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1 Introduction

The global energy consumption is growing every day [1]. Two important trends underly
this growth: the world population increases and the energy consumption per capita grows
as a result of technical development and increase in living standards. Although develop-
ment is generally perceived as beneficial, a growing energy need may present the world
several severe challenges. The fossil fuel reserves are diminishing, global warming by
emission of greenhouse gases asks for rigorous changes [2] and a globally available
energy resource becomes more and more necessary to prevent political tensions. A secure
and affordable energy supply is vital for modern economy.

Enormous improvements are being made in the development of sustainable energy
sources (water, wind and sun). However, their shared drawback is the irregularity in both
time and place. On the other end of the spectrum, nuclear fission can provide a reliable
baseline power. But here, safety risks and long term storage of radioactive waste are
problematic. Nuclear fusion provides a solution, that can be used for high baseline power
while having no geographical constraints. Energy production by hydrogen fusion is able
to provide safe and environmentally benign energy for mankind with nearly unlimited
energy reserves [3, 4]. Nevertheless, an economically viable reactor has yet not been
realized and future research is needed.

1.1 Nuclear fusion
Nuclear fusion is a nuclear reaction in which light nuclei fuse into a heavier nucleus.
During this process, part of the mass is released as energy. The best candidate for viable
fusion reactors is the fusion of two hydrogen isotopes, deuterium and tritium, into helium
and a neutron (figure 1.1). During this process 17.6 MeV of energy is released.

In order to overcome the electric repulsion between the charged nuclei, a high tem-
perature of about 150 million degrees Kelvin is needed. At this temperature the hydro-
gen is in the state of an ionized gas or plasma. No material is capable of withstanding
the enormous temperatures required to surround and contain this hot plasma. However,
plasma control of charged particles can be achieved with magnetic fields. Strong interac-

Figure 1.1: Fusion of deuterium and tritium into helium and a neutron produces energy.
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tion between charged particles and a magnetic field, causes the particles to gyrate around
magnetic field lines. Thus, plasma can be confined in ingenious magnetic field configu-
rations. The most promising design is called the ‘tokamak’ and has been developed in
Russia in the 1960’s. The word tokamak, is a Russian abbreviation for toroidal chamber
with magnetic coils. A good overview of the fundamentals of the physics behind fusion
technology can be found in [5] by F.F. Chen and [6] by W.M. Stacey.

A large international tokamak experiment concerning nuclear fusion is ITER [8] (fig-
ure 1.2). This proof-of-principle tokamak is currently being built in Cadarache (France).
The first plasma is expected in 2020 and deuterium-tritium operation is planned from
2027 [9]. One of the critical components of the ITER experiment is the divertor (fig-
ure 1.3), since it needs to be able to withstand harsh plasma conditions.

Figure 1.2: Design drawing of ITER [7]. The location of the divertor is indicated by the red boxes.
To provide scale a person is included in the right bottom corner.
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1.2 Deuterium retention in tungsten

Figure 1.3: Cross-section of one of the 54 cassettes of the ITER-divertor (courtesy of [7]).

The function of the divertor is to extract heat, helium ash and other impurities from
the plasma. This is necessary to prevent extinction of the core plasma. The magnetic field
configuration diverts the plasma particles from the core and directs them to the exhaust
of the machine. While the first wall experiences only mild loads of ∼0.3 MW m−2, most
of the plasma flux is concentrated in the divertor region, which results in heat loads of
∼10 MW m−2 [8]. The temperature in the core of the plasma is in the order of 10 keV,
but plasma strongly cools down on its way to the divertor. As a consequence of this, the
temperature decreases and the density increases. Plasma in the divertor region of ITER is
expected to have a very high density (1020 – 1021 m−3) and at the same time a relatively
low temperature (1 – 10 eV). Correspondingly, the divertor has to be able to withstand
particle fluxes up to 1024 m−2s−1 [8].

To carry out research on the interaction between plasma and material and to test mate-
rials on their capability of withstanding such extreme conditions, dedicated experiments
are necessary. Many experiments are carried out on tokamaks as well as on so-called
linear plasma generators. In the latter, a plasma is guided by a linear magnetic field
and directed onto the target under study. Linear plasma generators have the advantage
over tokamaks that they are easily accessible, relatively quick and dedicated experiments
are easier to perform. Moreover, the unique high-flux ITER divertor regime cannot be
accessed by present-day tokamaks. Pilot-PSI [10] and Magnum-PSI [11], both linear
plasma generators at the FOM institute DIFFER, are capable of reproducing the condi-
tions that are expected in the divertor of a steady-state fusion reactor [12].

1.2 Deuterium retention in tungsten
Recently, it has been decided that ITER will start operation with a full tungsten divertor
in spite of its potential to affect the core plasma [13]. Tungsten is at first sight an ideal
material to use in the divertor. It has good thermal properties, such as a high melting
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temperature and good conductivity, a low solubility for hydrogen isotopes and a high
sputtering threshold for hydrogen. However, still many open questions exist concerning
the use of tungsten as plasma facing material in the divertor. Several plasma surface
processes, such as reflection, recycling, damage creation and hydrogen retention combine
into a complex interplay which is only partially understood.

Tritium retention in the reactor wall is one of the key concerns in ITER. Tritium is a
radioactive substance and has a half-life of 12.3 year. For safety considerations the total
in-vessel tritium inventory that is allowed in ITER is 700 g [14]. Furthermore, a high
retention of tritium in the walls would degrade the fuelling efficiency of burning plasmas
strongly.

Nuclear fusion of deuterium and tritium produces high energy neutrons (figure 1.1).
These highly energetic neutrons are not confined by the magnetic field and create damage
in the crystal structure of the surrounding tungsten wall. The defects created in the metal
lattice can act as trap for the radioactive tritium. Indeed, pre-irradiation of tungsten with
neutrons or MeV particles is known to enhance retention significantly [15–21]. The pre-
diction for the end-of-life damage level in the divertor is ∼0.6 displacements per atom
(dpa) [22]. The importance of understanding the behaviour of tungsten is even further
emphasized considering that the knowledge of the ITER experiments will be extrapo-
lated to the plasma conditions of ITER’s follow-up DEMO [23]. DEMO, will have to
withstand even higher neutron fluxes. Estimations of the neutron radiation damage at the
DEMO divertor indicate 1 – 3 dpa per year [24]. The research presented in this thesis
contributes to the understanding of tritium retention in neutron damaged tungsten under
high-flux plasma irradiation.

Deuterium - The hydrogen isotope tritium is a β− active nucleus, therefore it was not
possible for us to work with tritium. Chemically there is virtually no difference between
hydrogen isotopes. The binding energies in tungsten are very similar, and differ only
hundredths of an eV. Both protium and deuterium are therefore very good alternatives
to use. Because the natural background level of deuterium is only 1/8000 compared to
protium, deuterium was chosen for our experiments. Their physical differences, mass and
nuclear structure, allows deuterium to be differentiated from protium in various analysis
techniques. In this thesis, the term hydrogen is used, unless otherwise specified, to refer
to any hydrogen isotope; protium, deuterium or tritium.

High energy W4+ ions - Experiments with neutron irradiation of tungsten are very time-
consuming and require significant safety precautions because tungsten becomes activa-
ted. In this thesis, high energy tungsten ions were used to simulate the 14.1 MeV neutron
irradiation. High energy ions are a good proxy for fusion neutrons and have the huge
advantage that the time period needed to reach a similar damage level is orders of magni-
tude lower. Any unwanted chemical side-effects are avoided by using tungsten as high
energy ion. An extensive comparison between the irradiation techniques can be found
in section 2.4.1. Using high energy tungsten ions as neutron proxy allows us to investi-
gate the physical processes of interaction between hydrogen and pre-irradiation damaged
material.
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1.3 This work

The main topic of this PhD project was the investigation of deuterium retention in pre-
irradiation damaged tungsten under high-flux plasma bombardment. The work is aimed
to improve our understanding about the interaction between hydrogen and radiation dam-
age under high-flux plasma exposure. This knowledge can be used for simulations and
predictions on the level of tritium retention in the divertor of ITER. The research question
is formulated as follows:

What is the effect of pre-irradiation damage on the deuterium retention in tungsten under
high-flux plasma exposure?

This research question contains three important aspects:

Pre-irradiation damage - First, we investigated how much deuterium can be trapped
in damage created by MeV tungsten ions. Nuclear reaction analysis (NRA) and ther-
mal desorption spectroscopy (TDS) provide us with information on location and trap-
ping energy of the deuterium. TDS in combination with TMAP7 simulations help to
correlate this to the defect type. In chapter 4, different samples with various levels of
pre-irradiation damage are studied after high-flux deuterium plasma exposure in order to
investigate deuterium trapping after increasing radiation damage.

Chapter 5 reports on experiments in which the radiation damaged tungsten is exposed
to deuterium plasma at high surface temperatures. These surface temperatures were cho-
sen to be above the temperature at which vacancies become mobile (>550 K). Using
positron annihilation and thermal desorption, the type of defects that trap the deuterium
could be investigated. In Appendix 5.A, experiments are presented that show that the
decrease in deuterium retention at high surface temperatures is dominated by vacancy
clustering and annealing. In experiments with alternating damaging and heating before
plasma exposure, the heating and deuterium implantation is decoupled.

Plasma surface interactions at high-flux - In chapter 6, pre-irradiation damaged tung-
sten was exposed to high-flux plasmas for a range of exposure times. We observed that
only a very low fraction (10−5 – 10−7) of deuterium was found to be retained in the
material. In chapter 6, the pre-irradiation damaged material is used to monitor the diffu-
sion into the tungsten material and in this way determine the effective penetration during
plasma bombardment.

Deuterium retention and surface modifications - High-flux plasma exposure with tar-
get biasing (increase of the ion energy) creates surface modifications in tungsten. Chap-
ter 7 investigates the defects that are created by plasma bombardment. Here, the effect
of the plasma flux and the exposure time is effectively decoupled. Also, the surface mo-
difications as result of high-flux plasma exposure on pre-irradiation damaged tungsten
targets are investigated. In this experiment, a distinction is made between the deuterium
trapped in pre-irradiation damage and plasma damage.
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In the research described above, measurements are carried out on polycrystalline
tungsten. In chapter 8, tungsten layers with various density and crystallite sizes were
deposited on bulk tungsten material using pulsed laser deposition and subsequently ex-
posed to high-flux deuterium plasmas. The dependency of deuterium retention on the
tungsten material structure and the induced surface modifications will be described.

In the final chapter of this thesis, Conclusions and outlook, an overview of the main
results will be given. It will be shown that for the high-flux plasma exposure of the tung-
sten targets under all conditions as used in this thesis, the retained fraction of deuterium
is low as compared to the plasma fluence. We will conclude with an outlook for future
experiments.
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