle to 290K with and without prior protium implantation at
150K, depicted in figure 5.11, with the simulation results of TESSIM-X. The
results applying the fill-level and the classical model, with and without the
kinetic de-trapping mechanism are shown in (a) and (b), respectively.
When no protium implantation is performed before the second Ramp & Hold
cycle, all four models provide very similar results. This is expected, since no
kinetic de-trapping can occur in the absence of an energetic protium ion beam.
Consequently, the dashed and solid red lines in figure 6.7 (a) and (b) lie on top
of each other. Furthermore, the de-trapping energies of the fill levels and trap
types are specifically chosen to reproduce the deuterium desorption rate spec-
tra, shown in figure 6.3 (a), best. In general, the TESSIM-X simulations for no
intermediate protium implantation agree well with the experimental data of
the second Ramp & Hold cycle. The experimentally observed delayed onset of
the deuterium desorption at 68min and the subsequent increase is sufficiently
well reproduced. The only mismatch, independent of the applied model, is a
small shift of the low temperature edge of the simulated deuterium desorption
rate spectra towards lower temperatures with respect to the experimental one.
In the case where protium implantation is conducted in between the two Ramp
& Hold cycles, the experimental data show substantial deuterium desorption
already at the beginning of the second Ramp & Hold cycle and a lower max-
imum of the desorption rate. By applying the fill-level model without kinetic
de-trapping, shown in figure 6.7 (a) as dashed blue line, the desorption of deu-
terium at the beginning of the temperature ramp as well as the lower maximum
of the deuterium desorption rate can be reproduced. The release of deuterium
occurring at low temperatures could be attributed to the filling of the traps
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Figure 6.7: Comparison of the TESSIM-X simulations with the measured
deuterium desorption rate of the second Ramp & Hold cycle to 290K with and
without prior protium implantation at 150K, shown in figure 5.11. Simulations
are performed by applying (a) the fill-level and (b) the classical model, both
with and without considering the kinetic de-trapping mechanism.
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with protium, leading to an increase of the fill level of the traps and reducing
the required de-trapping energy. The lower maximum deuterium desorption
rate is a consequence of this effect, since deuterium released at lower tempera-
ture is no longer available to be released at higher temperatures. A significant
deviation of the simulated and the experimental spectrum is observed at ap-
proximately 50min. The steep rise of the simulated deuterium desorption
rate is the result of the additional deuterium effusion from the rear side of the
200nm thick sample. Furthermore, the additional kinetic de-trapping has only
little influence on the deuterium desorption rate spectrum simulated with the
fill-level model.

When the classical model without kinetic de-trapping is applied to simulate
the deuterium desorption rate during the second Ramp & Hold cycle with
prior protium implantation, shown as dashed blue line in figure 6.7 (b), the
deuterium desorption starts earlier compared with the case where no protium
implantation is conducted. However, in contrast to the simulations based on
the fill-level model, the deuterium release starts not immediately but after ap-
proximately 35min. Furthermore, the maximum of the deuterium desorption
rate is reduced compared to the case where no protium implantation is per-
formed. Yet, it is still higher compared to the case where protium implantation
is conducted in the fill-level model. These results can be explained as follows:
After the first Ramp & Hold cycle to 200K the traps with a de-trapping energy
of 0.43, 0.485 and 0.53 eV are almost fully depopulated and half of the traps
with a de-trapping energy of 0.58 eV have released their deuterium as well. A
protium implantation conducted in the framework of the classical model with-
out accounting for kinetic de-trapping at 150K, results in the re-filling of those
empty traps with protium atoms. In the beginning of the second Ramp & Hold
cycle to 290K, the traps with the lowest de-trapping energies, predominately
filled with protium, release the protium to the solute. As the temperature
is increased further, also the traps containing deuterium become active and
release the deuterium. In the absence of protium the released deuterium can
be recaptured by empty traps, resulting in a high re-trapping rate and slower
transport. Consequently, the deuterium solute requires more time to reach
the surface and deuterium desorption occurs later. However, in the presence
of protium the empty traps can capture either protium or deuterium from
the solute. If a protium is captured, the trap is occupied and unable to trap
deuterium. Hence, the presence of protium effectively reduces the available
amount of empty traps which leads to a lower trapping rate of deuterium and
a faster transport of the solute deuterium to the surface. As a consequence
the desorption of deuterium is observed earlier.

When the classical model is applied in combination with the kinetic de-trapping
mechanism, the simulated deuterium desorption rate starts to increase already
at the beginning of the second Ramp & Hold cycle, as can be seen in fig-
ure 6.7 (b). This behavior is in line with the experimental observation. At
approximately 50min, the simulated deuterium desorption rate increases con-
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siderably and deviates from the experimental spectrum. This feature is also
observed when the fill-level model is applied, as illustrated in figure 6.7 (a),
and corresponds to the release of deuterium from the rear side of the sample.
Furthermore, a decrease of the maximum deuterium desorption rate is also
observed in case of the classical model with kinetic de-trapping.

6.3 Discussion

Obviously, the TESSIM-X simulations applying the pure classical model do
not describe the experimental observations, as can be seen from the figures
6.5 to 6.7. However, the classical model in which kinetic de-trapping is taken
into account, as well as the fill-level model with and without the kinetic de-
trapping mechanism provide qualitatively similar results. In order to explore
the underlying reasons of this similarity, the different mechanism will be inves-
tigated separately. In the following only the classical model with the kinetic
de-trapping and the fill-level model without the kinetic de-trapping are com-
pared for the hydrogen isotope exchange experiment conducted at 150K after
Ramp & Hold to 290K. First, the evolution of the deuterium retention during
the protium implantation resolved for the different fill levels and trap types is
considered, followed by the discussion of the corresponding solute and trapped
deuterium depth profiles. The gained insights are transferred to interpret the
results of the other isotope exchange experiments in the context of critical
protium fluence and exchange cross section.

6.3.1 Evolution of D Retention

Fill-level-resolved D Retention

The temporal evolution of deuterium retained in the different fill levels as well
as the total trapped amount of deuterium during the protium implantation is
illustrated in figure 6.8 (a) for the fill-level model without kinetic de-trapping.
At the beginning of the protium implantation approximately 70% of the deu-
terium is located in traps which are filled to a level containing three deuterium
atoms at a de-trapping energy of 1.58 eV. In traps of the next higher fill level,
containing four deuterium atoms at a de-trapping energy of 0.85 eV, nearly
30% are retained. Traps containing two or less deuterium atoms, as well as
traps containing more than five deuterium atoms do not exist.
During the protium implantation, the traps are successively filled with protium
atoms which results in an increase of the trap occupancy, i.e., the fill level,
and causes a decrease of the required de-trapping energy. Consequently, as
the traps transit from fill level three to four by capturing a protium atom,
the deuterium amount retained in traps with fill level three decreases while
it increases in traps with fill level four. This continues for higher fill levels
as the protium implantation proceeds. It can be seen that the deuterium
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retention in the higher fill levels increases on the expense of the lower ones.
For fill levels four to ten each deuterium retention curve possesses a maximum.
The higher the fill level, the later is the respective maximum reached. As
long as the highest fill level with a de-trapping energy of 0.45 eV is not yet
reached, significant thermally activated de-trapping cannot occur. Thus, the
total amount of retained deuterium is constant.
After a certain delay time with respect to the onset of the occupation of the
highest fill level the decrease of the total deuterium retention occurs. It can
be seen that the decrease proceeds in two stages. In the first stage, starting at
approximately 1700 s, deuterium is released only through the front side of the
sample, as indicated by the first vertical dash-dotted black line. In the second
stage, beginning at nearly 4000 s and indicated by the second vertical dash-
dotted black line, the solute deuterium has reached the rear side of the 200nm
thick simulated sample from which it effuses. As can be seen from the different
slopes of the curve, the appearance of the additional loss channel leads to faster
decrease in the total deuterium retention in the second stage compared with
the first one. Another interesting feature in figure 6.8 (a) is the behavior of
the deuterium retention in traps with the second highest fill level. Compared
with the deuterium retention in traps with lower fill level it does not decrease
to zero. The reason for this effect is that the thermally activated de-trapping
from the highest fill level results in an increase of deuterium retention in traps
with the second highest fill level.

Trap-type-resolved D Retention

Figure 6.8 (b) shows the deuterium retention in the different trap types as a
function of time during the protium implantation at 150K after Ramp & Hold
to 290K, simulated with the classical model including the kinetic de-trapping
mechanism. At the beginning of the protium implantation, all traps with a
de-trapping energy of 1.58 to 1.60 eV are filled with deuterium. Furthermore,
approximately half of the available traps with a de-trapping energy of 0.83 eV
are occupied as well. Traps of other types with lower de-trapping energy are
empty.
During the protium implantation, the deuterium retained in all traps can be
de-trapped kinetically by the protium ion beam and transferred to the solute.
Any empty trap in the sample can capture either the freshly implanted pro-
tium or the previously released deuterium from the solute. Furthermore, the
kinetic de-trapping acts on traps of any type and is independent of the sample
temperature. Thus, the evolution of the deuterium retention in most of the
different trap types is governed by the balance between kinetic de-trapping
and re-trapping of deuterium. For the initially filled traps which require a de-
trapping energy of 1.58 to 1.60 eV the deuterium retention decreases. Due to
the large fraction of traps filled with deuterium compared with a small fraction
of empty traps, the kinetic de-trapping outweighs the re-trapping of deuterium.
The deuterium retained in traps with a de-trapping energy of 0.83 eV seems to
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Figure 6.8: Simulation of the temporal evolution of the fill-level- and trap-
type-resolved deuterium retention during the exchange of deuterium by protium
at 150K after Ramp & Hold to 290K by applying (a) the fill-level model with-
out kinetic de-trapping and (b) the classical model with kinetic de-trapping.
The solid lines of different color represent the deuterium retained in fill levels
or trap types of different de-trapping energy, the dashed black line corresponds
to the total amount of trapped deuterium. The vertical dash-dotted black lines
mark the effusion of the deuterium from the front and rear side of the sample,
respectively.
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be constant, at least as long as no deuterium is lost from the sample. Obvi-
ously, the kinetic de-trapping and the re-trapping of deuterium balance for this
specific trap type. Since traps with a de-trapping energy of 0.43 to 0.735 eV
are initially empty the effect of trapping deuterium is larger than the loss due
to kinetic de-trapping. Consequently, the amount of deuterium retained by
those traps increases until deuterium effuses from the sample. A special case
are the initially empty traps possessing a de-trapping energy of 0.43 eV. In
addition to the kinetic de-trapping also thermally activated de-trapping of hy-
drogen isotopes is significant at 150K. Hence, the deuterium atoms captured
by those traps are more likely to get de-trapped, resulting in a lower deuterium
retention compared to traps with a de-trapping energy of 0.485 to 0.735 eV.
As can be observed from figure 6.8 (b), a major decrease of the total deuterium
retention occurs at approximately 1700 s when the deuterium solute reaches
the front side of the sample from where it effuses. At circa 4000 s a kink
appears which corresponds to the effusion of deuterium from the rear side of the
sample resulting in faster decrease of the total deuterium retention. The here
observed two-staged decrease of the total deuterium retention is very similar to
the simulation using the fill-level model shown in figure 6.8 (a). Nevertheless,
some minor differences exist. For instance the higher final deuterium retention
at the end of the protium implantation at 10000 s in figure 6.8 (b) compared
with (a). This can be explained by the fact that the kinetic de-trapping is
exclusively limited to the implantation zone in which the recoils are generated,
while the release in the framework of the fill-level model applies also for the
region behind.
Despite the different underlying physical models, the results regarding the total
retained deuterium amount, shown in figure 6.8 (a) and (b) as dashed black
lines, are very similar. In the fill-level model as well as in the classical model
with kinetic de-trapping the net effect is a redistribution of tightly trapped
deuterium to weakly trapped deuterium. This is achieved either by filling the
traps with protium and thereby reducing the required de-trapping energy for
deuterium or by kinetically de-trapping of deuterium from traps which require
a high de-trapping energy and re-trapping by traps with a low de-trapping
energy.

6.3.2 Evolution of D Depth Profile

The preceding investigation of the fill-level- and trap-type-resolved deuterium
retention during the protium implantation provides already some insights in
the differences and similarities of the respective models. However, the deu-
terium retention shown in figure 6.8 (a) and (b) is an integral value which does
not contain the information on the spatial distribution of the deuterium in
the sample. In order to gain insight into the transport behavior of deuterium
during the protium implantation, the depth profiles of the trapped and solute
deuterium need to be reviewed. In figure 6.9 and 6.10, the solute as well as the
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fill-level- and trap-type-resolved deuterium depth profiles during the protium
implantation simulated with the fill-level model and the classical model with
kinetic de-trapping are shown, respectively. In order to keep the number of
profiles limited, the deuterium depth profiles are plotted in steps of 500 s for
the first 2000 s, followed by steps of 1000 s until 4000 s and for larger times
in steps of 3000 s. In addition, the position of the maximum of the protium
implantation profile is indicated in the figures as vertical dashed black line.

Solute and Fill-level-resolved D Depth Profiles

For the fill-level model the solute and fill-level-resolved deuterium depth pro-
files are depicted in figure 6.9. At the beginning (black lines) of the protium
implantation all deuterium is retained in traps with a fill level three or four.
Neither exist traps filled to a higher or lower fill level, nor is deuterium solute
present in the sample as can be seen from the top left figure.
After 500 s (red lines) of protium implantation, the concentration of deuterium
in traps with fill level three and four has decreased, with the strongest decrease
coinciding with the maximum of the protium implantation profile, leading to
a dip in the respective depth profiles. The occurrence of a dip at this specific
depth is very plausible, since it is the position with the largest concentration
of protium solute, leading to a high trapping rate of protium and an effective
filling of the traps to higher fill levels. At some distance away from this position
the protium solute concentration is lower, resulting in a lower trapping rate
and consequently a smaller decrease of the deuterium concentration present in
traps filled to level three and four. The concentration of deuterium in traps
with fill level five has increased. Nevertheless, also here a small dip in the
depth profile is visible. It can be seen that the concentration of deuterium in
traps with fill level six to nine has increases substantially, showing a peaked
depth profile. The deuterium concentration in traps with fill level ten and
eleven is negligible, suggesting that the amount of introduced protium is not
yet sufficient to rise the fill level of the traps to such high values. A prerequisite
for the built-up of a deuterium solute concentration is the filling of the traps to
a level at which thermally activated de-trapping of deuterium can occur. Since
this is not yet the case, no significant amount of deuterium solute is present
in the sample, as can be observed in the top left figure.
At 1000 s (green lines) the deuterium concentration in traps with fill level
three and four has decreased further. Also traps with fill level five show a
reduction in the deuterium concentration. The previously peaked depth pro-
files of deuterium in traps with fill level six to nine show a dip, while traps
with fill level ten and eleven appear with a peaked deuterium depth profile.
This shows very illustratively the increase of the deuterium concentration in
traps at a certain fill level on the expense of the deuterium concentration in
traps filled to the level just below. Since thermally activated de-trapping from
traps with fill level eleven, corresponding to a de-trapping energy of 0.45 eV, is
significant at 150K, the population of this specific fill level should lead to an
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Figure 6.9: Evolution of the deuterium solute and fill-level-resolved deuterium depth pro-
files during the exchange of deuterium by protium at 150K after Ramp & Hold to 290K,
simulated with the fill-level model. The maximum of the protium implantation profile is
indicated by the vertical dashed black line. The scale of the deuterium concentration is the
same for all figures showing different fill levels.
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increase of the deuterium solute concentration. However, as can be seen from
the top left figure the deuterium solute concentration is still at an insignificant
low level. The reason for this is twofold. First, the deuterium concentration
in traps with fill level eleven has increased but is still low, resulting in low
de-trapping rate of deuterium. Second, traps with fill level ten are available in
close proximity which can re-trap the deuterium released from traps with fill
level eleven.
After implantation of protium for 1500 s (blue lines), the deuterium concen-
tration in traps with fill level three to nine has decreased to zero in the center
of the protium implantation profile, resulting in deuterium depth profiles with
two distinct peaks. A double-peaked profile is also observed for traps with
fill level ten, though the concentration in between the peaks is not yet zero.
The deuterium depth profile in traps with the highest fill level has increased
considerably and possesses a plateau-like shape with steep edges. It also seems
that these edges have moved to some extent into the bulk and to the surface.
This observation shows very clearly the successive filling of the traps and the
increase of the fill level, spreading from the position of the maximum of the
protium implantation profile. For the deuterium concentration in traps of a
certain fill level, this leads to profiles which are first peaked, then dipped and
finally double-peaked, with the peaks being shifted towards the surface and
the bulk as the protium implantation is continued.
Furthermore, the deuterium solute concentration has risen significantly and
can now be observed in the top left figure. The strong increase is based on three
effects. First, the deuterium concentration in traps with the highest fill level
has increased considerably, resulting in a high thermally activated de-trapping
rate of deuterium. Second, traps which are filled to the highest level cannot
take up additional protium or deuterium. Hence the amount of available traps
which can re-trap deuterium from the solute is reduced by the amount of these
saturated traps. As a consequence, the deuterium is forced to stay in the solute,
but the protium as well. Third, as trapping of hydrogen isotopes is reduced
and protium implantation is continued, the protium solute increases faster than
the deuterium solute, which is only increased by deuterium release from the
traps. Consequently, traps which become available by thermal release of either
protium or deuterium have a higher probability to be re-filled by protium than
by deuterium.
2000 s (cyan blue lines) after the beginning of the protium implantation, the
depth profile of deuterium retained in traps with the highest fill level has
reached the surface and propagated deeper into the bulk. Also the previous
plateau-like shape has vanished and a clear dip at the center of the protium
implantation profile has appeared. For traps with the second highest fill level,
it can be seen that the two peaks of the deuterium depth profile have moved
apart. One is located directly at the surface and the other one is shifted to
larger depth. In case of traps with fill levels lower than ten, the peak on the left-
hand side of the maximum of the protium implantation profile has disappeared,
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while the one on the right-hand side is shifted into the bulk. Along with the
deuterium located in traps with the highest fill level, the deuterium solute
reaches the surface. The arrival of the deuterium solute front and the build-up
of a significant concentration at the surface after implanting protium for 1500
to 2000 s, coincides very well with the onset of the decrease of the deuterium
retention observed in figure 6.8 (a) at approximately 1700 s. Moreover, the
deuterium solute front has proceeded to larger depth and an increase of the
deuterium solute concentration in the bulk can be noted.
Implantation of protium for 3000 s (pink lines), leads to a further expansion
of the deuterium depth profile of traps with the highest fill level towards larger
depth and a decrease of the concentration at the maximum of the protium im-
plantation profile. This effect is also observed for the deuterium concentration
in traps with a fill level five to ten, together with an overall decrease of the
concentration. Furthermore, no deuterium is remaining in traps with fill level
three and four in the first step of the trap depth profile. At 3000 s, the fill
level of the traps located in the second step are increased by the filling with
protium. In addition the deuterium solute has propagated deeper into the
bulk (top left figure). While the bulk concentration of the deuterium solute
has increased, the concentration close to the surface has decreased due to the
loss of deuterium from the sample.
After 4000 s (orange lines), the concentration profile of deuterium in traps with
the highest fill level has extended to the rear side of the sample. Furthermore,
no traps with fill level lower than ten exist in the sample anymore. Together
with the traps filled to the highest level, also the deuterium solute has reached
the rear side of the sample from where it can effuse. This event is marked
by the kink in the total deuterium retention curve in figure 6.8 (a), indicating
the onset of a stronger decrease in the deuterium retention by an additional
deuterium loss channel.
For protium implantation times exceeding 4000 s (brown and gray lines),
deuterium can escape the sample from the front and the rear side likewise,
leading to a further decrease in the total deuterium retention as illustrated in
6.8 (a). The deuterium concentration in traps with fill level ten and eleven as
well as the deuterium solute concentration decreases continuously.

Solute and Trap-type-resolved D Depth Profiles

Figure 6.10 shows the evolution of the solute and trap-type-resolved deuterium
depth profiles during the protium implantation, modeled with the classical
model including the kinetic de-trapping mechanism. Initially (black lines),
all the retained deuterium is located in traps of type one to four. While all
traps of type one to three are completely filled with deuterium, the traps of
type four are only partially occupied. The deuterium depth profile of the
latter one shows a monotonic decrease towards the surface as a result of the
thermally activated de-trapping and effusion during the Ramp & Hold to 290K.
Furthermore, no deuterium solute is present in the sample at the beginning of
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the protium implantation.
After 500 s (red lines) of protium implantation the kinetic de-trapping has
caused a decrease in the concentration of deuterium located in the traps of
type one to three. The deuterium depth profile of the respective trap types
exhibits a dip at the position of the maximum of the recoil generation profile,
which is very close to the position of the maximum of the protium implantation
profile as shown in figure 6.1. For larger depth, where the kinetic de-trapping
cannot occur, no reduction of the deuterium concentration is observed. The
collision of incident protium atoms with trapped deuterium atoms results in
the transition of the involved deuterium atoms to the solute. Hence, in con-
trast to the fill-level model, a very small amount of deuterium solute is present
at the position of the maximum of the recoil generation profile. Deuterium
located in the solute can be trapped by any empty trap, independent of the
required de-trapping energy of the respective trap type. In case of traps of
type four, which are initially partly filled with deuterium, the combination of
kinetic de-trapping and re-trapping leads to a redistribution of deuterium from
larger depth towards the surface, resulting in a flattening of the depth profile.
Traps of type five to ten are initially empty and do not yield significant ther-
mally activated de-trapping at 150K in addition to the kinetic de-trapping.
Hence, trapping of deuterium outbalances the de-trapping, leading to net trap-
ping of deuterium. The increase of the deuterium concentration in those trap
types is therefore very similar and show a slightly peaked depth profile with
the maximum located approximately at the position of the maximum of the
protium implantation profile. For traps belonging to the type with the lowest
de-trapping energy the appearance of a peaked deuterium concentration profile
can be observed as well. However, the increase is lower compared to those in
trap types with higher de-trapping energy, due to the additional thermally ac-
tivated de-trapping of deuterium. The thermally released deuterium is finally
captured by traps with a higher de-trapping energy.
Continuing the protium implantation up to 1000 s (green lines), the deuterium
concentration in the traps with the three highest de-trapping energies has de-
creased further, indicating the prevalence of the kinetic de-trapping compared
to the trapping of deuterium. For traps of type four, possessing a de-trapping
energy of 0.83 eV, the deuterium depth profile has not changed significantly.
This implies an equilibrium of trapping and de-trapping deuterium and ex-
plains the constant deuterium retention for traps of this type in figure 6.8 (b).
Traps of type five to ten show a small increase of their broad-peaked deuterium
depth profile. Compared with that the narrow-peaked deuterium depth profile
of traps with the lowest de-trapping energy increases as well, but the rela-
tive increase is larger. Furthermore, the deuterium solute concentration at the
position of the maximum of the protium implantation profile has increased
slightly, as can be observed from the top left figure.
After 1500 s (blue lines), a second dip at the position of the maximum of the
protium implantation profile has appeared in the deuterium depth profiles of
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Figure 6.10: Evolution of the deuterium solute and trap-type-resolved deuterium depth
profiles during the exchange of deuterium by protium at 150K after Ramp & Hold to 290K,
simulated with the classical model including the kinetic de-trapping. The maximum of the
protium implantation profile is indicated by the vertical dashed black line. The scale of the
deuterium concentration is the same for all figures showing different trap types.
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the traps one to three with a de-trapping energy of 1.58 to 1.60 eV. Also the
previously flat and peaked deuterium depth profiles of traps of type four to
ten show a dip at this specific depth, accompanied with two peaks at the rim
of the dip. In case of traps with the lowest de-trapping energy the profile
has evolved to a plateau-like profile. The reason for the appearance of the
dip after 1500 s can be explained by the saturation of the empty traps with
hydrogen isotopes. In the region of the dip, the amount of implanted protium
together with the already present deuterium is large enough to fill all traps.
Once all traps are occupied the re-trapping of either implanted or kinetically
as well as thermally released hydrogen isotopes is hampered. Furthermore,
the solute concentration of protium rises significantly due to implantation as
well as kinetic and thermally activated release of trapped protium. Compared
with that, the deuterium solute concentration is only increased by the de-
trapping of deuterium. The result is a growing ratio of protium to deuterium
solute. Consequently, the reduced amount of empty traps, created by kinetic
or thermally activated de-trapping, are more likely to be filled with protium
instead of deuterium. The appearance of the dip in the trapped deuterium
depth profiles is therefore caused by two mechanisms. A generally reduced
trapping rate and a relative increase of the protium trapping rate compared
to the deuterium trapping rate. As a consequence of this effect, the deuterium
solute concentration has increased considerably in the depth region where the
traps are saturated. The peaks appearing at the rim of the dip in the deuterium
depth profile of the traps of type four to ten, mark the boundaries of the
regions with saturated and unsaturated traps. Deuterium which is released in
the region of saturated traps diffuses to the boundaries of this region due to the
low re-trapping. At the boundaries sufficient empty traps exist which capture
the deuterium solute, leading to a local increase of the trapped deuterium
concentration. From the existence of the peak in the trapped deuterium depth
profiles between the surface and the protium implantation depth as well as
from the top left figure, it can be concluded that the deuterium solute front
has not yet reached the surface.

Another interesting feature, present in the deuterium depth profile up to a
protium implantation of 1500 s, is the reduced concentration directly at the
surface. This can be observed for traps of type one to ten, but is most promi-
nent for the initially filled traps of type one to three. The reason for this
occurrence is that deuterium which is kinetically de-trapped close to the sur-
face has a certain chance to leave the sample instead of being re-trapped, which
results in a local reduction of the deuterium concentration.

Protium implantation for 2000 s (cyan blue lines) results in an expansion of
the depth region in which the traps are saturated. As can be seen from the
broadening of the dip in the deuterium depth profiles in traps of type one to
ten and from the widening of the plateau-like profile of traps of type eleven,
the saturation of traps has reached the surface. In addition, the deuterium
concentration in the region of the protium implantation profile has decreased
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further, leading to an increase of the deuterium solute concentration. Together
with the saturation of traps also the deuterium solute front has arrived at the
surface from where deuterium can be released from the sample. This fits very
well to the onset of the decrease of the deuterium retention observed at roughly
1700 s as shown in figure 6.8 (b).
Conducting protium implantation for 3000 s (pink lines) leads to a the satu-
ration of traps with hydrogen isotopes up to larger depth as can be inferred
from the further expansion of the dip in the trapped deuterium depth profiles
as well as the propagation of the deuterium solute front into the bulk. In the
region which is affected by kinetic de-trapping, the deuterium concentration in
all trap types decreases, which in turn results in an increase of the deuterium
solute concentration in the bulk.
After 4000 s (orange lines) the saturation of traps with hydrogen isotopes has
advanced to the rear side of the sample, as can be observed from the increase
of the deuterium concentration in traps of type four to eleven. During the
preceding Ramp & Hold cycle to 290K, deuterium retained in traps of these
types is fully or partially released. Since kinetic de-trapping is not present
in larger depth of the sample, a reallocation of deuterium from traps with
high de-trapping energy to the empty ones with low de-trapping energy is not
possible. As the hydrogen solute front propagates in this region, the empty
traps are filled by either protium or deuterium, causing an increase of the
trapped deuterium concentration. In the depth region where the kinetic de-
trapping is occurring a further reduction of the deuterium concentration is
observed. As can be seen from the top left figure, the deuterium solute has
reached the rear side of the sample after 4000 s. The additional effusion from
the rear side leads to faster decrease of the deuterium retention shown in figure
6.8 (b).
For protium implantation exceeding 4000 s (brown and gray lines), a further
decrease of the deuterium concentration in all trap types can be observed in
the depth region where kinetic de-trapping is present. Furthermore, no change
in the deuterium concentration occurs behind that region for traps of type one
to nine. Only for traps of type ten and eleven, a decrease of the deuterium
concentration caused by thermally activated de-trapping is observed in this
region. In addition, the deuterium solute concentration decreases successively
as the protium implantation is continued. In total, a further decrease of the
deuterium retention is the result.
From the comparison of the fill-level- and trap-type-resolved deuterium reten-
tion in figure 6.8 (a) and (b) as well as from the deuterium depth profiles in the
figures 6.9 and 6.10 it can be concluded that an ensemble of classical traps with
different de-trapping energies and the consideration of the kinetic de-trapping
mechanism behave like a fill-level trap. In the fill-level model, the deuterium,
initially located at a low fill level with a high de-trapping energy, is shifted to
higher fill level with lower de-trapping energy by filling the trap with protium.
In the classical model, deuterium is first located at traps with high de-trapping
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energy. The temperature-independent kinetic de-trapping mechanism reallo-
cates the deuterium to the solute from where it can be trapped by traps of
different de-trapping energy. If the de-trapping energy is high enough at the
given temperature, the deuterium remains in the trap. If the de-trapping en-
ergy is low, the deuterium can be thermally released to the solute and might
finally get captured by a trap with high enough de-trapping energy. This effect
leads to a shift of deuterium retained in traps with high de-trapping energy
to those with low de-trapping energy, similar to the fill-level model. Although
the underlying mechanisms are different in both models, the net effect is very
similar. As a consequence, the simulation of the quantities which are accessible
by experiments, such as the deuterium retention and the desorption rate, yield
very similar results.

6.3.3 Critical Protium Fluence

In both investigated models the occurrence of the critical protium fluence,
which needs to be implanted to observe the decrease of the deuterium retention,
is associated with the arrival of the deuterium solute front at the surface, as can
be seen from figures 6.9 and 6.10 in comparison with figures 6.8 (a) and (b). In
order to enable the solute front to propagate to the surface, the immobilization
of the deuterium solute by traps on its way to the surface must be prevented.
In case of the fill-level model this requires the filling of the respective traps to
a fill level at which significant thermally activated de-trapping occurs. In case
of the classical model with kinetic de-trapping the saturation of the respective
traps of those types which do not show significant thermally activated de-
trapping at the given temperature is necessary. Since the amount of hydrogen
isotopes which can be retained by the respective traps at a given temperature
is set to be very similar in both models, the required critical amount of protium
is nearly identical for the same experimental conditions.
As can be seen in figure 6.5, the fill-level model as well as the classical model
with kinetic de-trapping show an increasing critical protium fluence for a de-
creasing deuterium retention prior to the protium implantation. This can be
explained as follows: In both models, the higher the deuterium retention prior
to the exchange at a given temperature, the lower the required amount of
protium, either to fill the respective traps to the fill level from which thermal
de-trapping occurs or to saturate those types of the respective traps which do
not show thermal de-trapping.
Similar to that the decrease of the critical protium fluence for increasing ex-
change temperatures observed in figure 6.6 for both models can be explained.
In case of the fill-level model, the higher the temperature, the lower the fill
level at which significant thermal de-trapping occurs. For the classical model
with kinetic de-trapping applies, the higher the temperature, the lower the
number of trap types which do not show thermal de-trapping. Hence, in both
models a higher temperature results in a lower amount of protium which is

140



Discussion Section 6.3

needed to reach the required fill level or to saturated those trap types which
do not show thermal de-trapping.
The similar results obtained by two models for the second Ramp & Hold to
290K with protium implantation conducted before at 150K, illustrated in
figure 6.7, can be interpreted as follows: In case of the fill-level model the
implanted protium shifts the deuterium from fill levels with high de-trapping
energy to those with low de-trapping energy. Within the classical model the
reallocation of deuterium by kinetic de-trapping and re-trapping has the same
effect. In addition, the implanted protium fluence is sufficient to rise the fill
level of the traps to a level at which de-trapping can occur or to saturate those
trap types which do not show thermal de-trapping at 150K. Hence, in both
models, the deuterium which is released to the solute when the temperature
is increased can propagate to the surface without being re-trapped. Conse-
quently, the deuterium desorption is observed already at the beginning of the
temperature ramp in the fill-level model as well as in the classical model with
kinetic de-trapping.

6.3.4 Exchange Cross Section

While the appearance of a critical protium fluence in both models can be
explained very illustratively with the deuterium solute front reaching the sur-
face, the origin of the similar reduction of the deuterium retention is not that
obvious from the TESSIM-X simulations. In case of the fill-level model the
following two observations are made for the deuterium effusion from the front
side as well as from the rear sides of the sample. First, despite different initial
deuterium retentions a similar exponential decrease of the deuterium reten-
tion is observed in the fill-level model, when the exchange is performed at the
same temperature, as illustrated in figure 6.5 (a). Second, the decrease of
deuterium retention is enhanced when the temperature at which the exchange
is conducted is increased, as can be seen in figure 6.6 (a). Both effects are in
good qualitative agreement with the results of the simple combinatorial urn
model applied to describe the exchange of deuterium by protium in fill-level
traps, shown in figure 5.16. Nevertheless, from figures 6.5 (b) and 6.6 (b) it
can be seen that also the TESSIM-X simulations using the classical model with
kinetic de-trapping show exactly the same trends.
This observation can be understood in terms of an combinatorial urn model
formulated for classical traps which also accounts for the kinetic de-trapping
mechanism. The urn model for fill-level traps is very illustrative, since the
trap by itself, saturated with a mixture of deuterium and protium atoms, can
be directly identified as an urn. The possible number of hydrogen atoms N in
such an urn is defined by the highest fill level from which thermally activated
de-trapping is not yet possible at a given temperature. In case of an urn
model for classical traps, one urn cannot be associated directly with one trap.
Since the concentration of different trap types NT is equal, it is reasonable to
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consider an urn composed of NT classical traps. Yet, from those traps only the
traps N from which no thermally activated de-trapping can occur at a given
temperature are of interest. Thus in the urn model for fill-level traps as well
as for classical traps, the maximum possible number of hydrogen atoms is the
same at a given temperature. The kinetic de-trapping mechanism, which allows
the release of protium or deuterium from traps of any de-trapping energy, is
an essential component in the urn model for classical traps, since it provides
the means to draw hydrogen atoms from the urn.
In accordance with the urn model for fill-level traps, transport effects and the
re-trapping of released deuterium are neglected. It is further assumed that the
probability for kinetic de-trapping of a hydrogen atom is independent of the
de-trapping energy of the trap and that the kinetically emptied traps are re-
occupied with protium. Taking these assumptions into account an urn model
for an ensemble of urns consisting of classical traps can be formulated analog
to the one for fill-level traps described by equations (5.2), (5.3) and (5.4). The
only difference between the two urn models is that in case of urns composed
of classical traps the deuterium is released first and the protium is added to
the urns afterwards. Consequently, in the urn model for classical traps one
hydrogen atom is drawn from N atoms, while in the urn model for fill-level
traps one hydrogen is drawn from N + 1 atoms. As a result, the probability of
drawing a deuterium atom from an urn composed of classical traps is higher
than for an urn consisting of a fill-level trap. The initial state of an ensemble of
urns consisting of classical traps is given by probability vector p (0) in equation
(6.3) with the vector norm

∥∥p (0)
∥∥ = 1. The entries of the vector pD=0 (0) to

pD=N (0) describe the initial fractions of urns occupied with 0 to N deuterium
atoms and possess values from 0 to 1. The evolution of the ensemble in one
drawing event is described by the (N + 1)×(N + 1) transition matrixM , with
i being the row index beginning from 1.

p (0) =


pD=0 (0)
pD=1 (0)
pD=2 (0)

...
pD=N (0)

 , M =



1 1
N

0 · · · · · · 0

0 N−1
N

2
N

. . . ...

0 N−2
N

. . . . . . ...
... 0

. . . . . . 0
... . . . . . . i

N

0 · · · · · · · · · 0 N+1−i
N


, b =


0
1
2
...
N


(6.3)

Compared with the transition matrix of the urn model for fill-level traps, the
last row of M in equation (6.3) consists only of 0. If the urn is filled with the
maximum number of deuterium atoms, N , the reversed order of removing and
replacing a hydrogen atom with a protium atom impedes the urn to keep all
deuterium atoms. The state of the ensemble p (n) after n drawing events is
determined by iterative multiplication of the transition matrix with the initial
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probability vector according to equation (5.3). The development of the average
deuterium retention in an urn RD (n) is derived by equation (5.4).
In figure 6.11 the accumulated average deuterium retention by an urn com-
posed of classical traps is illustrated for two scenarios analog to the accumu-
lated average deuterium retention per urn for fill-level traps in figure 5.16. In
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Figure 6.11: Accumulated average deuterium retention of the ensemble of
urns consisting of classical traps as a function of iterations. Number of maxi-
mum hydrogen atoms per urn kept at N = 5 and number of initial deuterium
atoms per urn varied from 1 to 5 (black lines) . Two deuterium atoms per urn
and variation of the maximum number of hydrogen atoms per urn N from 5 to
2 (red lines).

the first scenario, the maximum number of hydrogen atoms in the urn N is
kept constant at N = 5 and the initial amount of deuterium per urn is var-
ied from 1 to 5. This situation corresponds to the hydrogen isotope exchange
conducted at 150K after Ramp & Hold to different temperatures. Despite the
different initial deuterium retentions the exponential decrease is the same, as
can be seen from the identical slopes of the black lines in figure 6.11. In this
case the urn model for classical traps shows qualitatively the same trend as the
urn model for fill-level traps in figure 5.16. Yet, it can be observed that the
decrease of the deuterium retention proceeds faster in case of urns consisting
of classical traps than of fill-level traps. The reason for this is the reversed
order of drawing and replacing a hydrogen atom with a protium atom.
In the second scenario, shown in figure 6.11, the initial amount of deuterium
per urn is kept constant at 2 and the maximum number of hydrogen atoms
per urn N is altered from 5 to 2. The variation of N imitates the hydrogen
isotope exchange conducted at different temperatures after warm-up of the
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sample to 290K. A large N corresponds to a low temperature at which the
exchange is performed. Similar to the results obtained with the urn model for
fill-level traps, shown in figure 5.16, the deuterium retention per urn decreases
exponentially, with the exponent depending on N . The lower N , the faster
is the decrease of the deuterium retention, as can be seen from the steeper
slopes of the red lines in figure 6.11. Also in this case, the deuterium retention
decreases faster compared to the urn model for fill-level traps.
The comparison of figures 5.16 and 6.11 shows that the urn models for fill-level
traps and classical traps provide qualitatively the same results. Furthermore,
the trends in the reduction of the deuterium retention derived by the urn mod-
els are in good qualitative agreement with the one obtained with TESSIM-X.
Although, transport effects and re-trapping of released deuterium is not consid-
ered and further simplifications regarding the kinetic de-trapping mechanism
are required in the urn models. From this it can be inferred, that once the
deuterium solute front has arrived at the surface and the reduction of the deu-
terium retention is proceeding, transport of deuterium is not the rate limiting
process, but the exchange of deuterium by protium in the traps.

6.4 Conclusion

In the here-conducted simulations and in comparison with the experimental
data, it could be shown that the pure fill-level model is able to explain the
hydrogen isotope exchange observed at low temperature. In contrast to that,
the pure classical model, in which only thermally activated de-trapping of hy-
drogen isotopes is considered, cannot explain the experimental data. However,
as the exchange of deuterium by protium proceeds predominately in the im-
plantation zone the kinetic de-trapping of deuterium must be considered. In
case of the fill-level model, the additional kinetic de-trapping mechanism has
only little influence on the simulation results. In contrast to that, the ki-
netic de-trapping process alters the results obtained with the classical model
dramatically, leading qualitatively to similar results as the fill-level model.
The trapping and de-trapping mechanism of an individual trap in the classical
framework differs from that of a trap in the fill-level model significantly. Yet,
the collective behavior of traps in the classical model with kinetic de-trapping
is very similar to the behavior of a trap in the fill-level model. In both models,
the critical protium fluence required to observe a decrease in the deuterium
retention is determined by the traps which need to be filled in order to allow
the deuterium solute to reach the surface from where it can effuse from the
sample. A comparison of the reduction of the deuterium retention in terms
of a simple combinatorial urn model for classical and fill-level traps reveals
similar trends. Furthermore, the results of the urn models agree well with
those obtained with TESSIM-X. This implies that the exchange of deuterium
by protium in the traps is the dominant process once the deuterium solute
front has encountered the surface and not the transport of deuterium.
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Finally, due to the similarity of the results obtained with the fill-level model
with and without kinetic de-trapping as well as with the classical model with
kinetic de-trapping, an unambiguous identification of the underlying mecha-
nism which is responsible for the exchange of deuterium by protium in tungsten
in the here-conducted experiments is not possible.
A possible solution of the problem of kinetic de-trapping is the separation of
the implantation zone from the region where the hydrogen isotope exchange
takes place. This could be achieved by performing hydrogen isotope exchange
in the bulk of the tungsten sample far behind the implantation zone. Although
the kinetic de-trapping is still occurring close to the surface, the exchange pro-
cess in the bulk is not influenced. The experiment could be conducted similar
to those in references [44, 51, 52], but with a temperature treatment in be-
tween the plasma or atomic beam loading of different hydrogen isotopes in
order to exclude thermally activated release of the isotope already present in
the sample. The exchange dynamics in the bulk could be investigated by NRA
measurements. An alternative approach to separate the implantation zone
and the exchange region is to study hydrogen isotope exchange in permeation
experiments. At the front side of a tungsten foil with a thickness of several mi-
crons a defect-rich layer generated by tungsten self-damaging could be created
similar to Tyburska et al. [169]. The different hydrogen isotopes are injected
at the rear side of the foil by plasma loading or implantation. The filling of the
defect-rich zone from the bulk with deuterium and the subsequent exchange by
protium could be monitored by NRA. Another ansatz to circumvent the issue
of kinetic de-trapping is to eliminate the implantation zone completely by con-
ducting hydrogen isotope exchange experiments via sample loading from the
gas-phase. Since the concentration of deuterium in tungsten achievable with
gas loading is low compared to implantation or plasma loading, a large sam-
ple volume is required for the experiment. As NRA measurements would be
tedious and incomplete, TDS or dedicated Ramp & Hold experiments would
be a better choice to study the isotopic exchange in such samples. However,
all of the proposed experiments need to be carried out at higher temperature
since significant diffusive transport is required. Consequently, the occupation
of traps or fill levels with low de-trapping energy is not possible.
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Chapter 7

Summary

The intention of this thesis is the investigation of the hydrogen isotope ex-
change in tungsten at low temperature in order to gain a microscopic under-
standing of the underlying exchange mechanism. In particular, the fill-level and
the classical model, which describe the trapping and de-trapping of hydrogen
in tungsten microscopically, are compared and their capability to explain the
hydrogen isotope exchange is assessed. The fill-level model, which assumes a
multiple occupancy of traps with hydrogen atoms and an occupancy-dependent
de-trapping energy, can in principle explain the isotopic exchange. In contrast
to that, the classical model, which is characterized by single occupancy of traps
with fixed de-trapping energy, can describe the isotopic exchange only in spe-
cial cases. Thus, the here-conducted experiments aim to derive evidence which
verifies the fill-level model as underlying exchange mechanism and discriminate
it against the classical model.
Before the isotope exchange is investigated, the processes taking place dur-
ing the implantation of energetic deuterium at low temperature are studied
in terms of deuterium retention and surface morphology (4). The implanta-
tion of deuterium of an energy of 3.0 keV/D into tungsten at a temperature of
150K leads to a linear increase of deuterium retention for irradiated fluences
up to 1.6 × 1021Dm−2. Together with the deuterium retention the surface
morphology of the tungsten samples evolves. The initiation of blisters is al-
ready observed at the lowest irradiated deuterium fluence of 8.5× 1019Dm−2.
Shape, size, number density and the area covered by the blisters are strongly
depending on the grain orientation. The investigated recrystallized polycrys-
talline tungsten samples exhibit a texture of grains with a preferred surface
orientation close to the {100} plane. Within the linear retention regime the pre-
dominantly circular blisters on these grains increase in diameter. The growth
of the blisters indicates the trapping of deuterium in the blister cavities and
the reduction of the EBSD solving probability implies a proceeding creation of
defects in the near-surface region which act as traps for deuterium. Within the
linear retention regime trapping of deuterium is supposed to be highly effective
due to a continuing production of traps sites. It can be assumed that the lin-
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ear increase of the deuterium retention corresponds to 100% retention of the
implanted deuterium at this low temperature. The obtained particle reflection
coefficient of deuterium on tungsten for the given implantation conditions is
0.27, which is lower than the theoretical value of 0.43 calculated by SDTrimSP.
For irradiated deuterium fluences larger than 1.6× 1021Dm−2, the deuterium
retention deviates from this linear regime, starts to saturate and finally con-
verges to a deuterium retention of 2.07 ± 0.25 × 1021Dm−2. The SEM and
EBSD data suggest that this behavior is presumably caused by the rupture of
blisters and the saturation of defects created during the implantation of en-
ergetic deuterium ions. As the final concentration of trap sites is limited, the
amount of deuterium which can be retained at a given temperature is limited
as well. Once the tungsten sample is saturated with deuterium, a deuterium
concentration of 42 at.% is measured at a sample temperature of 150K which
is one of the highest values observed so far.
The isotope exchange of deuterium by protium at low temperature is exper-
imentally investigated in situ in different scenarios by NRA and mass spec-
troscopy (chapter 5). The scenarios are designed such that an exchange should
be observed in case of the fill-level model, but not within the classical model.
The dependence of the exchange on the amount of retained deuterium prior
to the exchange as well as on the exchange temperature is studied. Further-
more, the influence of the protium implantation on the deuterium desorption
rate during temperature Ramp & Hold experiments is investigated with mass
spectroscopy in situ.
The experiments revealed that isotopic exchange of deuterium by protium in
tungsten is possible at temperatures down to 150K. Furthermore, in order to
observe a reduction of the deuterium retention a certain critical protium flu-
ence needs to be implanted. It is shown that the higher the deuterium retention
before the exchange or the higher the temperature at which the exchange is
performed, the lower is the required critical protium fluence. In addition, it is
found that the exchange efficiency, empirically characterized by an exchange
cross section, is independent of the deuterium retention before the exchange
and becomes larger for increasing exchange temperatures. The observed de-
pendences of the critical protium fluence are in good qualitative agreement
with the fill-level model. Furthermore, an urn model, based on fill-level traps,
is applied to understand the exchange process from a combinatorial perspec-
tive. The urn model reproduces the observed dependences of the exchange
cross section qualitatively.
Since the observed hydrogen isotope exchange takes place mainly in the im-
plantation zone, kinetic effects of the incident ion beam are discussed. Estima-
tions based on SDTrimSP simulations show that sputtering is negligible, but
the kinetic de-trapping of deuterium atoms by collisions with incident protium
atoms or generated hydrogen recoils is significant and must be considered as
an alternative exchange mechanism.
The hydrogen isotope exchange experiments are modeled with TESSIM-X in
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the framework of the fill-level and the classical model, each with and with-
out taking the kinetic de-trapping mechanism into account (chapter 6). The
TESSIM-X simulations, applying the fill-level model with and without kinetic
de-trapping, are in good qualitative agreement with the observed exchange
of deuterium by protium in all experimental scenarios. The dependence of
the critical implanted protium fluence and the exchange cross section on the
deuterium retention prior to the exchange and on the exchange temperature
are correctly described by the simulations. Also the dependence of the deu-
terium desorption rate on a preceding protium implantation can be reproduced
qualitatively.
In contrast to that, the TESSIM-X simulations based on the pure classical
model cannot explain the experimental results at all. However, when the
kinetic de-trapping mechanism is added, the experimental data can be repro-
duced qualitatively similar as with fill-level model. The solute and fill-level-
resolved deuterium depth profiles in the fill-level model are compared in detail
with the solute and trap-type-resolved deuterium depth profiles in the classi-
cal model with kinetic de-trapping. In this comparison it is demonstrated that
during the protium implantation an ensemble of classical traps with kinetic de-
trapping behaves similar to a single fill-level trap without kinetic de-trapping.
As a result, the experimentally accessible quantities, i.e., the deuterium reten-
tion and the deuterium desorption rate, show the same dependences despite the
different underlying trapping and de-trapping mechanisms. Thus, an unam-
biguous identification of the mechanism which is responsible for the hydrogen
isotope exchange is not possible in the here-performed experiments.
However, the here-conducted experiments in combination with TESSIM-X sim-
ulations contribute significantly to a better understanding of the hydrogen-
tungsten system. In particular, it is shown that the observed hydrogen isotope
exchange can be reproduced with two models describing the trapping and de-
trapping of hydrogen in tungsten on a microscopic scale. The introduction of
an empirical cross section which describes the exchange process is in principle
not necessary.
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Appendix

A.1 3MeV Tandem Accelerator

Energetic ions for ion beam analysis and ion beam damaging are produced
by the electrostatic 3MV tandem accelerator at IPP Garching, manufactured
by High Voltage Engineering Europa B.V. [170]. The underlying ion accelera-
tion concept, which also provides the name for this type of accelerator, is the
twofold use of the applied high voltage to accelerate the ions by changing the
polarity of the ions at the high voltage terminal. The ion acceleration and
beam delivery process can be divided into the following steps. Negative ion
generation, acceleration of negative ions, stripping off the electrons from the
negative ions, acceleration of the positive ions and ion beam delivery to the
specific experiment.
In the first step the negative ions are produced. Depending on the element
from which the ions are generated, this is done either in a RF ion source
or a Cs-sputter ion source [71]. 3He and 4He, which are the ions typically
used for Rutherford backscattering spectroscopy (RBS) and nuclear reaction
analysis (NRA) [74], are generated by the RF ion source. The ion source
consists of a glass tube containing the gas, an RF oscillator coupled to tube
to excite the gas into a plasma and four permanent magnets to confine the
plasma by an axial magnetic field. Positive helium ions are extracted through
an aperture and focused into the charge exchange channel containing lithium
vapor. Some of the helium ions undergo a charge transfer processes acquiring
two electrons from the lithium atoms, resulting in a metastable singly charged
negative helium ion. Negative ions from elements other than helium, e.g.
tungsten, are created in the Cs-sputter ion source, which is very similar to
the source installed at the DBE setup [70]. The negative ions, generated by
either of the two sources, are focused by a set of two Einzel lens into a magnet,
which mass separates the ion beam and bends it by approximately 90 ◦into the
accelerator tube. It should be noted that the possibility to form a negative ion
is one major limitation of the tandem accelerator concept [171].
In the second step the negative ions enter the actual accelerator. It consists of
the low energy accelerator tube, the high voltage terminal at which the elec-
tron stripping takes place and a high energy accelerator tube, all encapsulated
in a steel tank containing SF6 to prevent discharges. The accelerator tubes are
made of alternating circular isolators and electrodes which grade the electric
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field from the high voltage terminal down to ground potential. Furthermore, a
low magnetic field, generated by permanent magnets, prevents secondary elec-
trons, created in the tubes, from being accelerated in the electric field. The
high voltage of up to 3MV is generated by a parallel driven, capacitively cou-
pled Cockcroft-Walten type circuit. In the region of the high voltage terminal
nitrogen gas is circulated by a turbo molecular pump. At the beginning of
the low energy accelerator tube, the negative ions are focused into the stripper
gas region by the so-called Q-snout electrode. After being accelerated to the
high voltage terminal, the electrons are stripped from the ions by collisions
with the nitrogen molecules. Since the negative ions undergo several charge
transfer processes, acquiring and losing electrons, a distribution of ions with
different positive charge states leaves the stripper gas region. As a consequence
the energy of the ions gained in the high energy accelerator tube depends on
the charge state of the positive ions. Hence, the total energy of the ions leaving
the high energy accelerator tube is given by

EIon (n) = eVExtrac. + (n+ 1) eVHV, (7.1)

with e being the elementary charge, VExtrac. the extraction voltage of the ion
source, VHV the high voltage at the terminal and n the charge state of the
positive ions after electron stripping.
In the third step, after passing the high energy accelerator tube, the ions are
focused by a electrostatic quadrupole triplet into a magnet which is used to
select ions of a specific charge state and bend them into the beamline of the
respective experiment. The position of the ion beam can be fine-adjusted with
several electrostatic and magnetic steers located at different positions on the
accelerator system and the beamline. The astigmatism of the ion beam can
be controlled by adjusting the electrostatic quadrupole triplets. Furthermore,
the accelerator system is equipped with several diagnostics to monitor the ion
beam. The intensity of the beam is monitored by measuring the ion current on
Faraday cups located before the individual experiments. The position, astig-
matism and profile of the ion beam is observed on beam profile monitors, con-
sisting of a pair of wires oscillating in the beam. The final ion beam diameter
is defined by the aperture located in the individual experiments. For further
information on the topic of electrostatic accelerators, the reader is referred to
the comprehensive introduction by Hellborg et al. [172]
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A.2 H and D Implantation into W
SDTrimSP 5.07 [66, 67] input parameters used to determine the implantation
profiles of protium and deuterium in tungsten. The detailed description of the
individual parameters can be found in reference [67].

H or D on W
&TRI_INP
idrel = 1
nh = 100000
nr_pproj = 10
idout = −1
flc = 1
ncp = 2
symbol = "H" ("D"), "W"
case_e0 = 0
e0 = 3000.00, 0.00
e_cutoff = 0.25, 2.205
e_displ = 2.0, 90.0
case_alpha = 0
alpha0 = 0.00, 0.00
qu = 0.00, 1.00
qubeam = 1, 0
charge = 0, 0
qumax = 1, 1
inel0 = 3, 3
isot = 0, 0
x0 = 0, 0
ltableread = .true.
sfin = 0

shth = −1.00
ipot = 1
irand = 31415
dns0 = 0.1, 0.06306
imcp = −1
isbv = 3
dsf = 5
iq0 = 0
ttarget = 2000
nqx = 1000
rhom = −2.0
lmatrices = .false.
lparticle_p = .false.
lparticle_r = .true.
ltraj_p = .false.
ltraj_r = .false.
ioutput_part = 0, 0, 0, 100000, 1000,
1000
lpart_r_ed = .true.
tableinp = "C:\SDTRIM.SP
5.07\tables"
nm = -1
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A.3 H and D Recoil Creation by H Implantation
into W

SDTrimSP 5.07 [66, 67] input parameters to calculate the recoil generation
of protium and deuterium by protium implantation into a tungsten sample
containing different concentrations of protium or deuterium. The detailed de-
scription of the individual parameters can be found in reference [67].

&TRI_INP
idrel = 1
nh = 10000
nr_pproj = 10
idout = −1
flc = 1
ncp = 3
symbol = "H", "H" ("D"), "W"
case_e0 = 0
e0 = 3000.00, 0.00, 0.00
e_cutoff = 0.25, 0.25, 2.205
e_displ = 2.0, 0.25− 2.0, 90.0
case_alpha = 0
alpha0 = 0.00, 0.00, 0.00
qu = 0.0, 0.10− 0.50, 0.90− 0.50
qubeam = 1, 0, 0
charge = 0, 0, 0
qumax = 1, 1, 1
inel0 = 3, 3, 3
isot = 0, 0, 0
x0 = 0, 0, 0
ltableread = .true.
sfin = 0

shth = −1.00
ipot = 1
irand = 31415
dns0 = 0.1, 0.1, 0.06306
imcp = −1
isbv = 3
dsf = 5
iq0 = 0
ttarget = 2000
nqx = 1000
rhom = −2.0
lmatrices = .false.
lparticle_p = .false.
lparticle_r = .true.
ltraj_p = .false.
ltraj_r = .false.
ioutput_part = 0, 0, 0, 100000, 1000,
1000
lpart_r_ed = .true.
tableinp = "C:\SDTRIM.SP
5.07\tables"
nm = −1
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