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SOMENTOR: doc. dr. Sabina Markelj

Ljubljana, 2016

Izjava o avtorstvu in objavi elektronske oblike

Izjavljam:
— da sem doktorsko disertacijo z naslovom Interaction of atomic hydrogen with
materials used for plasma-facing wall in fusion devices (slovensko: Interakcija
atomarnega vodika z materiali za notranje stene fuzijskih reaktorjev ) izdelal kot
rezultat lastnega raziskovalnega dela pod mentorstvom izr. prof. dr. Primoža
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Abstract
We studied the interaction of atomic hydrogen isotopes (H and D) with materials,
relevant for the inner wall construction of modern fusion devices, based on magnetic
plasma confinement. Experiments were mostly performed on several types of tungsten (W) samples, since tungsten is a material of choice for the divertor of ITER and
the most promising material for use in the next generation of fusion devices. Surface processes were studied by the vibrational spectroscopy of hydrogen molecules,
produced by atom recombination on a sample surface. Coupled surface and bulk
processes were studied by nuclear reaction analysis (NRA) and thermodesorption
spectroscopy (TDS).
The properties of dissociative electron attachment (DEA) in hydrogen are used
for vibrational spectroscopy of hydrogen molecules. Sample surfaces are exposed to
hydrogen atom beam and vibrational distribution of molecules, produced by atom
recombination on the sample surface is measured. For this work the spectrometer
was upgraded by improving its energy resolution and by incorporating differential
pumping. This enabled us to perform experiments under well defined experimental conditions and to reduce the background signal in vibrational spectra, experienced in previous experimental configurations. Vibrational distribution of hydrogen
molecules was studied as a function of the sample temperature and the flux density
of hydrogen atoms. Several types of materials were exposed to H and D atom beam.
Vibrational temperatures of desorbed molecules were determined as a function of
target material, including single crystal W(100) and W(110), and experimental conditions.
Diffusion and trapping of deuterium in the bulk of the material was studied by
NRA and TDS techniques. Most of the experiments were performed on W samples
damaged by high energy W ions. In one case, deuterium retention and thermodesorption were studied on thin mixed material layers, also relevant to tokamak operation. We performed a modeling of the coupled surface and bulk processes and the
modeling results were fitted to experimental data on deuterium loading, retention,
thermodesorption and isotope exchange. The fitting procedure yielded values of the
parameters that describe deuterium dynamics on the surface and in the bulk.
Keywords: hydrogen, tungsten, vibrational spectroscopy, hydrogen surface processes, hydrogen atom recombination, Nuclear Reaction Analysis (NRA), deuterium
retention, hydrogen bulk processes, hydrogen diffusion, modeling and simulation
PACS (2010): 28.52.Fa, 07.77.-n, 33.20.Tp, 68.43.-h, 66.30.je, 07.05.Tp

Povzetek
Preučevali smo interakcijo atomov vodikovih izotopov (H in D) z materiali, pomembnimi za razvoj modernih fuzijskih naprav. Večino eksperimentov smo opravili
na različnih tipih volframa (W), saj je volfram izbran kot konstrukcijski material
za divertor fuzijske naprave ITER in je najbolj obetaven material za uporabo v
prihodnjih fuzijskih napravah. Z vibracijsko spektroskopijo vodikovih molekul, ki
nastanejo z rekombinacijo atomov na površini vzorca, smo preučevali procese na
površinah. Procese v materialu, sklopljene s površinskimi procesi, pa smo preučevali
z analizo z jedrskimi reakcijami (angl. Nuclear Reaction Analysis - NRA) ter s
termodesorpcijsko spektroskopijo (angl. thermodesorption spectroscopy - TDS).
Spektrometer za merjenje vibracijske vzbujenosti molekul vodika za delovanje
uporablja proces disociativnega zajetja elektrona (angl. dissociative electron attachment - DEA) v vodiku. Površino vzorca izpostavimo curku atomarnega vodika
in merimo porazdelitev vibracijskih stanj molekul, nastalih pri rekombinaciji atomov na površini vzorca. Vibracijski spektrometer smo nadgradili z diferencialnim
črpanjem in izboljšali energijsko resolucijo sistema. To nam omogoča boljši kontrolo eksperimentalnih pogojev in zmanjšanje visokega ozadja v vibracijskih spektrih, ki smo ga opazili v prejšnjih eksperimentalnih postavitvah. Vibracijske spektre
vodikovih molekul smo izmerili kot funkcijo temperature vzorcev in toka vodikovih
atomov. Vzorce različnih materialov smo izpostavljali curku vodikovih in devterijevih atomov. Določili smo vibracijske temperature molekul v odvisnosti od vrste
materiala in eksperimentalnih pogojev.
Z metodama NRA in TDS smo preučevali difuzijo in zadrževanje devterija v
materialu. Večino eksperimentov smo opravili na vzorcih volframa, ki smo jih
poškodovali z implantacijo visokoenergijskih ionov volframa. Preučevali smo tudi
zadrževanje in termodesorpcijo devterija iz tankih plasti mešanih materialov, ki se
odlagajo pri obratovanju fuzijske naprave z notranjimi stenami, zgrajenimi iz več
različnih materialov. Modelirali smo sklopljene procese na površini in v materialu,
rezultate modeliranja pa smo prilagajali eksperimentalnim podatkom, dobljenim pri
študiji zadrževanja in termodesorpcije devterija iz materiala ter izotopske izmenjave.
Tako smo določili vrednosti nekaterih modelskih parametrov, ki opisujejo dinamiko
devterija na površini in globlje v materialu.
Ključne besede: vodik, volfram, vibracijska spektroskopija, procesi vodika na
površini, rekombinacija atomarnega vodika, analiza z jedrskimi reakcijami (NRA),
zadrževanje devterija, procesi vodika v materialu, difuzija vodika, modeliranje in
simulacija
PACS (2010): 28.52.Fa, 07.77.-n, 33.20.Tp, 68.43.-h, 66.30.je, 07.05.Tp
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volframu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
A.4.3 Polnjenje devterija v poškodovanem volframu pri različnih
temperaturah vzorca . . . . . . . . . . . . . . . . . . . . . . . 168
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A.4.5 Zadrževanje in termodesorpcija devterija iz plasti mešanih materialov . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
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Chapter 1
Introduction
The importance of hydrogen in natural and technological processes motivates the
extensive research of hydrogen atomic and molecular properties, its interaction with
other atomic particles and in particular of the interaction with materials. Moreover,
the isotope effect in hydrogen is the most profound of all the elements due to the
highest mass ratio of hydrogen isotopes, making the hydrogen an interesting subject
for isotope effects studies.
Due to the world’s constantly growing energy consumption, the new, cleaner
and more efficient energy sources are needed. Nuclear fusion of hydrogen isotopes,
deuterium (D) and tritium (T), is certainly one of the most important strategic solutions for fulfilling future energy demand. It is a subject of intense studies and broad
international collaboration in recent years, with the goal of making a substantial
progress towards future fusion reactors applicable for energy production.
Tokamak is a fusion device with a magnetic field confinement of the fusion fuel (D
and T), which is in a form of fully ionized plasma. The hot core plasma, containing
high energy ions and electrons must not interact with the walls and other components
of the fusion device as no solid material could sustain high temperature, needed for
fusion reaction. The edge plasma is a thin layer of cold plasma mediating particle and
energy transfer between the core plasma and the walls of the fusion device. It consists
not only of ions and electrons, but also of neutral particles, atoms and molecules
[1]. In order to control the particle and energy flux to the walls, the particles in
the edge plasma are directed by specific configuration of magnetic field towards the
part of the tokamak, called the divertor. The divertor of a future tokamak ITER
will have to withstand a power flux density of approximately 10 MW/m2 during
a steady state operation [2], thus the choice of the material for divertor is of the
fundamental importance. Tungsten (W) with its high melting point, low sputtering
yield and low hydrogen retention is an optimal candidate for the divertor material
and it is a material of choice for the ITER divertor [3, 4].
In order to successfully control the operation of the fusion device, a detailed
understanding of plasma characteristics in all regions of the fusion device is needed.
The hydrogen interaction with the material is most important in the divertor region,
where processes such as ion implantation, adsorption, material erosion, retention
etc., are determining the edge plasma characteristics. The vast majority of hydrogenmaterial interaction studies are performed by material irradiation with hydrogen
plasma or ions as it resembles the best to the real conditions for plasma facing
components. However, since the edge plasma consists also of neutral particles, it
15
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is important to understand the interaction of hydrogen atoms and molecules with
the material in order to estimate their contribution to the edge plasma. Besides,
studies of the neutral particle interactions with relevant material adds to better
understanding of the basic processes. The subject of this thesis is the study of
hydrogen atom (H and D isotopes) interaction with the materials, important for
the construction and operation of future thermonuclear reactors based on magnetic
plasma confinement.
The hydrogen retention in the material is of a great importance for the operation
of a fusion device due to its influence on fueling dynamics. Another, even more
important issue is the safety limitation of the total amount of the radioactive tritium
in the vessel wall [5–7]. The safety limit is currently set to 1 kg of in vessel tritium
for ITER [6]. The major contribution to hydrogen retention in a fusion device
is deep implantation and diffusion of high energy ions. In contrast to ions, low
energy neutral particles cannot penetrate directly into the bulk of the material or
the penetration depth is very shallow. Most neutral particles are first adsorbed on
the surface, from where they can diffuse deeper in the bulk. The contribution of
neutral particles to overall retention is not negligible [8] and needs to be determined.
During the operation of a fusion device, using D and T as a fuel, 14.1 MeV
neutrons from the main fusion reaction are produced. These neutrons, together
with high energy ions and atoms, will create defects in the material of plasma facing
components [9]. Defects, such as interstitials, vacancies, dislocations etc. act as
strong additional binding sites for hydrogen isotopes [10], thus enhancing hydrogen
retention in the material. In order to successfully predict hydrogen behavior in the
wall of a fusion device, a thorough understanding of the influence of material defects
on hydrogen transport is necessary.
In our work we focus on the interaction of atomic hydrogen isotopes with the
materials, which are important for fusion devices, mostly damaged tungsten. We
expose the sample to hydrogen isotope atom beam (usually deuterium) to populate
defects in the material. The depth profile of deuterium in the bulk is measured by
Nuclear Reaction Analysis (NRA) technique. Concentration depth profiles, together
with thermodesorption spectroscopy (TDS) data provide the information on damage
concentration, its influence on deuterium retention and desorption properties. Modeling of NRA and TDS data is performed in order to obtain values of characteristic
parameters for surface and bulk processes.
In a fusion device, neutral particles are produced by ion recombination in the
volume of the edge plasma and on the material surfaces. They can be either reionized or can induce further processes as neutral particles. Volume processes and
atom recombination on the surface of the material lead to the rotationally and
vibrationally excited molecules, which populate the edge plasma of the fusion device
[11]. Ro-vibrationally excited molecules open some new reaction channels that are
otherwise energetically not accessible for hydrogen in lower ro-vibrational states
[12, 13]. Moreover, vibrationally excited molecules play an important role in the
so-called molecular assisted recombination (MAR) chains [14, 15], e.g. negative ion
mediated recombination
H2 (v) + e− → H + H − ,

H− + H+ → H + H

or molecular ion mediated recombination
H2 (v) + H + → H + H2+ ,
16

H2+ + e− → H + H.

Such processes are important since they play a role in plasma detachment, i.e. a
reduction of the direct plasma power load on the divertor plates. Plasma detachment
is otherwise achieved and controlled by impurity seeding [4, 16, 17] (i.e. nitrogen
or noble gas injection) near the divertor. In this case the power flux is reduced by
impurity radiation losses. However, MAR chains provide additional recombination
channels for ion power flux reduction and does not result in any contamination of
the core plasma.
Atomic and molecular states in plasma can be observed by many experimental
techniques. Plasma emission spectroscopy is non-intrusive and can be easily applied to any plasma operating device since only a detection system and a direct
line-of-sight to the plasma source is needed. Light emitted from the plasma itself
is recorded, usually in the wavelength range roughly between 200 nm and 1 µm
(ultraviolet, visible and infrared light). This spectral range corresponds to atomic
and molecular electronic transitions. Rotational, vibrational and electronic state
distribution of molecules can be measured by this technique [18, 19]. Highly rotationally and vibrationally excited molecules were observed in the edge plasma of
fusion devices by plasma emission spectroscopy [11, 20, 21]. However, when using
emission spectroscopy one cannot distinguish between the ro-vibrationally excited
populations, formed by volume processes in the plasma and those, formed on the
surface. In order to determine the ro-vibrational excitation of molecules formed on
the surface, dedicated experiments are needed.
In order to study surface atom recombination, several methods are being used.
The excited molecular states can be observed e.g. by the resonance-enhanced multiphoton ionization (REMPI) [22] and by the laser-induced fluorescence (LIF) [23].
In the case of REMPI a laser is used for a single or multiphoton excitation of a
target molecules. Another photon is then used to ionize the excited molecule and
ions are collected and counted. When scanning the photon energy, a spectrum is
recorded and ro-vibrational states of a target gas are deduced. In the case of LIF a
tunable laser is used to excite the molecules to an excited state. Fluorescence light,
emitted when particles transit back to the energetically lower state is analyzed and
initial state distribution is deduced. Ro-vibrational excitation of hydrogen molecules
was found to be strongly dependent on the material. REMPI method was used to
measure rotational and vibrational population of v=0 and v=1 states after atom
permeation and recombination on the Cu(110) and Cu(111) samples [24]. The vibrational population ratio Pv=0 /Pv=1 for hydrogen and deuterium was found to be
couple of orders of magnitude higher than expected from the Boltzmann distribution with the vibrational temperature equal to the surface temperature. The same
method was used for the measurement of the population of v=4 and v=5 vibrational states of molecules, desorbing from a heated tungsten filament [25]. Here,
the high excitation of desorbing molecules was attributed to the recombination of
the adsorbed atom with the atom, coming from the vacuum. Time-of-flight spectroscopy and REMPI technique were coupled to measure the velocity distribution
of specific ro-vibrational state (up to vibrational v=3 and rotational J=14 state) of
D2 molecules, desorbing from Cu(111) sample after permeation [26].
Vibrational excitation (up to v=9) of H2 molecules was measured by a method,
based on dissociative electron attachment (DEA) in hydrogen [27, 28]. Neutral
particles in partially dissociated hydrogen atmosphere were interacting with the
sample material, evaporated on the inner walls of a source cell. The metals were di17
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vided in two groups, the first showing pronounce vibrational excitation of desorbing
molecules up to v=8 vibrational state (e.g. W and Nb) and the second resulting in
low vibrational excitation of molecules only up to v=4 vibrational state (e.g. Re).
In our work, the same detection technique [29], based on the properties of the
DEA in hydrogen is used. Sample surface is exposed to hydrogen atom beam (H
or D) and desorbing molecules are analyzed, measuring their vibrational excitation. In order to ensure a better control of experimental parameters the system
was upgraded, incorporating differential pumping, physically separating the vacuum chamber into two regions. One region contains the sample surface and the
other region contains a vibrational spectrometer for analysis of desorbing molecules.
Additionally, the energy resolution of the vibrational spectrometer was improved.
The interaction of atomic hydrogen with metal materials is presented in Chapter
2, by discussing surface processes and diffusion in the bulk of the material. Rate
equations, used for modeling of hydrogen interaction with a material, are written
separately for surface and bulk processes.
In Chapter 3 we focus solely on the surface processes. Hydrogen molecules,
desorbing from a sample surface are analyzed and their vibrational excitation is
measured. Our system for vibrational spectroscopy and its working principles are
explained and the system upgrades within this thesis are described in detail. Experiments were mainly performed on several types of tungsten samples with hydrogen
and deuterium atoms. Some other materials were also studied for comparison. Vibrational distribution of molecules, desorbing from various materials are compared
and discussed.
Chapter 4 focuses on the experimental characterization of surface and bulk processes using the ion beam method NRA and TDS technique. The modeling of the
obtained data was performed, using models with coupled equations for surface and
bulk processes. The NRA technique and our experimental set-up on a 2 MV tandem accelerator beam line, enabling the in situ study of processes in real time, are
described in detail. Experiments were performed on hydrogen loading, retention,
desorption and isotope exchange in the material. Modeling of the experimental
data yielded the values of model parameters describing the studied processes.
Throughout the text the term hydrogen is used to denote all hydrogen isotopes
or isotopologues. In order to avoid ambiguity, symbols H and D will be used to
denote hydrogen isotopes 1 H and 2 H, respectively, whenever necessary.
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Chapter 2
Hydrogen interaction with metals
During the operation of a fusion device the edge plasma in the divertor region
consists of hydrogen ions, atoms and molecules as well as helium and impurities.
These particles interact with the walls and other plasma facing components of a
fusion device. The interaction of hydrogen ions with a material differs from the
interaction of neutral hydrogen particles, since ions with energies of few tens of eV
can penetrate directly into the bulk of the material. Neutral hydrogen particles
feel a surface potential with a shallow potential well in the case of molecules and a
strong chemisorption well in the case of atoms. Thus, hydrogen atoms and molecules
preferentially adsorb on the surface, however molecules need to dissociate in order
to form a strong chemical bond with the surface. Adsorbed atoms can recombine or
diffuse deeper in the bulk of the material. In order to study these processes we are
exposing our samples to partially dissociated hydrogen or deuterium gas with the
flux densities in the range of 1015 atoms/cm2 s and 1015 molecules/cm2 s. We use two
methods to study details of hydrogen interaction with materials relevant to fusion
development. In the first, a vibrational spectrometer is used to study the hydrogen
atom recombination on the surface by determining ro-vibrational states of produced
molecules. In the other one the diffusion and retention in the bulk of the material
are studied in situ by Nuclear Reaction Analysis with 3He ion beam. This method
enables measurement of the deuterium concentration depth profiles in the bulk.
The materials of interest are materials used for the construction of plasma facing
components of the fusion devices. For the future fusion device ITER, Be will be
used for the wall of the vessel and W will be used for the divertor. Since plasma is
intentionally directed on the divertor targets, the highest heat load takes place on
these components, as well as the strongest interaction between the plasma and the
wall. Therefore we focused our research to hydrogen interaction with W.

2.1

Hydrogen interaction with the metallic surface

Hydrogen atoms interact differently with the metallic surface compared to hydrogen
molecules. Hydrogen atom has only one uncoupled electron which enables formation
of a chemical bond on the metal surface. On the other hand, hydrogen molecule has
two coupled electrons, thus it cannot form a chemical bond with a metal. When
approaching the surface molecules experience a shallow potential well called the ph19
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E

p o te n tia l e n e r g y

ysisorption well, shown in Fig. 2.1. Physisorbed molecules are weakly adsorbed by
the van der Waals bond. When reducing the distance to the surface a molecule feels
an increasing reflective potential, preventing it to form a chemical bond with the
surface. In order to form a chemical bond a molecule needs to dissociate first into
two atoms. Each of these two atoms can then form a covalent bond with the surface.
For many materials (e.g. Cu [30]) a physisorbed molecule needs to overcome a small
potential barrier Ebarr in order to dissociate and chemisorb on the surface. On the
other hand, hydrogen atom from the gas phase feels an attracting potential towards
the surface, which is typically of the order of few eV. The atom interacts with the
surface and after dissipating its energy, mostly by the electron-hole pair excitation
[31], it chemisorbs. The binding energy of hydrogen atom depends on the material,
the crystal face and the coverage of hydrogen atoms or impurities. Different adsorption site types can exist on the surface due to various possible relative positions of
the adsorbed atom in the crystal lattice. Each adsorption site type features specific
hydrogen bonding energy. Since various hydrogen-metal systems have been extensively studied, adsorption energies of H atom on many metal surfaces have been
determined, e.g. Ech = 0.56 eV for Fe(110) [32], 0.74 eV for Cu [33] and 0.70 eV for
W(100) [34].
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Figure 2.1: The potential energy for hydrogen atom (blue line) and hydrogen
molecule (green line) as a function of the distance from the surface Z. Red curve
is showing a potential energy of a hydrogen molecule undergoing a dissociative
chemisorption.
Only a fraction of impinging particles is adsorbed on the surface and the rest
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is reflected. The probability for adsorption, the so-called sticking probability, is
different for atoms and molecules and depends on the surface coverage [35]. For a
W surface the sticking probability for molecules drops substantially with increasing
surface coverage [36]. Moreover, when there are some impurities on the surface of
the material (e.g. hydrocarbons or oxides) the sticking probability for molecules
is negligible in the case of W [37]. The adsorbed atoms can diffuse into the bulk
or recombine with a pre-adsorbed atom, leaving the surface as a molecule. On the
covered surface there are three different surface recombination mechanisms, which
lead to a release of the hydrogen molecule from the surface. These mechanisms are
Langmuir-Hinshelwood (LH), Eley-Rideal (ER) and hot-atom (HA) recombination.

(a)

(b)

(c)

Figure 2.2: Three atom recombination mechanisms on the surface that lead to a
ro-vibrationally excited molecule: (a) Langmuir-Hinshelwood recombination, (b)
Eley-Rideal recombination and (c) hot-atom recombination.

2.1.1

Langmuir-Hinshelwood recombination

When atoms are adsorbed and in thermal equilibrium with the surface, they can still
diffuse on the surface due to the thermal motion [38]. Two adsorbed atoms, each
in its own chemisorption well, can come close to each other and start interacting.
They can recombine and leave the surface as a molecule,
H(ads) + H(ads) → H2 .
The Langmuir-Hinshelwood recombination is schematically shown in Fig. 2.2a. An
energy needed for the recombination is
E = 2Ech + Ebarr .

(2.1)

where Ech is the chemisorption energy of the adsorbed atom and Ebarr is the additional potential barrier, see Fig. 2.1. Since the process is endothermic, the energy
must be gained from the surface. Thus, LH recombination is negligible at lower
temperatures and becomes pronounced at higher temperatures. Due to the endothermicity of the process, the resulting molecules are expected to be in lower
ro-vibrational states due to the low energy available for the desorbing molecule.
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2.1.2

Eley-Rideal recombination

In contrast to LH recombination the Eley-Rideal recombination occurs only when
we have a flux of atoms impinging a hydrogen covered surface,
H(gas) + H(ads) → H2 .
The incoming atom directly interacts with the adsorbed atom on the surface and
both atoms leave the surface as a molecule, Fig. 2.2b. This process is exothermic,
resulting in an available energy being distributed between the translational, rotational and vibrational degrees of freedom of the created molecule. The available
energy is
1
(2.2)
E = De − Ech + Ei ,
2
where De is the dissociation energy of the hydrogen molecule in the ground vibrational state and Ei is the initial kinetic energy of the impinging atom. For H2 , D2
and HD molecule the dissociation energy is De = 4.476 eV, 4.553 eV and 4.511 eV,
respectively [39]. The chemisorption energy is approximately 0.5 eV for many different metals [40] and the initial kinetic energy of the impinging atoms is approximately
0.28 eV in our case. This yields the available energy of approximately 2 eV. The
distribution of the available energy between the degrees of freedom strongly depends
on the surface material. The ER recombination is negligible at high temperatures
due to the low surface coverage leading to low probability for the impinging atom
to interact directly with the adsorbed atom, however it is dominant at lower temperatures when the surface coverage is close to 1. The ER recombination results in
molecules in high ro-vibrational states [41].

2.1.3

Hot-atom recombination

The LH and ER recombination mechanisms can be seen only as the two limiting
cases. If the impinging atom does not interact directly with the adsorbed atom it can
adsorb on the surface, but it is not immediately in the thermal equilibrium with the
surface. This so-called hot-atom can easily move around the surface, gradually giving
its excess energy to the substrate and cooling down. Due to the large mass ratio
between the surface atoms and hydrogen, the energy dissipated into phonons is small
[42]. Most of the energy is transferred by forming the electron-hole excitations [43] or
at the collision with the adsorbed atom [44]. On its path the hot-atom can interact
with another adsorbate, creating another hot-atom by energy transfer or recombine
with it and leave the surface as a molecule. This recombination mechanism is thus
called a hot-atom recombination,
H ∗ (ads) + H(ads) → H2 ,
where the asterisk presents the hot-atom. It is schematically shown in Fig. 2.2c.
The recombined molecule gains
1
E = De − Ech + Ei − E ∗
2

(2.3)

of energy, where E ∗ is the net loss of energy of the hot-atom when the recombination
occurs. Again, the available energy is distributed between translational, rotational
22

2.2. Diffusion in the bulk
and vibrational degrees of freedom, depending on the surface material. The energy
of the recombined molecule is lower compared to the ER recombination, due to the
energy dissipation of the hot-atom. However, since the energy dissipation is slow
and the lifetime of the hot-atom is less than a ps [45], the energy of the desorbing
molecule could be similar to the ER recombination.
The recombination of two hot-atoms would result in high energy molecule leaving
the surface. However, in our experiments the typical atom flux density is in the order
of 1015 at/cm2 s, resulting in 1 hydrogen atom per s in one unit cell in the case of
W. Considering the lifetime of the hot-atom, the two hot-atom recombination is
negligible.

2.2

Diffusion in the bulk

An impinging hydrogen atom can be reflected, adsorbed on the surface or can recombine with already adsorbed atom, leaving the surface as a molecule. The adsorbed
atom can also diffuse into the bulk of the material. We can distinguish two groups
of metals regarding hydrogen diffusion into the bulk [46]. Metals in the first group
(Ta, Ti, V, Nb, Zr, Pd...) have negative heat of solution for hydrogen (Qs < 0), as
shown in Fig. 2.3a. It is energetically more favorable for an adsorbed hydrogen to
diffuse into the bulk than to recombine and leave the surface. Thus, metals belonging to this group exhibit large concentrations of hydrogen in the bulk when exposed
to hydrogen. On the other hand, metals in the second group (W, Cu, Fe, Mo, Ni,
Co...) have positive heat of solution for hydrogen (Qs > 0), Fig. 2.3b. The potential
barrier for the diffusion into the bulk, Ebulk , is in this case higher compared to the
potential barrier for the recombination. Thus, the hydrogen exposure of metals, that
belong to the second group, results in a low hydrogen concentration in the bulk.
The temperature dependence of the diffusion coefficient is well predicted by the
Arrhenius equation,
D(T ) = D0 e−Edif f /kB T ,
(2.4)
where D0 is the diffusion constant and Edif f is the energy barrier for diffusion. The
exponential factor can be thought of as the probability for the hydrogen atom to
actually make a successful jump through the barrier to the next site. In the case of
W, different values for diffusion constant and diffusion barrier were reported, however
D0 = 4.1 × 10−7 m2 /s and Edif f = 0.39 eV [47] are the most widely used values.
Hydrogen in W, which crystallizes in a bbc lattice, diffuses between tetrahedral
interstitial sites [48], the so-called solute sites. Hydrogen can easily diffuse through
the bulk of W at the room temperature, however the concentration of the solute
hydrogen is small due to the positive heat of solution for W, which is approximately
Qs ≈ 1 eV [47]. The hydrogen concentration and retention in the bulk of W is
thus governed by the defects of the crystal structure. It was shown theoretically
[49, 50] and experimentally [51, 52] that defects are additional strong binding sites
for hydrogen. There are different defect types of the crystal structure, such as
vacancies, interstitials and dislocations, each having different trapping energy. A
vacancy is a point defect where an atom is missing from one of the lattice sites. On
the other hand, an interstitial is an atom, which occupies otherwise unoccupied site
in the crystal structure. When atoms of the crystal lattice are misaligned they form
a line defect called dislocation. In a 1D potential, a defect can be represented as a
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Figure 2.3: The potential energy for hydrogen atom and molecule as a function of
the distance from the surface of the material with (a) negative and (b) positive heat
of solution.
deeper potential well compared to Edif f , as shown in Fig. 2.3. Due to the strong
binding energy, usually in the range of 1 to 2 eV, hydrogen atom is trapped in the
defect and is immobile until it de-traps due to a high temperature into a solute site
and continues to diffuse. Defects in the material may be of natural origin or induced
by neutron and ion bombardment, which is the case during the operation of a fusion
device.

2.3

Modeling of hydrogen interaction with tungsten

In order to thoroughly understand the behavior of a physical system of interest a
vast number of experiments is usually needed. However, due to the limitation of
resources and time, experiments can often be performed only applying a limited set
of experimental parameters. Thus, modeling of the physical system is crucial in order
to predict the behavior of the system under various conditions where experiments
are not possible or were not performed.
Several codes are available for the simulation and modeling hydrogen interaction
with material. They are being permanently updated and only some can be mentioned here. Earlier activity in this field is shortly described in the review by Federici
et al. [53]. One of the frequently applied codes is the Tritium Migration Analysis
Program (TMAP4), which was recently upgraded to the version 7 (TMAP7) [54].
It was developed mainly as a safety code to analyze tritium retention and loss in a
fusion device. Solving the rate equations for bulk diffusion and taking into account
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also the surface processes, it is capable of simulating 10 diffusing species simultaneously. Other relevant codes are Hydrogen Isotope Inventory Process Code (HIIPC)
[55] and WallDYN [56]. To predict the properties of atom and molecule interaction
with surface and bulk of the material, the Density Functional Theory (DFT) is often
used [50, 57, 58].
For modeling of hydrogen interaction, i.e. retention and thermal desorption in
tungsten, a rate equation model is often used [59–61]. However, in many cases the
surface processes are not included in the modeling, since models are used for the simulation of ion implantation and diffusion in the material. We need a rate equation
model for the simulation of hydrogen atom interaction with tungsten, thus the surface processes need to be included. Adsorbed hydrogen atoms can diffuse in the bulk
of the material, where they are trapped at the strong binding sites (bulk defects) [10].
Diffusion in the bulk is already implemented in the so-called TESSim code [60], developed at Max-Planck-Institut für Plasmaphysik (IPP), Garching, Germany. The
primary use of the code is the simulation of the hydrogen ion implantation and diffusion in tungsten. In order to be able to simulate also the hydrogen atom exposure,
the TESSim code was upgraded with a surface model.
In general, one hydrogen atom is assumed to occupy one point defect. Such
picture is adequate in explaining hydrogen loading in the material [60, 62], but fails
to describe low temperature isotope exchange [63]. In this experiment W sample was
first loaded with D until saturation is achieved. After that, sample was exposed to H,
following the evolution of H concentration depth profile. If only one hydrogen atom
per trap with fixed de-trapping energy is assumed, H should migrate directly behind
the D loaded region due to the lack of empty traps and low temperature, insufficient
for de-trapping. However, isotope exchange up to some degree was observed, starting
in the subsurface and proceeding deeper in the bulk with time. In addition to
experimental discrepancy, density function theory (DFT) calculations show that one
defect can store more than one hydrogen atom (e.g. 6-12) with lower de-trapping
energies for larger number of atoms trapped in this defect [58, 64]. Thus, after
a certain number of atoms in one trap it is no longer energetically favorable to
bind more hydrogen atoms in the same trap and the atom remains solute. Since the
trapping energy is low in the case of many trapped atoms in a single defect, even low
temperature is sufficient to de-trap certain number of atoms until the de-trapping
energy is high enough to prevent de-trapping. This description also explains the
low temperature isotope exchange. Hydrogen atoms can exchange weakly bound D
atoms, but the de-trapping of strongly bound D is impossible, thus some deuterium
still remains unexchanged. However, since we are currently modeling only simple
loading scenarios, only one hydrogen atom per defect is assumed.

2.3.1

Modeling of bulk diffusion

Hydrogen diffusion in the bulk is described by the second Fick’s law of diffusion
with additional trapping and implantation term. This is implemented in a onedimensional TESSim code [60], which calculates the diffusion of hydrogen in the
bulk, taking into account the pre-defined defect density profile and trapping energies
of multiple trap sites. It allows the simulation of temperature variation in time and
temperature distribution in the sample. Hydrogen concentration is calculated for
. Equations,
the solute hydrogen csol and hydrogen trapped in the i-th trap type ctrap
i
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that govern the time dependence and depth profile of hydrogen concentration, are
[60]
trap

N
X ∂ctrap (x, t)
∂csol (x, t)
∂ 2 csol (x, t)
i
= D(T (t))
,
+
S(x,
t)
−
∂t
∂x2
∂t
i=1
trap
∂ctrap
(x, t)
D(T (t)) sol
i
c (x, t)(ηi (x, t) − ctrap
(x, t)) − ctrap
(x, t)νi e−Ei /kB T (t) ,
=
i
i
2
∂t
a0 β
(2.5)

where D(T (t)) = D0 e−Edif f /kB T (t) is the temperature dependent diffusion coefficient,
a0 is the lattice constant for W, β is the number of solute sites per W atom, ηi (x, t) is
the total concentration of i-th trap type (occupied and empty) and νi and Eitrap are
the attempt frequency for de-trapping and the de-trapping energy of the i-th trap
type, respectively. Index i = 1, . . . , N trap is denoting individual trap types. First
equation is a Fick’s second law of diffusion with additional terms for ion implantation and trapping. Ion implantation is described by S(x, t) = ρΓW ξ(x), where Γ is
the implantation
R ∞flux, ρW is W atom density and ξ(x) is the implantation range distribution with 0 ξ(x)dx = 1. Trapping is governed by the second equation where
the first term describes trapping in a limited number of empty traps and the second
term describes de-trapping, where the infinite number of solute sites is assumed.
This approximation is valid when the concentration of solute sites is much higher
than the concentration of trap sites, therefore a trapped atom can never diffuse
directly to another trap.
Initial and boundary conditions need to be specified in order to solve the coupled
equations 2.5. The initial condition can be a hydrogen free sample or an initial
hydrogen distribution of the solute and trapped hydrogen. One can assume Dirichlet
or Neumann boundary conditions where constant concentration or constant spacial
derivative of the concentration (i.e. flux) is assumed, respectively.
The TESSim code also enables the simulation of the TDS spectra, where sample
with some initial depth distribution of hydrogen isotope in the material is linearly
heated and the desorbing flux is recorded by a mass spectrometer. The code is
calculating the net flux through the subsurface, assuming that all particles that
travel towards the surface leave the material, thus the boundary condition csol (0, t) =
0 is used. The temperature time dependence can be specified in order to simulate
the real thermal desorption experiment. When the implantation flux is set to zero,
the result of the simulation is time and temperature dependence of the particle flux,
emitted from the sample. This corresponds to the TDS spectrum.

2.3.2

Rate equations describing the surface processes

In order to simulate exposure of W sample to hydrogen atoms, surface model needs
to be coupled with the bulk diffusion. Surface model is important when modeling
the interaction of thermal neutral hydrogen atoms. In contrast to ions, atoms cannot penetrate directly into the bulk, since they feel only relatively weak potential
interaction when approaching to the metal surface. We have to take into account
the adsorption on the surface, Langmuir-Hinshelwood recombination, Eley-Rideal
recombination, diffusion into the bulk and diffusion out of the bulk on the surface
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(Fig. 2.4). This processes, written in the terms of fluxes with the unit of m−2 s−1
are [59, 65]

Γ0
(1 − R) ηnsurf − cAn (t) ,
Nads
ch
LH
Γn = 2kLH (δW cAn (t))2 e−2En /kB T ,
Γ0
ΓER
σER δW cAn (t),
(2.6)
n =
Nads
ch
bulk
= νn δW cAn (t) e−(En +E )/kB T ,
Γbulk
n

D(T (t))
sol
surf
=
−
c
(t)
.
Γsurf
δ
c
(0,
t)
η
An
W
n
n
a20
Since there can be more than one adsorption site type, index n denotes individual
site types with ηnsurf being the dimensionless concentration of n-th site type and
Nads the number of adsorption site types. The dimensionless areal concentration of
hydrogen atoms, adsorbed on n-th adsorption site type is cAn . In order to obtain the
areal concentration in units of m−2 , cAn needs to be multiplied by the areal density
of W atoms δW = ρW a0 . The atom adsorption on the sample with the reflectivity
R for hydrogen atoms is described by Γads with Γ0 being the flux density of the
impinging hydrogen atoms. Langmuir-Hinshelwood and Eley-Rideal recombination
are described by ΓLH and ΓER , respectively, with desorption rate constant for LH
recombination of kLH and the cross-section for ER recombination of σER . The
fluxes Γbulk and Γsurf are describing the diffusion from the surface into the bulk and
the diffusion out of the bulk to the surface, respectively. Here, νn is the attempt
frequency to jump out of the n-th adsorption site type. Energies are defined in
Section 2.1 and other quantities are described in previous section 2.3.1.
Γads
n =

Figure 2.4: Hydrogen fluxes, taken into account in the surface model.
Hydrogen surface areal concentrations for all adsorption site types are calculated
by solving Nads independent flux conservation equations
dcAn
LH
ER
surf
δW
= Γads
− Γbulk
(2.7)
n − Γn − Γn + Γn
n .
dt
27

Chapter 2. Hydrogen interaction with metals
Since the characteristic times for processes on the surface are fast, in the order of
µs, stationary conditions on the surface are quickly accommodated to the sudden
change of the incident atom flux. Thus, equation 2.7 can be simplified by putting
the left-hand side of the equation to zero, assuming that stationary conditions are
present at any given moment. Subsurface concentration is coupled with the bulk
diffusion by
dif f

Γ

= −D(T (t)) ρW

Nads

∂csol (0, t) X
− Γsurf
Γbulk
=
n
n
∂x
n=1

(2.8)

which describes the Neumann boundary condition for the solute concentration in
equation 2.5. The described model will be used to simulate the experimental data,
presented in Chapter 4.
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Chapter 3
Vibrational spectroscopy of
hydrogen molecules
Neutral particles (atoms and molecules) are produced in the edge plasma by ion recombination in the plasma volume (volume recombination) or by atom/ion recombination on the surface of the inner wall of a fusion device. These recombination processes can lead to the ro-vibrationally excited hydrogen molecules. Ro-vibrational
excitation of a molecule can open some new reaction channels that are otherwise
energetically not accessible for hydrogen molecules and its isotopologues in the lower
ro-vibrational states [12, 13]. Thus, determining the ro-vibrational excitation of hydrogen molecules in the fusion device is of a great importance in order to ensure
an efficient control of fueling and wall conditions. State specific cross-sections and
reactions rates are incorporated in the relevant data bases and used for the advanced
plasma modeling (e.g. [15]).
In our study we focus on the atom surface recombination leading to a rovibrational excitation of a hydrogen molecule. As discussed in Chapter 2 there
are three surface recombination mechanisms that can result in ro-vibrationally excited molecule: Langmuir-Hinshelwood, Eley-Rideal and hot-atom recombination.
The distribution of ro-vibrational states as a result of recombination processes is
measured by a vibrational spectrometer, designed and built in our laboratory [66].
The detection method employed in the spectrometer is based on the properties of
the dissociative electron attachment in hydrogen. It enables a detection of vibrationally excited molecules up to 9th vibrational state for H2 molecules and up to 13th
vibrational state for D2 molecules. In the work presented here the vibrational spectrometer was upgraded by improving the energy resolution of the probing electron
beam and by incorporating differential pumping.

3.1

Dissociative electron attachment

The collision of an electron with a molecule results in various different processes, such
as elastic and inelastic scattering, ionization and dissociation of the molecule [67].
One of these processes is also the dissociative electron attachment (DEA), where
the incident electron is captured by a molecule, forming an unstable intermediate
negative molecular ion, which dissociates to a neutral atom and stable negative ion,
e− + AB → (AB − )∗ → A∗ + B − .
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During the lifetime of the resonant state, the electron can detach from the
molecule, leaving it in its initial or excited state (resonant scattering). If the lifetime
of the negative hydrogen molecular ion is long enough and the internuclear distance
increases over a certain point, the detachment of the electron is no longer energetically possible due to the positive electron affinity of hydrogen atom and DEA takes
place [68]. A negative hydrogen atomic ion and a neutral atom in the ground or
excited electron state are products of this reaction.
Figure 3.1 is showing the potential curves of three negative ion states of hydrogen
molecules, which can arise for the captured electron energies up to 15 eV. The
molecule is initially in some ro-vibrational state of the electronic ground state X 1 Σ+
g.
After attachment of the electron with energy of Ee , the potential of the nuclei
changes into the one of the H2− potentials. Since the electron capture is much
faster as compared to the movement of the nuclei, the transition can be considered
vertical. When the system is in the resonant state there are two competitive channels
of resonance decay. The system can either transit back to the ground state of
the neutral hydrogen molecule by emitting an electron (autodetachment) or the
molecular ion dissociates (DEA).
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Figure 3.1: The potential of H2 in the ground state (blue) and the real parts of the
potential of the three lowest H2− resonant states (red).
There is a threshold energy for the DEA in hydrogen. For the transition from the
ground ro-vibrational state of H2 to the 2 Σ+
u resonant state the threshold electron
energy is 3.73 eV [69]. This DEA process is referred as the 4 eV process. The
products of this process are negative hydrogen ion and atom in the electronic ground
state (n=1) [70]. For the transition to the ”2” 2 Σ+
g the threshold energy is 13.93
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eV. The products of this process are negative hydrogen ion and an atom in the first
excited electron state (n=2) [70]. The process is referred as the 14 eV process. For
the electron energies between 8-13 eV a transition to the ”1” 2 Σ+
g can occur [71].
This resonance exhibits a repulsive potential with the same reaction products as the
4 eV process. It has no pronounced threshold and the excess energy is transferred
to the kinetic energy of the fragments.
The energy balance for the DEA process is [29]
Ee + Exi = Exf + Ek + De − EA,

(3.2)

where Ee is the electron energy, Exi is the initial internal energy of a hydrogen
molecule, Exf and Ek are internal energy and kinetic energy of the reaction products,
respectively, De = 4.745 eV is the dissociation energy of hydrogen molecule and
EA = 0.754 eV is the electron affinity of hydrogen atom. The threshold energy is
the electron energy, at which the reaction products would separate and remain at
rest, i.e. Ek = 0,
Eth = Exf + De − EA − Exi .

(3.3)

From equation 3.3 one can deduce a property of DEA, important for vibrational
spectroscopy. The threshold energy depends on the initial internal energy of the
hydrogen molecule, being lower for higher initial ro-vibrational excitation. Thus,
when scanning the electron energy and collecting only the ions with the near zero
kinetic energy, one can distinguish between different ro-vibrational states of the
target hydrogen molecule.
The ro-vibrational energy levels of hydrogen molecule are [39]
1
1
Exi = h̄ω0 (v + ) − h̄ω0 xe (v + )2
2
2

(3.4)
1
+ h̄B0 J(J + 1) − h̄D0 J 2 (J + 1)2 − h̄α0 (v + )J(J + 1),
2
q

4B 3
6B 2
ω 0 xe
with D0 = ω20 , α0 = ω20
−
1
and the values of remaining parameters given
B0
0

0

in Tab. 3.1 for different hydrogen isotopologues. Using Eqs. 3.3 and 3.4 one can
determine the highest detectable vibrational state using the detection technique,
based on the 4 eV DEA process. Since the threshold energy is decreasing for higher
vibrational states, the last positive threshold energy exists. This energy corresponds
to v=9 and v=14 in the case of H2 and D2 , respectively.
Table 3.1: Molecular constants for different hydrogen isotopologues. [39]

H2
D2
T2
HD
HT

h̄ω0 [meV] h̄ω0 xe [meV] h̄B0 [meV]
544.9
14.6
7.5
386.6
7.9
3.8
316.6
5.4
2.5
473.3
11.8
5.7
447.4
10.9
5.0
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A particularly favorable property of DEA for vibrational spectroscopy is that
the 4 eV process cross-section increases significantly for higher vibrational states.
The increase is approximately 5 orders of magnitude from v=0 to v=5 vibrational
state of H2 molecule [72], as shown in Fig. 3.2 where theoretically calculated 4 eV
process cross-sections [73] for different vibrational states of the target H2 molecule
are plotted. Thus the sensitivity for higher vibrational states is greatly increased.
The same effect is observed also for different rotational states of the H2 molecule,
as shown in Fig. 3.3.
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Figure 3.2: The 4 eV process cross-sections for the lowest vibrational states as
calculated in [73]. Rotational state for all cases is J=0.
Another important property of DEA in hydrogen is the shape of the cross-section.
The maximal value of the cross-section is at the threshold energy and it decreases
monotonically for higher electron energies. Thus, the production of ions with near
zero kinetic energy, which are collected by our system, is the highest.
For the 14 eV process the shape of the cross-section is similar to the crosssection for the 4 eV process, i.e. it is peaked at the threshold energy. The 14 eV
process cross-section for the ground vibrational state is one order of magnitude larger
compared to the cross-section for 4 eV process and it slowly increases with initial
vibrational excitation for lower vibrational states. For higher vibrational states the
cross-section decreases significantly for the 14 eV process, making this process less
favorable for the vibrational spectroscopy [70, 74].
There is also a strong isotope effect for the DEA cross-section. In the case of D2
molecule the cross-section for the 4 eV process is significantly lower as compared to
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Figure 3.3: The DEA cross-section for the lowest rotational states as calculated in
[73]. Vibrational state for all cases is v=2.
H2 , about 300 times for the ground vibrational state [73, 75]. For higher vibrational
states of D2 the cross-section becomes of the same order of magnitude as the corresponding H2 cross-section, in the range of 10−16 cm2 . Therefore, we have a good
sensitivity only for higher vibrational states of D2 molecule. However, the 14 eV
process can be used for observing v=0 and v=1 vibrational states of D2 , since the
cross-section for these two vibrational states is still high enough. For T2 , the 4 eV
process cross-section for lower vibrational states is even lower compared to H2 and
again in the same range as for H2 for higher vibrational states [76].

3.2

Vibrational spectrometer

Spectrometer for vibrationally excited hydrogen molecules was designed and constructed at Microanalytical center of Jožef Stefan Institute [66]. Vibrational spectroscopy is based on the described properties of dissociative electron attachment to
hydrogen molecule. The spectrometer consists of electron gun, electron collector,
ion extraction system and single channel electron multiplier as ion detector. Figure
3.4 is showing a scheme of the spectrometer.
The electron gun is forming an electron beam, which interacts with molecular
hydrogen gas in the target volume. Electrons are created on a heated tantalum
disc with a diameter of 0.8 mm and the beam is shaped by a system of electrodes.
The energy of the electron beam can be scanned from 0 to 20 eV. In the course of
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Figure 3.4: The scheme of the vibrational spectrometer with marked components.
this thesis we have upgraded the system by incorporating a high resolution electron
gun instead of the low resolution one. The low resolution gun provided the electron
beam with electron energy resolution (full width at half maximum - FWHM) of
approximately 400 meV. The lowest achieved resolution of the new high resolution
electron gun was 144 meV. A magnetic field is used to collimate the electron beam.
It is generated by two Helmholtz coils mounted outside the vacuum chamber. The
direction of the magnetic field is shown in Fig. 3.4. The magnetic field in the center
of the interaction region is 5.5 mT. After passing the interaction region, the electrons
are collected by a Faraday cup collector.
The ion extraction system is guiding negative hydrogen ions, produced by DEA,
from the interaction region to the detector. It consists of five rectangular (labeled
as H1-H5 in Fig. 3.4) and one cylindrical electrode. All electrodes have rectangular
slits for the ions to pass through them. The H1 and H2 electrode are positioned
on the opposite side of the interaction region as the rest of the electrodes and the
detector. First three electrodes (H1, H2 and H3) are grounded in order to determine
the zero potential in the interaction region. The H4 and H5 electrode are typically
biased with 7 V and 18 V, respectively. They are creating a weak electrostatic field
in the interaction region, enabling preferential extraction of the low energy negative
hydrogen ions. This property of the extraction system is crucial for the separation
of the peaks corresponding to different vibrational states. With combined action of
electrostatic and homogeneous magnetic field only ions with the desired mass can
enter the cylindrical electrode through its first, off-axis slit, enabling to distinguish
between different hydrogen isotopes. The positions of the electrodes and slits and
the bias values were determined in such a way, that only low energy hydrogen ions
are extracted and detected by the single channel electron multiplier (Channeltron)
[77].
Hydrogen gas containing vibrationally excited molecules is introduced into the
interaction region of the spectrometer during its operation. The electron beam en34

c o ld H

1 .5

c o ld H

n o r m a lis e d io n y ie ld [c n ts /s /n A /1 0

-6

m b a r]

3.2. Vibrational spectrometer

s p e c tru m
2

s p e c tru m
2

(s u b tra c te d b a c k g ro u n d )
h o t H 2 s p e c tru m
(s u b tra c te d b a c k g ro u n d )

1 .0

H

0 .5

-

H + H (n = 2 )

6 5 4 3

2

1

-

-

fro m

H + H

w a te r

+

v = 0
-

H + H (n = 4 )

-

H + H (n = 1 )

0 .0
2

4

6

8

1 0

1 2

1 4

1 6

1 8

e le c tr o n e n e r g y [e V ]

Figure 3.5: The spectrum of H2 molecules at room temperature (”cold spectrum”)
before and after background subtraction and the spectrum of vibrationally excited
H2 molecules (”hot spectrum”) after background subtraction. The hot spectrum is
not recorded for the electron energies between 5 eV and 11 eV.

ergy is scanned with the adjustable step ∆V and at every step the negative hydrogen
ions produced by DEA are counted during certain interval of time. After making
multiple scans, the summed ion yield as a function of electron energy is obtained
as a spectrum. A typical spectrum of the hydrogen gas at the room temperature
(referred as the cold spectrum) and a spectrum of vibrationally excited hydrogen
molecules (referred as the hot spectrum) are shown in Fig. 3.5. The negative ion
yield presented in the figure is normalized by dividing number of counts by total accumulation time and by electron current and pressure measured by ionization gauge.
This way spectra from different experiments can be compared. A signal background,
starting around the electron energy of 11 eV is always present in our spectra. It was
shown that this background is due to the neutral particles, probably metastable hydrogen molecules produced by electron impact [75]. In the range from 0 eV to 20 eV
electron energy two hydrogen peaks are clearly visible in the cold spectrum, corresponding to the 4 eV and 14 eV DEA process in the hydrogen molecule in the ground
vibrational state (v=0). Many peaks, corresponding to higher vibrational states are
visible in the hot spectrum for 4 eV process at energies below 4 eV and only one
peak, corresponding to v=1 is visible for the 14 eV process. No signal, originating
from the DEA through the ”1” 2 Σ+
g resonant state is visible in our spectra since the
fragments from this channel have significant kinetic energy and our system detects
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with high efficiency only ions with the near zero kinetic energy. However, a peak
corresponding to the DEA in water molecules from vacuum background is visible in
6-10 eV region of the spectrum. A small peak at the energy of 16.48 eV corresponds
to the DEA in hydrogen where negative hydrogen ion and hydrogen atom in the n=4
excited state are the reaction products. At the electron energy of 17.3 eV there is a
threshold for the ion pair production (H2 + e− → H − + H + ) which is non-resonant
process and proceeds through the excitation of particular excited state of neutral
molecule.

3.3

High resolution electron gun

In the previous set-up a simple, low resolution electron gun was used. It is made of
five cylindrical titanium electrodes with the inner diameter of 6 mm. The electrodes
are separated by high-precision ruby balls with a diameter of 3 mm to electrically
isolate and align them. Voltages are applied to the electrodes in order to shape
and guide the beam of electrons emitted from a Ta disc cathode. Electron beam
is introduced in the field-free interaction region and damped in the collector. The
electron energy spread (FWHM) of such electron gun is in the range of 350-400 meV,
what closely corresponds to the initial energy distribution of electrons, emitted from
the cathode.
In order to achieve better separation of peaks corresponding to individual vibrational states in the ion yield spectrum, a better energy sensitivity of the vibrational
spectrometer had to be achieved. There are two main contributions to the total
energy resolution, the resolution of the extraction system and the resolution of the
electron gun. Since the contribution of the electron gun is dominant, being 400
meV as compared to 80 meV of the extraction system, we decided to incorporate
a new, high resolution electron gun. The high resolution electron gun operates on
the principles of the trochoidal electron monochromator (TEM) [78–80]. The main
operational principle of the TEM is the electron energy dispersion due to the drift
in the perpendicularly crossed electric E and magnetic field B. The scheme of the
TEM is shown in Fig. 3.6. Magnetic field is in the direction of the electron beam
(z-direction). The main component of the TEM is the deflector, which consist of
two parallel plates creating an uniform electric field in the y-direction. In front
and in the back of the deflector there are electrodes with small orifices. The exit
orifice is shifted with respect to the entrance orifice in the x-direction. There are
four additional electrodes guiding the electron beam from the Ta disc cathode to
the entrance orifice and three additional electrodes guiding the electron beam from
the exit orifice to the interaction region of the vibrational spectrometer.
The trajectories of the electrons in the dispersion region (region with the crossed
fields) are obtained solving the equation of motion [79],
dv
= −e (E + v × B) .
(3.5)
dt
The electric field has the nonzero component only in the y-direction, E = (0, E, 0)
and magnetic field only in the z-direction B = (0, 0, B). Since there is no force
acting on electrons in the z-direction, their velocity in this direction is not changed.
Equation 3.5 is easily solved in the frame of reference, which is moving in the xdirection with the velocity
me
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Figure 3.6: The scheme of the TEM that is used in our experiment. The mean
electron energy at the exit of the TEM is E0 .

vd =

E×B
.
B2

(3.6)

The electron velocity in the stationary frame of reference v is connected to the
electron velocity in the moving frame of reference vm through the equation
v = vd + vm .

(3.7)

Substituting equations 3.7 and 3.6 into 3.5 results in the absence of the electric field,
me

dvm
= −evm × B.
dt

(3.8)

The solution of this equation is a circular motion in the xy plane with the constant
velocity in the z-direction. The velocity of the moving frame of reference represents the drift of the centers of the circular trajectories in the x-direction in the
stationary frame of reference. Thus, the projection of the electron trajectories on
the xy plane in the stationary frame of reference is a trochoid, hence the name of
the monochromator.
A time spent by the electron in the dispersion region is t = L/vz , where L is the
length of the dispersion region and vz is the constant velocity of the electron in the
direction of the magnetic field. Thus, the drift of the electron is given by
D = vd t =

EL
,
Bvz

(3.9)

considering a perfect perpendicular alignment of the fields. The energy of electrons,
exiting the dispersion region, is
1
Ee = me
2
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With proper orifice size at the end of the dispersion region, shifted by the deflection
D, one can select a desired narrow distribution of electron energies.
The energy spread due to the finite dimensions of the orifice is obtained by
differentiating the equation 3.10,
∆Ee =

E 2 L2 me ∆D
.
B 2 D3

(3.11)

Since there are two orifices, one at the entrance and the other at the exit of the
deflection region, ∆D is the sum of the diameters of both orifices. One additional
term that contributes to the energy spread results from the potential drop across the
entrance orifice in y-direction [79]. This potential drop causes the velocity spread of
the electrons in the electron beam. The maximal potential drop is ES1 , where S1 is
the diameter of the entrance orifice, thus the total energy spread is
E 2 L2 me ∆D
+ eES1 .
∆Ee =
B 2 D3

(3.12)

This expression is for the full width at the base of the energy distribution function.
In order to obtain the FWHM of the distribution function, equation 3.12 should be
divided by the factor of 2.5-3.5 [79], depending on the design of the TEM. In our case
the dispersion plates are 18.9 mm long and 3.2 mm apart. The exit orifice is shifted
for 2.54 mm with respect to the entrance orifice. The diameter of both orifices is 0.8
mm. The usual applied magnetic field strength is 5.5 mT. All electrodes are made
of molybdenum and are referenced to the cathode potential, except the last two
electrodes, E6 and E7 , which are referenced to the ground potential. Thus, during
electron beam energy scanning electron motion through the TEM is independent of
the final energy until E6 and only in the exit part of the gun (E6 , E7 and grounded
electrode of the interaction region) electrons are accelerated to Ee . The best resolution was achieved by applying voltages of E1 = −1.2 V, E2 = 12.7 V, E3 = 9.7 V,
E4 = 2.0 V, E5 = 2.0 V, E6 = 7.0 V and E7 = 9.0 V to the gun electrodes. On
the deflector plates the voltages were ED1 = −0.12 V and ED2 = 0.54 V, giving the
potential difference of 0.66 V. For above parameters the calculated FWHM is in
the range from 127 meV to 177 meV. The lowest experimentally obtained FWHM
was 144 meV, which is in nice agreement with the calculated values. The measured FWHM of the electron energy distribution as a function of deflection voltage
is shown in Fig. 3.7. Dashed lines represent the results calculated by Eq. 3.12
and divided by 2.5 and 3.5. Most of the measured data points lie between these
lines, indicating a nice agreement with the theory. The discrepancy at lower deflection voltages can be attributed to different reasons. First, the calculation does not
take into account the boundary effects i.e. real electric field at the entrance and
the exit of the deflection region. Also the non-uniformity of the magnetic field and
imperfect alignment of the Helmholtz coils could influence the energy distribution.
According to [79] another contribution to the energy spread can be due to the low
energy secondary electrons, which pass the exit orifice after being reflected from the
monochromator surfaces.
A CPO3D software for the simulation of ion trajectories in electromagnetic fields
[81] was used for simulating the electron trajectories inside TEM. A realistic TEM
with dimensions identical to our TEM was modeled. The applied voltages were the
same as in the case of the best electron energy resolution that we have obtained and
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Figure 3.7: Measured and calculated FWHM of the electron energy distribution as
a function of deflection voltage.
a uniform magnetic field of 5.5 mT was used. We simulated 7 × 104 electrons originating on the cathode and emitting homogeneously in all direction of a hemisphere.
The initial electron energy was distributed according to the thermionic electron
emission function [82]. The number of electrons coming out of TEM was recorded
as a function of electron energy. The histogram is shown in Fig. 3.8 together with
the fitted Gaussian distribution. The FWHM of the electron energy distribution,
obtained by the CPO3D simulation equals (130 ± 8) meV. This value is slightly
lower compared to the experimentally obtained one, what can be attributed to the
non-uniformity of the real magnetic field.

3.4

Vibrational spectra analysis

From the measured vibrational spectra relative populations of individual ro-vibrational
states need to be extracted. This is done by fitting the calculated model spectrum
to the experimental one. A new computer code for calculating the spectrum for
hydrogen or deuterium was developed, using DEA cross-sections calculated in [73].
In the calculation, cross-sections for vibrational and rotational states up to v=9 and
J=14 are used for hydrogen and up to v=13 and J=14 for deuterium.
Properties of vibrational spectrometer need to be known in order to calculate the
model spectrum. The DEA cross-section needs to be multiplied by the extraction
39

Chapter 3. Vibrational spectroscopy of hydrogen molecules

1 0

e le c tr o n e n e r g y d is tr ib u tio n [e V

-1

]

1 2

8
6
4
2
0
-0 .4

-0 .2

0 .0

0 .2

E
e

0 .4

0 .6

0 .8

1 .0

[e V ]

Figure 3.8: The energy distribution of electrons coming out of a TEM, simulated by
CPO3D. The FWHM is (130 ± 8) meV.
efficiency function F (Ei ), describing the ion extraction effectiveness of the extraction
system as a function of hydrogen ion energy. A model extraction efficiency function
was determined using a CPO3D software [66]. The function is constant, F (Ei ) = 1,
for Ei < P1 and decreases exponentially for Ei > P1 :

1
; Ei < P1
F (Ei ) =
.
(3.13)
−P2 (Ei −P1 )
e
; Ei > P1
All ions with the energy less than P1 are captured by the extraction system. Thus,
the parameter P1 needs to be as small as possible in order to distinguish between
peaks, corresponding to different vibrational states. The parameter P2 determines
the rate of decrease of the extraction efficiency with ion energy. The full width at
half maximum of the extraction efficiency function is P1 + ln (2)/P2 and contributes
to the total resolution of the vibrational spectrometer. The typical values of the
parameters are of the order of 0.01 and 10 for P1 and P2 , respectively, with the
FWHM of approximately 80 meV. The extraction efficiency function for these values
of the parameters is shown in Fig. 3.9. In order to use the extraction efficiency
function for the model spectrum calculation, the hydrogen ion energy is evaluated
as a function of electron energy,
Ei (Ee ) =

Ma
(Ee − Eth ) ,
Mm
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where Ma and Mm are hydrogen atom and hydrogen molecule mass, respectively,
and Eth is the threshold energy for the DEA.
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Figure 3.9: The calculated extraction efficiency function F (Ei ) of vibrational spectrometer for parameters P1 = 0.01 and P2 = 10.
The DEA cross-section σvJ , weighted with the extraction efficiency function,
needs to be convoluted by the energy distribution of the electron gun g(E),
Z∞
g(E − Ee )σvJ (E)F (Ei (E))dE,

IvJ =

(3.15)

0

where Ee is the nominal energy of the electron energy distribution. The energy distribution depends on the choice of the electron gun. For the low resolution electron
gun the energy distribution can be very well described in the form of the thermionic
electron emission function [82]. At certain nominal electron energy Ee the distribution has the form of
 E−Ee −(E−Ee )/kTC
e
; E − Ee > 0
(kTC )2
,
(3.16)
g(E − Ee ) =
0
; else
where k is the Boltzmann constant and TC is the temperature of the cathode emitting
the electrons. The FWHM of the low resolution gun is ≈ 2.45kTC . The high
resolution electron gun, described in Section 3.3, has the energy distribution well
approximated by the Gaussian distribution,
g(E − Ee ) =

1
√

2 /2σ 2
e

e−(E−Ee )

,
(3.17)
σe 2π
with the FWHM of ≈ 2.36σe . The resolution of the electron gun is the main contribution to the overall spectrometer resolution. The energy distribution for both electron guns was verified by fitting the normalized derivative of the measured electron
current using equations 3.16 and 3.17 and substituting (E − Ee ) → (Ee − E). Since
the electron energy is scanned so that the cathode potential towards the ground
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is increased in steps from -2 V to 19 V, the system works as a simple retarding
field analyzer for the electron beam. At the near zero negative cathode potential
only high energy electrons can reach the interaction region on the ground potential.
By increasing the cathode potential, low energy electrons also reach the interaction region, thus the normalized derivative of the electron current represents the
electron energy distribution. The normalized measured current derivative and the
fitted functions are shown in Fig. 3.10. A tail, corresponding to low energy electrons is visible in both cases and could not be fitted with neither of the distribution
functions. The origin of this tail is the distribution of kinetic energy of electrons
between translation in the direction of the magnetic field (z-direction) and circular
motion in the xy plane. The retarding field acts only in the z-direction, thus we
can only measure the kinetic energy distribution in this direction. Kinetic energy
corresponding to the velocity in the z-direction is lower than the total kinetic energy
and this is the origin of the low energy tail. The resolution of the electron gun was
(331 ± 7) meV and (144 ± 6) meV in the case of low resolution and high resolution
electron gun, respectively. However, the electric current responsible for heating the
cathode was not the same for both cases. In the case of the low resolution electron
gun the electric current was 1.35 A and in the case of the high resolution gun it
was 1.47 A. According to the cathode manufacturer [83] this results in the cathode
temperature of approximately 1600 K and 1850 K, respectively.
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Figure 3.10: Electron energy distribution for (a) low and (b) high resolution electron
gun. Black dots represent the normalized derivative of the measured electron current
and the red line is the fit of the energy distribution function g(−x).
Once a weighted convolution (Eq. 3.15) is calculated, it is multiplied by the
pH2
, the number of electrons Nel = Ieel0t , the length of
target gas density nH2 = kT
the interaction region l and a relative population of individual ro-vibrational state
P (v, J), giving a number of ions in the spectrum, corresponding to the specific
ro-vibrational state [66],
SvJ (Ee ) = nH2 Nel lIvJ P (v, J) =
42

pH2 Iel t
IvJ P (v, J).
kT e0

(3.18)
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However, since we always normalize our experimental spectra, dividing the number
of counts by total accumulation time t, electron current Iel and pressure pH2 , we
calculate the normalized number of ions, corresponding to specific ro-vibrational
state,
l
SvJ (Ee )
0
=
IvJ P (v, J).
(3.19)
SvJ
(Ee ) =
Iel pH2 t
e0 kT
For the total normalized spectrum, all ro-vibrational contributions need to be summed,
S(Ee ) =

X

0
SvJ
(Ee ).

(3.20)

vJ

The model spectrum S(Ee ) is then fitted to the measured one by adjusting the
relative populations of individual ro-vibrational states.
From the experimental experience it follows that the relative populations can be
described in the first approximation by the Boltzmann distribution [66],
−(E(v,0)−E(0,0)) −(E(v,J)−E(v,0))
1
kTv
kTr
e
,
(3.21)
g(J)(2J + 1)e
Z
where Tv and Tr are vibrational and rotational temperature, respectively. The energy of the v-th vibrational and J-thP
rotational state is denoted by E(v, J). The
distribution needs to be normalized,
P (v, J) = 1, thus the normalization factor

P (v, J) =

v,J

Z equals:
Z=

X

g(J)(2J + 1)e

−(E(v,0)−E(0,0))
kTv

e

−(E(v,J)−E(v,0))
kTr

.

(3.22)

v,J

The factors 2J + 1 and g(J) are statistical weights that arise from the degeneracy
of the rotational states and nuclear spin, respectively. Due to the properties of the
identical particles the wave function needs to be antisymmetric under the exchange
of the two protons in the H2 molecule. The protons, which are fermions with the
spin of 21 , can couple to form a symmetric triplet state (| ↑↑ i, √12 (| ↑↓ i + | ↓↑ i) or
| ↓↓ i) with the total spin of S = 1 (orthohydrogen) or an antisymmetric singlet
state ( √12 (| ↑↓ i − | ↓↑ i)) with the total spin of S = 0 (parahydrogen). Since the
entire wave function needs to be antisymmetric and the vibrational part for the
homonuclear diatomic molecule is always symmetric, the rotational state of the
orthohydrogen with the symmetrical spin state needs to be antisymmetric and the
rotational state of the orthohydrogen with the antisymmetrical spin state needs to
be symmetric. Since the ratio between ortho- and parahydrogen is 3:1, one should
take g(J) = 3 for odd rotational states J and g(J) = 1 for even rotational states
[39].
Similar symmetry consideration is also applied to the deuterium molecule D2 .
However, the wave function needs to be symmetric under the exchange of the two
deuterons, since the deuterons are bosons with the spin 1. The spins of the two
deuterons can couple to the total spin of S = 0, 1 or 2. The spin state is symmetric
in the case of the total spin S = 0 and S = 2 (orthodeuterium) and antisymmetric
in the case of S = 1 (paradeuterium). Since the ratio between the ortho- and
paradeuterium is 6:3 one should use g(J) = 2 for even rotational states and g(J) = 1
for odd rotational states [39].
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In our experiment we can distinguish between three different sources of the
molecules that contribute to the measured vibrational distribution. The molecules
originating from the atom recombination on the sample surface have presumably
the highest vibrational excitation. Due to the finite pumping speed there are always
hydrogen molecules lagging in the vacuum chamber. Since these molecules undergo
several interactions with the cold surfaces of the vacuum chamber, they are assumed
to be mostly in the ground vibrational state. This, so called diffuse gas, thus contributes only to the signal of the v = 0 peak. The third source of the vibrationally
excited molecules comes from the hydrogen atom beam source (HABS). It is used
for the production of the hydrogen atom beam, to which our sample surface is exposed. The hydrogen gas coming out of the source is partially dissociated due to
molecule dissociation on a hot tungsten capillary inside the HABS. The undissociated molecules gain the energy by collision with the hot capillary and get excited
to higher ro-vibrational state. These molecules can reflect from the sample surface
directly into the interaction region of the vibrational spectrometer, contributing to
the collected ion yield. The relative populations of the individual contributions are

−(E(v,0)−E(0,0)) −(E(v,J)−E(v,0))
1
kT
(v)
kT
r
v
e
g(J)(2J + 1)c(v)e
,
Ps (v, J) = Zs
Z1


−(E(0,J)−E(0,0))
1
kT0
g(J)(2J + 1)e
,
P0 (v, J) = Z0
Z2


−(E(v,0)−E(0,0)) −(E(v,J)−E(v,0))
1
.
PHABS (v, J) = ZHABS
g(J)(2J + 1)e kTvHABS e kTrHABS
Z3


(3.23)

The indices s, 0 and HABS correspond to the contribution of the sample surface,
diffuse gas and HABS, respectively. Zs , Z0 and ZHABS are the normalization factors
with Zs + Z0 + ZHABS = 1. Additional correction factor c(v) is introduced for
each vibrational state of the molecules, originating from the sample surface, since
the vibrational distribution of these molecules does not necessarily correspond to
the Boltzmann distribution. In addition, rotational temperature is allowed to be
different for each vibrational state of these molecules. The whole relative population
of the individual ro-vibrational state, which is used for the spectrum calculation, is
the sum of all contributions,
P (v, J) = Ps (v, J) + P0 (v, J) + PHABS (v, J).

(3.24)

The relative population of individual vibrational states, which is the outcome of the
fitting procedure, is obtained by summing over the rotational states,
X
P (v, J).
(3.25)
P (v) =
J

3.4.1

Fitting procedure

A new fitting procedure was developed in the course of this thesis in order to reduce the time needed for the analysis of measured ion yield. The fitting of the
experimental spectrum is performed by minimizing the χ2 function,
χ2 (a) =

X (si − S(Eei ; a))2
σi2

i
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where (Eei , si ) are the points in the normalized experimental spectrum with the
standard deviation σi and S is the calculated spectrum (Eq. 3.20). The vector a
is the vector of fitting parameters. There are 32 unknown fitting parameters in the
case of H2 , which have to be determined during the fitting procedure. Parameters,
describing the properties of the vibrational spectrometer, are P1 and P2 (parameters
of the extraction efficiency function, Eq. 3.13) and TC or σe for low or high resolution
electron gun, respectively (Eqs. 3.16 and 3.17). Other parameters are needed for
the calculation of the relative populations of hydrogen molecules in the interaction
region (Eq. 3.23). These parameters are vibrational temperature Tv , rotational
temperatures Tr (v) and correction factors c(v) for v = 0 − 9, the temperature of
the diffuse gas T0 , the vibrational and rotational temperature of the molecules from
the HABS TvHABS and TrHABS and two normalization factors Zs and Z0 . The third
normalization factor ZHABS is not a fitting parameter since it is determined with
the normalization relation Zs + Z0 + ZHABS = 1. All the constant factors in the
equation 3.19 are combined in one parameter A, which determines the height of the
calculated spectrum. There are two additional fitting parameters, Ee0 being the
offset in the electron energy and S0 being the background or the offset in the ion
yield. Taking the last two parameters into account, the calculated spectrum 3.20 is
modified to
S(Ee ) = S0 +

X

SvJ (Ee − Ee0 ).

(3.27)

vJ

The parameters, describing the properties of the vibrational spectrometer (P1 ,
P2 and TC or σe ) are always determined by fitting the spectrum of the cold hydrogen
gas at the room temperature. Since the cold hydrogen molecules are in the ground
vibrational state, only one peak is visible in the spectrum. When calculating the cold
spectrum, the only non-zero relative populations are P (0, J). The fit is performed
using the Levenberg-Marquardt algorithm [84] and the resulting parameter values
are used for the hot spectrum fit, since they should not change as long as the
working parameters of the vibrational spectrometer stay the same (electron beam,
extraction voltages, magnetic field and its alignment). Whenever changes on the
applied voltages of the electron gun or the extraction system are made, a new cold
spectrum needs to be recorded and fitted again.
The fit of the hot spectrum is much more complicated due to the large number
of the fitting parameters and the complexity of the fitting function. The LevenbergMarquardt algorithm is only capable of finding a local minimum unless the initial
guess of the fitting parameters is close to the final solution. For this reason, a code
for fitting a hot spectrum was written, utilizing a simulated annealing algorithm
[85]. This algorithm is capable of finding an acceptable minimum without being
stuck in an unacceptable local minimum, given the sufficient amount of time. At
every step of the iteration, the parameter vector a is randomly chosen. A difference
∆χ2 = χ2new − χ2old is calculated, where χ2old and χ2new are values of the χ2 function at
the previous and at the current step of the iteration, respectively. An iteration step
is referred as a ”bad” step if ∆χ2 > 0 and as a ”good” step if ∆χ2 < 0, since we
move away or towards the minimum of the χ2 function, respectively. A newly chosen
parameter vector is accepted as a new approximation only if the acceptance condition
2
e−∆χ /T > R(0, 1) evaluates as true. Here, R(0, 1) is a random number in the interval
[0, 1] and T is the temperature, determining the probability of accepting a bad
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step. A good step is always accepted since for ∆χ2 > 0 the acceptance condition
is always true. A bad step is accepted with a certain probability, determined by
the temperature T . For higher T , a bad step is more likely to be accepted. This
procedure enables an escape from a local minimum, giving an opportunity of finding
a better solution. At the beginning the value of the temperature T is high and it
decreases during the fitting procedure, reducing the probability of taking a bad step,
thus ”cooling down” to a good solution.
A new graphical user interface was developed for the fitting of the vibrational
spectra. User can load both, cold and hot experimental spectrum to the program and
run the fitting procedure. The cold spectrum fit must always be performed before the
hot spectrum fit in order to determine the values of P1 , P2 and TC or σe parameters.
The resolution of the vibrational spectrometer is calculated automatically after the
cold spectrum fit. During the hot spectrum fit, user can follow the shape of the
calculated spectrum at the current iteration step and the calculated spectrum with
the lowest value of the χ2 function so far. If the shape of the calculated spectrum
differs a lot from the experimental one and does not seem to converge, a reset
button can be used. In that case, the temperature T is increased to its initial value
and the parameter vector a is changed back to the initial guess. The entire fitting
procedure starts from the beginning. At any stage of the hot spectrum fit, user
can accept the best or the current solution, if it is decided to be good enough.
The accepted parameter vector is then used as an initial guess in the LevenbergMarquardt algorithm, which gives the solution of the nearest local minimum. After
that, a fine-tuning of the parameters can be performed manually by the user. The
initial guess of the parameter vector and the constraints for each parameter can be
set by the user before the start of the fitting procedure or the default values can
be kept. The outputs of the program are the relative populations of the vibrational
states, the values of all the fitting parameters and the calculated model spectrum.
The picture of the user interface during the fitting procedure is shown in Fig. 3.11.

3.5

Study of surface atom recombination by vibrational spectroscopy

In order to study vibrational excitation of hydrogen molecules a source of vibrationally excited molecules needs to be designed. Since we are studying molecules
produced by hydrogen atom recombination on a surface, a sample material is exposed
to hydrogen atoms. Hydrogen atoms are adsorbed and recombined on the surface
and vibrationally excited molecules are produced by Langmuir-Hinshelwood, EleyRideal and hot-atom recombination mechanisms. Desorbing molecules need to be
directed towards the interaction region of the vibrational spectrometer, where they
are analyzed.
One of the early measurements of the vibrational distributions of hydrogen
molecules, produced by the atom recombination on the surface of different materials was performed by CNRS and Universite Pierre et Marie Curie, Paris, France
[28]. For their experiment a source cell with a hot W filament for hydrogen molecule
dissociation was used. The studied sample material was evaporated on the walls of
the source cell. Hydrogen gas was flowing into the cell where a partially dissociated
hydrogen atmosphere was created. Hydrogen interacted with the cell walls and ef46
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Figure 3.11: The graphical user interface during the fitting procedure of the vibrational spectrum.

fused through an orifice. The effusing hydrogen beam was intersected by an electron
beam and negative hydrogen ions from DEA were collected. Due to the closed configuration of the source cell the hydrogen molecules experienced many wall collisions
before effusing through the orifice. Moreover, due to the increased pressure inside
the source cell the probability for volume collisions is increased, leading to possible
redistribution of the vibrational population. Thus, the final vibrational distribution
of the effusing molecules could be altered. However, a simple model was used to
determine the vibrational distribution of effusing molecules based on the source cell
dimensions [86].
In the first configuration of our experiment the so-called test source (TS) was
used for the study of atom recombination [66, 87]. The source consists of two copper
cylinders, smaller one with a diameter of 25 mm and a height of 10 mm placed
coaxially inside the larger hollow cylinder with an inner diameter of 45 mm and a
height of 15 mm. Both cylinders are attached to a bottom plate where the water is
flowing for the cooling of the source and the sample. The top of the source is covered
and has an orifice with the diameter of 6 mm on the axis of the cylinder. A sample
is placed on a smaller inner cylinder 5 mm from the exit orifice. The hydrogen gas
is introduced to the source and is partially dissociated by a hot tungsten filament,
wound around the small cylinder, as shown in Fig. 3.12. The pressure inside the TS
is measured by a capacitive manometer (MKS Baratron). The TS was positioned
directly on the top of vibrational spectrometer, so that hydrogen molecules effuse
directly towards the interaction region and get analyzed by the system.
The hydrogen gas, flowing through the TS, is colliding with the inner walls of the
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Figure 3.12: The scheme of the previous configuration with the test source mounted
on top of the vibrational spectrometer. [87]
source, with the tungsten filament and with the sample surface. Hydrogen atoms,
resulting from molecule dissociation on the hot filament, interact and recombine,
forming molecules on all the surfaces inside the TS. Since the sample is positioned
close to the exit orifice, the vibrational distribution of the effusing molecules is
mainly a result of atom recombination on the sample surface. However, a significant
contribution to the vibrational distribution comes also from the atom recombination
and molecule relaxation on the copper walls of the TS, and from the molecule excitation on the hot tungsten filament. This made the interpretation of the resulting
vibrational distribution extremely hard. Even though determination of the contribution of the sample surface alone was not straightforward, a clear difference in
vibrational state distribution was observed when changing from one sample material
to the other [87].
In order to have better defined experimental conditions, enabling more direct
interpretation of the measured spectra, a new experimental set-up was designed [66].
In the new set-up, the sample was exposed to the hydrogen atom beam with better
defined atom flux distribution. The atom beam was provided by the hydrogen atom
beam source (HABS), which is described in Section 3.6. On this way a control of the
absolute amount of H atoms interacting with the sample surface was achieved. The
sample was mounted on a sample holder, which also enabled a temperature control
of the sample. The distance from the sample to the HABS was 59.5 mm. The
sample was tilted by an angle of 45◦ , as shown in Fig. 3.13. The molecules, which
recombined on the sample surface, entered the vibrational spectrometer where they
interacted with the electron beam and the produced negative hydrogen ions were
analyzed.
Even though the experimental set-up with the hydrogen atom beam provided
much better determination of the contribution of molecules desorbed from the sample surface to the measured vibrational distribution, some problems were still en48
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Figure 3.13: The scheme of the previous configuration with the hydrogen atom beam
source and a temperature controlled sample holder. [66]
countered. Since the sample and the vibrational spectrometer were in the same
vacuum chamber, the molecules, which did not directly enter the spectrometer,
could interact with many surfaces of the chamber. Instead of being immediately
pumped out of the system, they could still enter the spectrometer, contributing to
the final measured vibrational distribution. In addition to that, a uniform background signal was observed, contributed to the interaction of hydrogen with the hot
tungsten capillary of the HABS. The spectra had to be collected for a long time and
the signal, originating from the vibrationally excited molecules was accumulated on
top of the huge constant background. Because of this high background the measurements with deuterium were impossible due to lower DEA cross-section of deuterium
as compared to hydrogen.

3.5.1

New vacuum system with differential pumping

In order to isolate the contribution of molecules, originating from the sample surface,
and to reduce the high background signal, the system was upgraded by incorporating
differential pumping of the experimental volume. The vacuum chamber was physically divided by a barrier into two regions. The vibrational spectrometer is in the so
called detection region of the vacuum chamber and the sample and the HABS are
in the recombination region of the vacuum chamber. Each region is pumped with
its own turbomolecular pump with the pumping speed of 520 L/s. Both regions are
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connected with a narrow slit, directed from the electron beam towards the sample
surface. The photo and the scheme of the new differentially pumped system is shown
in Fig. 3.14. The molecules, recombined on the sample surface, can access the detection region directly through the slit mounted on the barrier. In such a way we have
significantly reduced the contribution of the molecules, which interacted with other
surfaces of the recombination region. Some of these background molecules still enter
the detection region, however most of them are removed out of the system by the
turbomolecular pump. The high background due to the interaction of hydrogen gas
with the hot HABS capillary, which was encountered in the previous experimental
set-up, was reduced substantially from 30 counts/s to only 0.04 counts/s.

(a)

(b)

Figure 3.14: The photo and the scheme of the differentially pumped vacuum system.
The barrier is dividing the chamber into detection and reaction region.
The slit, dividing both regions, can be of arbitrary shape and size. It can be
twofold or a single slit. However, most of the time, a single slit with dimensions of
10×1 mm2 was used. Such a slit enables a pressure ratio of prec /pdet ≈ 24, where prec
is the pressure in the recombination region and pdet is the pressure in the detection
region during the sample exposure to H atoms. The atoms are provided by HABS,
mounted in the recombination region of the vacuum system. Figure 3.15 is showing
prec as a function of pdet and a fitted line with a slope of 24.40 ± 0.01. Typical
background pressure in both regions when no exposure is performed is around 5 ×
10−8 mbar
Two different holders enabling sample temperature control are used for sample
mounting. A holder with a ceramic heater (Boralectric) is used for heating the
sample up to 1200 K, but no active cooling is possible with this holder. A new PID
controller was used with this heater for the computer control of the temperature.
The user interface was upgraded, incorporating a possibility to perform a linear
temperature ramping for thermodesorption analysis. Another, homemade copper
sample holder is used when active cooling of the sample is needed. This holder is
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Figure 3.15: Pressure in the recombination region prec as a function of pressure in
thee detection region pdet . Red line is a fit, giving the pressure ratio of 24.40 ± 0.01.

designed modularly and is made as a sandwich of a holder plate, a cooling plate
and a heating plate. The tubes for the water cooling are mounted inside the cooling
plate and the heating wires for sample heating in the heating plate. The sample can
be heated up to 700 K and actively cooled to room temperature with this second
holder. Two K type thermocouples are used for the measurement of temperature.
A 0.5 mm diameter thermocouple is mounted inside the heater for the measurement
of the heater temperature and the other, 1 mm diameter thermocouple is attached
on the surface of the sample. The sample is placed in position by two Ta clamps.
The sample normal is tilted by 45◦ with respect to the horizontal position. The
HABS is mounted on the top cover of the vacuum chamber so that the capillary is
parallel to the x-axis of the chamber, Fig. 3.14. Two different HABS positions were
used in this set-up. In the first position, the distance between the HABS capillary
and the center of the sample is 44 mm. A Ta collimator with 8 mm diameter is
mounted on the HABS ensuring that only the sample is exposed to H atoms. The
other atoms recombine on the collimator. Since the HABS capillary is heated up
to 2100 K, the sample temperature increased due to HABS radiative heating up to
approximately 400 K without active cooling. In the second position the HABS was
moved further away from the sample, increasing the distance between the HABS
capillary and the center of the sample to 60 mm. In order to assure hydrogen atoms
hitting only the sample surface, we mounted a Ta plate with a 5 mm diameter orifice
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at a distance of 30 mm behind the capillary exit, instead of the first collimator with
8 mm diameter orifice. An orifice is limiting the angle of the effusing hydrogen beam
to 11◦ , as shown in Fig. 3.16. In this set-up the sample temperature was reduced
to 330 K without active cooling, however the flux density of hydrogen atoms was
also reduced. The distance between the sample center and the interaction region of
the vibrational spectrometer is fixed to 70 mm. A quadrupole mass spectrometer
is mounted 33.5 cm behind the sample in order to follow the gas composition and
desorbing species from the sample during thermodesorption analysis.

Figure 3.16: The side view of the differentially pumped vacuum chamber. Sample
holder and HABS are in the reaction region and vibrational spectrometer is in the
detection region of the vacuum chamber.

3.6

Hydrogen atom beam source

In all our experiments the sample is exposed to hydrogen or deuterium atom beam.
For the production of the atom beam a commercial hydrogen atom beam source
(HABS) from MBE Komponenten GmbH [88] is used. The atom source is a thermal gas cracker which uses a hot tungsten capillary for a generation of an ion-free
partially dissociated hydrogen gas beam. The 10 mm long capillary with the inner
diameter of 1 mm is radiatively heated by a tungsten filament wound around the
capillary. A tantalum shield is surrounding the capillary and the filament in order
to minimize the heat loss. A free-standing thermocouple is positioned inside the
thermal shield in order to measure the temperature of the source. The capillary
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temperature is approximately 100-200◦ C higher than the temperature measured by
the thermocouple [88]. During typical source operation the capillary is heated to
2100 K. The outer housing of the source is made of copper and is water cooled.
A tantalum shutter is mounted behind the capillary exit and allows instantaneous
termination/start of the gas flux to the sample during experiment. In order to limit
the solid angle of hydrogen atom beam, an additional aperture plate with a diameter
of 8 mm is mounted 29 mm after the end of the capillary. A scheme of the HABS
is shown in Fig. 3.17.

water
cooling

ﬁlament
thermocouple

shutter

capillary
thermal
shielding
Figure 3.17: The scheme of the HABS with marked components. [89]
The source enables 80-98% dissociation of hydrogen gas, depending on the operating conditions. The dissociation rate is determined by hydrogen gas flow and the
temperature of the capillary. Due to the formation of the molecular flow at the end
part of the capillary the effusing atom beam has a narrow forward peaked shape.
The width of the beam depends on the hydrogen feed gas flow rate, being narrower
for lower flow rates. The gas flow rate is controlled by measuring the driving pressure
of the feeding gas at the entrance of the HABS capillary by means of a capacitive
manometer (MKS Baratron).
The angular distribution of hydrogen atoms effusing from the HABS can be
analytically expressed [90]. The normalized angular distribution I(ϑ) has two contributions, one of the molecules that pass the capillary directly, Id (ϑ) and molecules
that are scattered at the capillary wall, Iw (ϑ), where ϑ is the polar angle with respect
to the capillary axis. Both contributions could be expressed as [90]
Id (ϑ) = U (ϑ) cos ϑ,


1
8 1
(1 − V (ϑ)) + 1 − U (ϑ) cos ϑ,
Iw (ϑ) =
2lef f + 1 3π tan ϑ
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with

U (β) =

2β − sin 2β
, V (β) = sin3 β
π
U (β) = V (β) = 0

for ϑ < arctan

1

,
lef f
1
for ϑ ≥ arctan
.
lef f

(3.29)

Here, β is defined by cos β = lef f tan ϑ and lef f = Lef f /2R is the reduced effective length of the capillary with Lef f being the length of the molecular flow in the
capillary and depends on the driving pressure. The total normalized angular distribution of hydrogen atoms is thus I(ϑ) = Id (ϑ) + Iw (ϑ). The hydrogen atom flux
J(ϑ) in units of at sr−1 s−1 is obtained by multiplying the dimensionless I(ϑ) with
the center-line intensity J0 [91],
J(ϑ) = J0 I(ϑ).

(3.30)

By integrating over the hemisphere into which the atoms are emitted, we calculate
the total number of atoms effusing from the capillary,
Z
(3.31)
Γ1 = J(ϑ)dΩ.
2π

The integral
Z
I(ϑ)dΩ,

Ω=

(3.32)

2π

together with Eq. 3.30, gives the relation
J0 =

Γ1
.
Ω

(3.33)

Since we are interested in the hydrogen atom flux density on our sample, we need
to calculate the flux density on a flat surface. The infinitesimally small flat area dA is
projected on the surface of the sphere, dAs = dA cos δ, where δ is the angle between
the flat surface normal and the direction of the flux. Since the proportionality
dΓ1 /(I(ϑ)Γ1 ) = dAs /(ΩR2 ) must hold, the obtained atom flux density is [92]
j(ϑ) =

dΓ1
Γ1 I(ϑ) cos δ
J0 I(ϑ) cos δ
=
=
,
2
dA
ΩR
R2

(3.34)

where R is the distance between the surface and the source. Since our sample
has a finite size, the angle δ and distance R will be different for different points
on the sample. The normalized radius vector from the source to a point on the
sample surface is R/R = (sin ϑ cos ϕ, sin ϑ sin ϕ, − cos ϑ) and the surface normal is
n = (sin β, 0, − cos β), where ϕ is the polar angle in the uninclined coordinate system
and β is the inclination angle of the surface, see Fig. 3.18. The angle δ for a given
point on the sample surface can be calculated using a relation
cos δ =

R·n
= sin ϑ cos ϕ sin β + cos ϑ cos β.
R
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The distance from the source to the given point on the sample surface is derived
from Fig. 3.18 using simple geometric relations,
r0
R=
cos ϑ



1
1 + tan ϑ tan β cos ϕ


=

r0
KR ,
cos ϑ

(3.36)

where r0 is the distance from the source to the center of the sample surface. The
atom flux density on the inclined sample is then
j(ϑ, ϕ) =

J0 I(ϑ)cosδ cos2 ϑ
.
r02 KR2

(3.37)

Figure 3.18: Flux on a flat surface inclined by angle β.
The coordinates of the uninclined system (x, y) are related to the angles ϑ and
ϕ as
x = r0 tan ϑ cos ϕ,
y = r0 tan ϑ sin ϕ.

(3.38)

To calculate the coordinates on the sample (x0 , y 0 ), a transformation to the system,
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rotated by the angle β around the y axis is performed (see Fig. 3.18),


x
r0 tan ϑ cos ϕ
1
0
x =
KR =
,
cos β
cos β
1 + tan ϑ tan β cos ϕ


1
0
.
y = yKR = r0 tan ϑ sin ϕ
1 + tan ϑ tan β cos ϕ

(3.39)

The portion of the dissociated hydrogen gas depends on the capillary temperature and the pressure of the feeding gas. The higher the capillary temperature the
higher is the degree of dissociation and inversely the higher the pressure the lower
is the degree of dissociation. The degree of dissociation is defined using a virtual
chamber at the nominal capillary temperature filled with hydrogen gas at the thermal equilibrium [91]. Equilibrium particle densities in the virtual chamber are n1
and n2 for hydrogen atoms and molecules, respectively and the degree of dissociation
is defined as
α=

n1
.
n1 + 2n2

(3.40)

As a function of pressure and temperature of the virtual chamber, the degree of
dissociation is [91]
s
α=

Kp
4 Ppequ
0

+ Kp

,

(3.41)

where pequ = p1 + p2 is the total pressure and p1 and p2 are the partial pressures
of hydrogen atoms and molecules, respectively. The pressure p0 = 1 bar is constant
p2
and Kp = p2 p1 0 is temperature dependent equilibrium constant for H2 *
) H + H. In
the temperature range of interest it can be calculated as
23760 K
.
(3.42)
T
Due to the mass conservation law the atom and molecule flux out of the capillary,
Γ1 and Γ2 , respectively, must be related to the molecule flux, entering the capillary
Γg ,
log Kp = 6.304 −

2Γg = Γ1 + 2Γ2 .

(3.43)

The relation between the particle flux Γi and the particle density ni is obtained from
the kinetic theory of gasses [91],
1
Γi = ni ci AW,
(3.44)
4
where ci is the mean thermal velocity, A is the cross section of the capillary and W
is the probability of a particle passing and leaving the capillary and is independent
of the particle type if molecular flow is assumed [91]. Inserting Eq. 3.44 into Eq.
3.43 and using Eq. 3.40 one obtains
√

Γ1 = 2Γg

2α
√ ,
1 − α + 2α
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√
where also c1 /c2 = 2 was used. Equation 3.45 relates the flux of hydrogen atoms
with the flux of the feeding molecules entering the source and the degree of dissociation in the virtual chamber. The temperature and pressure dependence of the atom
flux is given by the Eq. 3.41.

3.6.1

HABS calibration

HABS needs to be calibrated in order to determine absolute atom flux during the
sample exposure to hydrogen atoms. In our case this was done by measuring the
chemical erosion of an amorphous dense (diamond-like) hydrogenated carbon (aC:H) film used as a sample [93]. The erosion yield of the a-C:H layer by hydrogen
atoms is temperature dependent with a maximum of 2 % at around 650 K [94]. The
film for our experiment was produced by Max-Planck-Institut für Plasmaphysik
(IPP), Garching, Germany. A sample composed of 70 nm thick a-C:H layer on a Si
substrate was heated to 600 K and exposed to hydrogen atoms, created by HABS,
with the feeding H2 pressure of 0.47 mbar and the capillary temperature of 1910
K, as measured by the thermocouple. The photo of the eroded a-C:H layer after 2
hours of exposure to H atoms is shown in Fig. 3.19, for the configuration shown
in Fig. 3.16. Distance from the capillary exit to the sample surface was 60 mm.
The elliptical shape occurs due to the tilt angle of the sample, which equals 45◦
with respect to the direction of the HABS capillary axis. The edge of the erosion
area is well defined, indicating that there is an effective recombination of H atoms
on the Ta collimator. The ellipsometry analysis [95] was used to determine the
thickness distribution of the eroded layer. The H atom flux density is calculated as
j = ∆d nC /Y t, where ∆d is the difference between initial and final layer thickness
at the given point, nC is the carbon density (9 × 1022 C/cm3 ) in the film, Y is the
erosion yield (0.017 at 600 K) and t is the exposure time. Initial film thickness was
measured on the part of the a-C:H film, covered by Ta clamps.

Figure 3.19: A photo of the eroded a-C:H layer after exposure to H atoms for 2
hours.
The ellipsometry results were used to fit the equation 3.37, with J0 and lef f (see
Eqs. 3.28 and 3.29) being the fitting parameters. The best fit was obtained with
J0 = (8.72±0.09)×1016 H/s and lef f = 6.966±0.005. The flux density profile on the
sample is shown in Fig. 3.20. The flux densities along the x=0 and y=0 lines are also
included together with the fitted curves. The analytical model slightly overestimates
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the flux density at the center of the sample, as can be seen in the figure. The total
number of hydrogen atoms emitted from the HABS is calculated with Eq. 3.31
to be Γ1 = 4.15 × 1016 H/s and the total number of atoms hitting the sample is
1.59 × 1015 H/s. The maximal flux density on the sample is j0 = 4.5 × 1015 H/cm2 s
in the configuration when the HABS capillary is 44 mm from the sample surface
and j0 = 2.4 × 1015 H/cm2 s when the HABS capillary is 60 mm from the sample
surface.
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Figure 3.20: The flux density profile of H atoms on the flat sample inclined by 45◦ .
Two additional plots show the flux density along the x=0 and y=0 lines (black dots)
together with the fitted curves (red line).
In order to determine the dissociation rate one needs the information of the absolute number of molecules entering the capillary. Equation 3.43 is used to determine
the number of molecules emitted from the HABS, where the number of molecules
entering the capillary Γg is calculated using the equation [91]
pg C
,
(3.46)
kT
where pg is the feeding pressure, C is the flow conductance of the capillary and T
is the temperature of the hydrogen gas at the position of the pressure measurement
(room temperature). The flow conductance of the capillary is determined by a
transient flow experiment [91]. A gas pipe system with a volume of Vm is filled
with the hydrogen gas to a pressure of pm and drained through the HABS capillary,
measuring the pressure in the volume. Since the volume of the pipe system cannot
Γg =
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be easily determined, an additional vessel with the known volume is attached to the
pipe system via a valve, as shown in Fig. 3.21. The experiment is performed twice,
with the additional vessel valve open and closed. Equations
Vm ṗm = −C(p)pm ,
(Vm + Va )ṗma = −C(p)pma ,

(3.47)

are describing the pressure pm , when the additional vessel valve is closed and pma ,
when the valve is open. By eliminating Vm from the equations we derive the flow
conductance as a function of the pressure pm = pma = p

−1
Vma
1
1
C(p) =
−
.
(3.48)
p
ṗm (p) ṗma (p)

Figure 3.21: A scheme of a gas pipe system with the additional volume Va .
In order to perform this experiment our gas pipe system was modified. An
additional vessel with a volume of Va = 2965 mL was manufactured and mounted
together with the valve. The needle leak valve was opened until the stationary
flow of H2 gas of constant driving pressure of around 0.8 mbar was established.
After that, the leak valve was closed and the pressure was measured by a capacitive
manometer and recorded every second. This procedure was performed with open
and closed additional vessel valve and for two HABS capillary temperatures, room
temperature and 1910 K, as measured by the thermocouple in the HABS. The
pressure dependence of a flow conductance was calculated using the Eq. 3.48 and
is shown in Fig. 3.22. The data points were fitted with the third order polynomial
function. For the feeding pressure of 0.47 mbar the flow conductance of the capillary
is 3.87 × 10−3 L/s and 3.78 × 10−3 L/s, what corresponds to the number of molecules
entering the capillary of 4.53 × 1016 H2 /s and 4.43 × 1016 H2 /s for the capillary
at the room temperature and at 1910 K, respectively. With the obtained absolute
number of molecules we calculate the number of molecules emitted from the capillary,
using Eq. 3.43. For the hot capillary the number of emitted molecules is Γ2 =
2.35 × 1016 H2 /s. This yields the degree of dissociation of α = 0.38 for the present
experimental conditions.
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Figure 3.22: Pressure dependence of the flow conductance of cold (295 K) and hot
(1910 K) HABS capillary.

3.6.2

Vibrational excitation of hydrogen molecules

As described in Section 3.4, there are three different sources of hydrogen molecules,
contributing to our measured vibrational spectrum. We are interested in the molecules
which are produced on the sample surface by atom recombination. The other two
contributions present the background of our measurement. Those are the residue
molecules, which were not yet pumped out of the system and the molecules, originating directly from the HABS and reflecting on the sample surface. Since the retained
molecules in the background experience many collisions with the surfaces at the
room temperature, they only contribute to the ground vibrational state in our spectra. The molecules, originating from the HABS may have appreciable vibrational
excitation due to the collisions with hot inner wall of the capillary. Some portion
of these molecules is directly reflected from the sample surface into the interaction
region of the vibrational spectrometer, where they contribute to higher vibrational
states of the spectrum.
In order to determine the vibrational excitation of the molecules originating from
the HABS, we used a polytetrafluoroethylene (PTFE) sample, which is believed to
exhibit very low hydrogen atom surface recombination when being cold [96]. The
sample was exposed to H beam with the driving pressure of 0.47 mbar at different
HABS capillary temperatures and vibrational spectra were measured. The PTFE
temperature during the experiment was (289 ± 2) K. If we assume that surface atom
recombination is strongly diminished, then most of the molecules, contributing to
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the measured spectra are retained molecules and molecules, originating from HABS
and reflected from the PTFE surface directly to the vibrational spectrometer. The
reflected atoms recombine on the walls of the vacuum chamber and contribute to the
background corresponding to the retained molecules. Measured spectra for different
capillary temperatures are shown in Fig. 3.23a. They were fitted with the Boltzmann distribution of vibrational and rotational states deriving certain vibrational
and rotational temperature. Additionally the ratio between background molecules
and HABS contribution was determined, being Z0 /ZHABS = 1.6 ± 0.1 for the capillary temperature of 1910 K. The values of fitting parameters are shown in Tab. 3.2
for different capillary temperatures. It is clearly shown in Fig. 3.23b that the vibrational temperature, obtained from the measured spectra is linearly proportional
to the capillary temperature over a large temperature range. A good agreement is
obtained from capillary temperatures where no atom dissociation is present (1300
K) up to the highest temperature of 1910 K where highest contribution of atoms
is present. The capillary temperature is measured by the thermocouple which does
not have a direct contact with the capillary, thus it is not measuring the exact capillary temperature. The HABS manufacturer states that the exact temperature of
the capillary is 100-200 K higher than the measured temperature. We believe that
the vibrational temperature of the molecules is the same as the temperature of the
HABS capillary, since is it also approximately 100-200 K higher than the measured
temperature. By knowing the vibrational temperature of the molecules, originating
from the HABS, it enables us to fix the shape of the HABS background in the fitting
procedure, leaving only the normalization factor ZHABS as the unknown parameter
for the HABS contribution to the spectrum.
Table 3.2: The values of the fitting parameters obtained by analyzing the vibrational
spectra for different HABS capillary temperatures. The vibrational spectra were
measured with PTFE sample.
Tcap [K] TvHABS [K] TrHABS [K]
1295
1440 ± 70
300 ± 50
1375
1500 ± 100
620 ± 50
1595
1810 ± 60
480 ± 80
1745
2000 ± 30
300 ± 50
1910
2160 ± 20
500 ± 40

3.7

T0 [K]
300 ± 50
380 ± 80
410 ± 40
100 ± 30
420 ± 40

ZHABS
0.38 ± 0.04
0.36 ± 0.04
0.31 ± 0.04
0.26 ± 0.02
0.38 ± 0.02

Background contribution

With the procedure described in Section 3.6.2 the shape of the background attributed
to the HABS was measured. However, the normalization factor ZHABS cannot be
unambiguously determined when analyzing the vibrational spectra. For this reason
two Monte-Carlo simulations were performed, calculating the flux of molecules entering the interaction region. In the first simulation we considered only the molecules
originating from the HABS capillary and in the second simulation a surface atom
recombination was simulated. Assuming the same velocity for all molecules, the
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Figure 3.23: (a) Vibrational spectra measured by exposing PTFE at (289 ± 2) K
to hydrogen atoms and molecules from HABS at different capillary temperatures.
Fitted spectra are also shown. (b) Vibrational temperature of hydrogen molecules
from HABS as a function of capillary temperature as measured by a thermocouple
inside the HABS.
ratio of both fluxes is equal to the ratio of normalization factors Zs /ZHABS which
together with the ratio of Z0 /ZHABS determined in previous section 3.6.2 and the
equation Zs + Z0 + ZHABS = 1 enables the calculation of all normalization factors.
The interaction region is a cylinder with a diameter of 1 mm and a length of 10
mm. The distance between the center of the interaction region and the center of
the sample is 70 mm. A rectangular slit with dimensions 1x10 mm2 was positioned
21 mm from the center of the sample, as shown in Fig. 3.24. The area of the
sample surface, visible by the interaction region through the slit, is 2.63 mm wide
in the vertical direction and 18.57 mm wide in the horizontal direction. Thus, the
active area from which the desorbing molecules can enter the interaction region is
limited in the horizontal direction by the width of the hydrogen atom flux, being
11.55 mm. The angular distribution of the incoming particles was assumed to be
the same for both atoms and molecules, described by the Eq. 3.28 with parameter
lef f = 6.966, as determined in Section 3.6.1. The angular distribution was properly
scaled for both cases in order to satisfy the total atom and molecule flux. Only the
part of the sample, geometrically visible by the interaction region, was considered in
the simulation in order to increase the speed of the calculation. In each simulation
5 × 107 particles were used. After interaction with the sample surface molecules can
experience one of three different events. They can miss the slit and hit the shield,
pass through the slit and miss the interaction region or enter the interaction region.
Only molecules that enter the interaction region are counted. All other molecules
are rejected and their path is not followed further on.
First the molecules originating from the HABS capillary were simulated. Since
the adsorption of molecules on a hydrogen covered surface is reduced [36], we as62
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Figure 3.24: The scheme of the Monte-Carlo simulation. Molecules can miss the
slit or miss the interaction region (dashed line) or enter the interaction region (solid
line).
sume that the molecules are mostly reflected. Thus, the molecules were assumed
to specularly reflect from the sample surface. The number of molecules which pass
through the slit and enter the interaction region was counted and the fraction of these
molecules was calculated to be 0.14676 ± 0.00005. This corresponds to the flux of
molecules entering the interaction region ΓHABS = (1.1176 ± 0.0004) × 1014 H2 /s.
When simulating the surface atom recombination, Eley-Rideal and LangmuirHinshelwood recombination are considered. We distinguish between the two recombination mechanisms due to different angular distribution of the desorbing molecules.
For the Eley-Rideal recombination it was experimentally shown in [97] that the angular distribution of desorbing molecules is peaked forward towards the specular angle. Thus the direction of the specular angle was assumed for the resulting molecules
and the cosine angular distribution was assumed for Langmuir-Hinshelwood recombination [30]. In order to determine the ratio between Eley-Rideal and LangmuirHinshelwood recombination, a steady state of hydrogen surface coverage was assumed, described by the equation
dcA
= 0 = Γads − ΓER − ΓLH ,
(3.49)
dt
where Γads = Γ0 (1 − R)(1 − cA ) is the flux density describing adsorption of the
atoms, ΓER = Γ0 σER δW cA is describing Eley-Rideal recombination and ΓLH =
2kLH (δW cA )2 e−Ed/kT is describing Langmuir-Hinshelwood recombination. The flux
density of the incoming atoms averaged over the simulated part of the sample is
Γ0 = 1.5 × 1015 H/cm2 s. The main focus of this thesis is the study of hydrogen atom
recombination on tungsten, therefore the MC simulation was performed for tungsten
material. Hydrogen atom reflectivity on tungsten surface is taken to be R = 0.85
[98, 99] and δW is the areal density of W atoms. The rate constant for LangmuirHinshelwood recombination was assumed to be kLH = 0.007 cm2 /s [100]. The values
for the desorption energy and the cross-section for Eley-Rideal recombination were
assumed to be Ed = 1.65 eV and σER = 1.7×10−17 cm2 [99]. Equation 3.49 was used
for the calculation of the dimensionless surface hydrogen concentration cA and the
ratio ΓLH /ΓER was calculated. In the simulation the molecules were produced by the
two recombination mechanisms, according to the determined ratio. Since the ratio
is temperature dependent, the simulation was performed for various sample temper63
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atures. The temperature dependence of the surface concentration cA and molecular
fluxes ΓER and ΓLH is shown in Fig. 3.25. At low sample temperatures Eley-Rideal
recombination is dominant, since the probability for Langmuir-Hinshelwood recombination is negligible at low temperatures. With the increasing temperature, the
probability for Langmuir-Hinshelwood recombination is also increased, decreasing
the surface concentration of adsorbed atoms. Decrease in the surface concentration
also leads to lower probability for Eley-Rideal recombination. The obtained fractions and the fluxes of molecules entering the interaction region (Eley-Rideal and
Langmuir-Hinshelwood recombination combined) for different sample temperatures
are shown in Tab. 3.3. With the increase of the sample temperature, the fraction of
molecules decreases due to the prevail of the Langmuir-Hinshelwood recombination,
where cosine angular distribution of desorbing molecules is assumed.
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Figure 3.25: The temperature dependence of the surface concentration cA and molecular fluxes ΓER and ΓLH .
Finally, the contribution of the diffuse molecules due to the pressure increase in
the detection region of the vacuum chamber was calculated. During the hydrogen
atom exposure with the HABS driving pressure of 0.47 mbar, the pressure in the
detection region of the vacuum chamber is p = 4.9 × 10−7 mbar. The molecule flux
into the interaction region is calculated as [101]
r
1 p
8kT
1
Sint ,
(3.50)
Γdif = nv̄Sint =
4
4 kT πm
where m is the mass of the H2 molecules and Sint = 2πri (ri + li ) is the surface area
of the interaction region with ri and li being the radius and length of the interaction
region, respectively. The temperature of the diffuse molecules is assumed to be
the room temperature. The calculated flux of molecules entering the interaction
region is Γdif = 1.757 × 1014 H2 /s. The ratio of the calculated fluxes Γdif /ΓHABS =
Z0 /ZHABS = 1.5718±0.0005 is in good agreement with the ratio of the normalization
factors, obtained in Section 3.6.2 on the PTFE sample.
We have calculated the normalization factors using the system of equations
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Table 3.3: The fractions and the fluxes of molecules entering the interaction region
for different sample temperatures, obtained by Monte-Carlo simulation of surface
atom recombination.
Ts [K]
295
325
395
475
545
600
650
705
800
875

fraction of molecules
(1.4671 ± 0.0005) × 10−1
(1.4677 ± 0.0005) × 10−1
(1.4673 ± 0.0005) × 10−1
(1.4632 ± 0.0005) × 10−1
(1.0509 ± 0.0004) × 10−1
(2.160 ± 0.002) × 10−2
(5.91 ± 0.01) × 10−3
(2.125 ± 0.007) × 10−3
(6.91 ± 0.04) × 10−4
(4.85 ± 0.03) × 10−4

molecule flux Γs [H2 /s]
(4.110 ± 0.001) × 1012
(4.112 ± 0.001) × 1012
(4.111 ± 0.001) × 1012
(4.099 ± 0.001) × 1012
(2.944 ± 0.001) × 1012
(6.051 ± 0.006) × 1011
(1.656 ± 0.003) × 1011
(5.95 ± 0.02) × 1010
(1.94 ± 0.01) × 1010
(1.389 ± 0.009) × 1010

Zs /ZHABS = Γs /ΓHABS ,
Z0 /ZHABS = Γ0 /ΓHABS ,
Zs + Z0 +ZHABS = 1.

(3.51)

The calculated values are shown in Fig. 3.26 for different sample temperatures.
These results were used for the analysis of the vibrational spectra, reducing the
number of the fitting parameters.
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Figure 3.26: Normalization factors Zs , Z0 and ZHABS calculated using the MonteCarlo simulation for different sample temperatures.
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3.8

Measurements

Samples of different materials (W, WN, Cu, Ta and Ti) were used to study the
vibrational distribution of desorbing hydrogen molecules. The most detailed study
was performed on W samples. We used undamaged and damaged polycrystalline
W samples and single crystal W samples with (100) and (110) orientation. All
samples were studied under similar experimental conditions, varying only sample
temperature or hydrogen atom flux. Deuterium atom surface recombination was
studied only on single crystal W samples.
Recorded vibrational spectra were fitted with the procedure described in Section
3.4.1 using the background parameters as determined in Section 3.6.2. Normalization factors Zs and ZHABS were varied for 10% around the values, calculated
by Monte-Carlo simulation described in Section 3.7 due to the possible errors of
the parameters and the assumptions used in the simulation. However, it turned
out that for the sample temperatures around 700 K and higher, Zs determined
from the Monte-Carlo simulation is too small to effectively fit the measured spectra. A possible reason is that the angular distribution of desorbing molecules for
Langmuir-Hinshelwood recombination is broader than the cosine distribution. An
order of magnitude higher values were used for Zs in the fitting procedure of spectra,
recorded at high sample temperatures.
During the measurement of the 4 eV process, the electron gun cathode voltage
is scanned usually from -0.3 V up to 4 V. Only for positive voltages the electrons
have enough energy to enter the interaction region. Thus, the electron current
measured by the electron collector appears around the cathode voltage of 0 V.
We are experiencing a noise around this value which manifests as an increase of
the background which conceals the peaks corresponding to 8th and 9th vibrational
state. Thus, only vibrational states up to v=7 could be reliably analyzed in our
spectra.
A maximal electron current of approximately 10 nA was achieved when working
with high electron energy resolution of approximately 150 meV. Due to the small
number of molecules entering the detection region in the case of differential pumping,
the time for collecting the spectra with good statistics is very long. In order to
reduce the measuring time we decided to work with electron energy resolution of
approximately 250 meV, which is still better as compared to the old low resolution
gun (≈ 350 meV). The maximal electron current was approximately 100 nA. In this
case the time for collecting spectra with good statistics was usually around 7 hours,
but most of the spectra were collecting overnight, for about 16 hours. During long
recording times multiple spectra were saved, what enabled us to check individual
spectra for any possible change of shape. The final spectrum was obtained by
summing the individual spectra.

3.8.1

Measurements with tungsten samples

All of the present measurements on W samples were performed with the sample
mounted on a ceramic heater with no active cooling. For the most cases the distance
between the HABS and the center of the sample surface was 60 mm, the set-up
shown in Fig. 3.16. A Ta plate with a 5 mm orifice was positioned 30 mm in
front of the capillary to collimate the atom beam and to shield the sample from the
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radiation from the HABS. The temperature of the HABS capillary, measured by
the in-built thermocouple was 1910 K. The lowest achievable sample temperature in
this experimental configuration was around 330 K. The driving pressure of H2 gas
was 0.47 mbar in all the cases, except when stated otherwise.
Before the beginning of every new measurement, the samples were heated, usually
up to 1200 K and kept at this temperature for 10 minutes. This procedure was
performed in order to desorb the impurities (such as C and O) and hydrogen from
the sample and heater assembly from the previous exposure. Similar procedure
was used by Bisson et al. [102], where W sample was first annealed at 1200 K
and then flash-heated for 5 min to 2000 K. This yielded a sub-monolayer of oxygen
contamination. Next, the sample was exposed to air for 5 min for contamination
and again flash-heated for 5 min to 1000 K, what was enough to reduce the oxygen
contamination again below one monolayer. Surface contamination was measured
by HREELS method [103] after every experimental step. The resulting spectra
are shown in Fig. 3.27. In our case the samples were exposed to hydrogen atom
beam during the cooling to the desired sample temperature in order to prevent
the adsorption of impurities on the sample. Typical background pressure in both,
recombination and detection region was around 5 × 10−8 mbar.

Figure 3.27: HREELS spectra of C and O contamination recorded after every step
of the cleaning procedure of W sample. The figure was taken from [102].
As stated above, the analysis was performed on various grades of tungsten with
the same experimental conditions, only the sample temperature was varied. Figure
3.28 is showing the measured spectra for different W samples (polycrystalline W,
(100) single crystal W, (110) single crystal W and tungsten nitride) for two different
sample temperatures. The ion yield is normalized by dividing it by the total accumulation time, the electron current and the driving pressure of H2 gas. The fitted
calculated spectra are also included and shown. Since the measured spectra are
composed of the contribution of hydrogen molecules produced by atom recombination on the sample surface and the relatively high background, the obtained values
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of the fitting parameters were used to calculate the contribution of the surface recombination to the vibrational spectra. Determination of the relative populations
of vibrational excitations of molecules, desorbing from the sample surface was then
possible. The calculated contribution of the surface recombination was compared
for different samples and different experimental conditions.
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Figure 3.28: Measured and calculated vibrational spectra for polycrystalline W
(blue), (100) single crystal W (red), (110) single crystal W (green) and tungsten
nitride (blue) samples for the sample temperature of approximately (a) 328 K and
(b) 543 K. The electron current is also shown (dashed line).
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Polycrystalline tungsten

c n ts /s /n A /m b a r]

A polycrystalline W sample, produced by Plansee with the purity of 99.97 % was
chemo-mechanically polished according to the procedure described in [104] and recrystallized. Recrystallization was executed by heating the tungsten for 2 min at
2000 K in the ultra-high vacuum at Max-Planck-Institut für Plasmaphysik (IPP),
Garching, Germany. Recrystallization was performed in order to reduce the natural defects in the material and to increase the grain size. Vibrational spectra were
recorded for different sample temperatures and fitted with the model spectra. The
obtained values of the fitting parameters were used to calculate the contributions
of the surface recombination for each vibrational spectrum. The spectra obtained
by subtracting the background contribution are shown in Fig. 3.29. They are attributed to the molecules produced on the sample surface by atom recombination.
The values of the normalization factors, obtained by the fitting procedure, are shown
in Table 3.4. The overall ion yield is decreasing with the sample temperature. The
v=3 and v=5 peaks remain dominant for all cases whereas v=4 peak is significantly
lower compared to both dominant peaks. The v=2 peak is of similar height compared to v=5 peak for the sample temperature of 329 K and is gradually decreased
for higher sample temperatures, being almost absent for the sample temperature of
875 K. Peaks, corresponding to higher vibrational states, v=6 and v=7 are strongly
reduced for higher sample temperatures.
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Figure 3.29: Extracted contribution of the surface recombination to the vibrational
spectra for polycrystalline W sample for different sample temperatures.
The relative populations of vibrational states for contribution of the surface
recombination were also calculated using the parameters obtained by the fitting
procedure. The relative populations for the sample temperatures of 329 K and 543
K are very similar with a noticeable difference for v=6 and v=7 vibrational states,
which are significantly higher for lower sample temperature, as shown in Fig. 3.30a.
For higher sample temperatures, the relative populations of v=1, v=3 and v=5
vibrational states are gradually increasing, whereas the relative populations of v=6
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Table 3.4: Normalization factors for polycrystalline sample at various sample temperatures, as determined by the fitting procedure, described in Section 3.4.1.
sample temperature [K]
Zs
ZHABS
329
0.0142 0.3974
543
0.0102 0.3532
702
0.0023 0.4023
875
0.0004 0.3903

Z0
0.5884
0.6366
0.5954
0.6093

and v=7 states are decreasing. If the vibrational distribution is described by the
Boltzmann distribution function, e−Evib /kB Tvib , the relative populations will lie on
a straight line with the slope of kB T1 vib in a natural logarithmic scale plot. Thus,
a straight line was fitted to the natural logarithm of the relative populations for
vibrational states from v=0 to v=7 and the approximate vibrational temperature
Tvib was calculated to be (3020 ± 50) K, (2920 ± 120) K, (2840 ± 90) K and (2760 ±
300) K for the sample temperature of 329 K, 543 K, 702 K and 875 K, respectively.
In Fig. 3.30b the normalized relative populations are shown for all four samples
temperatures. The normalized relative populations are calculated by dividing the
experimental relative populations by the Boltzmann distribution function with the
obtained Tvib . The deviation from the value of 1 is indicating the deviation of
the vibrational distribution from the Boltzmann distribution. The error bars for
the relative populations were determined from the statistical errors of the peaks,
corresponding to individual vibrational states. The deviation from the Boltzmann
distribution is the strongest for the v=3 and v=5 vibrational state, being the most
pronounced for the highest sample temperature of 875 K.
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Figure 3.30: (a) Relative populations in the natural logarithmic scale and (b) normalized relative populations for polycrystalline W sample. Normalized relative populations are divided by the Boltzmann distribution e−Evib /kB Tvib with Tvib = 3020 K,
2920 K, 2840 K and 2760 K for the sample temperature of 329 K, 543 K, 702K and
875 K, respectively. The normalized relative population for the sample temperature
of 875 K is multiplied by 0.2.
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Next, the driving pressure of the H2 gas was reduced to 0.24 mbar and the
sample temperature was kept constant at 329 K. With the reduction of the driving
pressure the hydrogen atom flux is reduced, however the degree of dissociation is
increased, increasing the ratio between hydrogen atoms and molecules in favor of the
atoms. Thus, the normalized ion yield of the molecules, produced by recombination
on the sample surface, should be increased compared to the spectrum recorded at
higher driving pressure of 0.47 mbar. The increase is indeed observed especially
for v=3, v=4 and v=5 peaks, as shown in Fig. 3.31. Otherwise, the shape of the
spectrum remains similar compared to the one recorded at higher driving pressure.
The normalization factors, obtained by the fitting procedure, are shown in Table
3.5.
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Figure 3.31: Extracted contribution of the surface recombination to the vibrational
spectra for polycrystalline W sample for different H2 driving pressures. The sample
temperature was 329 K.

Table 3.5: Normalization factors for polycrystalline sample for various H2 driving
pressures determined by the fitting procedure.
H2 driving pressure [mbar]
0.47
0.24

Zs
ZHABS
0.0142 0.3974
0.0155 0.4155

Z0
0.5884
0.5690

The relative populations of vibrational states for lower driving pressure is slightly
deviating from the relative populations for higher driving pressure, however the
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slope remains roughly the same in the natural logarithmic scale. The calculated
vibrational temperature is (2990 ± 80) K in the case of the driving pressure of 0.24
mbar, which is the same within the uncertainty as the vibrational temperature in
the case of the driving pressure of 0.47 mbar, (3020 ± 50) K. Relative populations
and normalized relative populations of vibrational states for the two cases of driving
pressure are shown in Figs. 3.32a and 3.32b, respectively.
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Figure 3.32: (a) Relative populations in the natural logarithmic scale and (b) normalized relative populations for polycrystalline W sample. Normalized relative populations are divided by the Boltzmann distribution with Tvib = 2990 K and 3020 K
for the driving pressure of 0.24 mbar and 0.47 mbar, respectively.

Self-damaged polycrystalline tungsten
The high energy neutrons with the energy of 14.1 MeV are produced in the deuteriumtritium fusion reaction. All plasma facing components in the fusion device will be
exposed to high fluxes of these high energy neutrons, as well as to ions and atoms [9].
This will induce defects in the material (e.g. interstitials, vacancies, dislocations...),
degrading its otherwise excellent properties. For the future fusion device ITER the
neutron damage of tungsten will remain below 2 dpa (displacements per atom) after
its planned end of the operational period [105], while for DEMO a damage level of
14.5 dpa after one power year is predicted [9].
Special facilities are needed for high energy neutron irradiation and moreover,
producing damage with neutron irradiation leads to the activation of the material. In order to facilitate various experiments with damaged material, an easier
and faster alternative is employed for creating neutron-like damage in the case of
tungsten material. That is the damaging by high energy W ions, the so-called W
self-implantation. This is expected to produce similar defects in the material as neutron irradiation [10], since the spectrum of the primary knock-on atoms is similar
for high energy neutrons and W ions. However, the ions have shorter penetration
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range in the material due to the long-range Coulomb force in contrast to the shortrange nuclear force in the case of neutrons. Thus, the damage profile created by
ions extends only few µm deep in the material whereas neutrons create defects over
the entire depth of the material.
For our present study the same polycrystalline material as described in previous
section was used. It was additionally damaged by 20 MeV W 6+ ion beam at room
temperature with the fluence of 7.8 × 1017 at/m2 . The resulting damaged layer was
calculated by SRIM 2013 software [106] taking the displacement energy of Ed =
90 eV, lattice binding energy of EL = 3 eV and the ”full cascade” option. The
defects were found to extend 2.4 µm deep in the material with 0.5 dpa in the damage
peak according to this calculation. The sample preparation and damaging was
performed by Max-Planck-Institute für Plasmaphysik (IPP), Garching, Germany.
The vibrational spectra were recorded for different sample temperatures of a W
ion irradiated, i.e. self-damaged W sample. Before every measurement the sample
was heated up to approximately 570 K in order to remove the impurities and desorb
the absorbed hydrogen. For this sample we used lower temperature compared to
other samples since we wanted to avoid the damage annealing at higher sample
temperatures [107]. The recorded vibrational spectra were fitted and spectra of the
molecules, originating from the sample were calculated from the obtained fitting
parameters. The values of the normalization factors are shown in Table 3.6. The
calculated spectra for different sample temperatures are shown in Fig. 3.33. Again,
the v=3 and v=5 peaks are dominant and v=4 peak is significantly lower, similar to
the vibrational spectra of the undamaged sample. Moreover, the spectrum for the
self-damaged sample recorded at the sample temperature of 331 K is very similar
to the spectrum recorded at the sample temperature of 393 K. For higher sample
temperatures, 544 K and 704 K, the ion yield is gradually decreasing with v=3 and
v=5 remaining the dominant peaks in the spectra.
Table 3.6: Normalization factors for self-damaged W sample at various sample temperatures determined by the fitting procedure.
sample temperature [K]
Zs
ZHABS
331
0.0145 0.3763
393
0.0141 0.3868
544
0.0097 0.4021
704
0.0023 0.3920

Z0
0.6092
0.5991
0.5882
0.6057

The comparison of relative populations reveals a similar vibrational distribution
for the sample temperature of 331 K and 393 K. For higher sample temperatures
the relative populations of v=6 and v=7 states are strongly decreased, whereas the
relative populations of v=3 and v=5 states are increased. The relative populations in the natural logarithmic scale, shown in Fig. 3.34a, were fitted with the
straight line in order to determine the approximate vibrational temperature Tvib in
the case of the Boltzmann distribution. The derived vibrational temperatures are
(3130 ± 80) K, (3120 ± 130) K, (2990 ± 90) and (2920 ± 110) K for the sample
temperature of 331 K, 393 K, 544 K and 704 K, respectively. The relative populations divided by the Boltzmann distribution with the derived Tvib are shown in
Fig. 3.34b. The strongest deviation from the Boltzmann distribution is observed
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Figure 3.33: Extracted contribution of the surface recombination to the vibrational
spectra for self-damaged W sample for different sample temperatures.
for the v=3 and v=5 vibrational states, which are overpopulated as compared to
the Boltzmann distribution and for the v=6 and v=7 vibrational states, which are
underpopulated. The deviation from the Boltzmann distribution is larger for higher
sample temperatures.
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Figure 3.34: (a) Relative populations in the natural logarithmic scale and (b) normalized relative populations for self-damaged W sample. Normalized relative populations are divided by the Boltzmann distribution with Tvib = 3130 K, 3120 K,
2990 K and 2920 K for the sample temperature of 331 K, 393 K, 544K and 704 K,
respectively.
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Since the measurements with the undamaged and self-damaged W were performed under the same experimental conditions, the direct comparison of the results
is possible. The shape of the calculated contribution of the surface recombination to
the vibrational spectra is very similar for both samples for all sample temperatures.
The comparison of the relative populations is showing almost identical vibrational
state distribution for both samples, as shown in Fig. 3.35. The similarity of vibrational state distribution is also confirmed by comparing the vibrational temperatures
for both samples, which are the same within the uncertainty for all sample temperatures.
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Figure 3.35: Comparison of relative populations of vibrational states for selfdamaged and undamaged W sample.
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The images of the surface of both samples, self-damaged and undamaged W were
recorded with the scanning electron microscope (SEM) at the Center for electron microscopy and microanalysis (CEMM), Jožef Stefan Institute. No distinct differences
were observed on the surface of the samples, as shown in Fig. 3.36.

(a) self-damaged W

(b) undamaged W

Figure 3.36: A scanning electron microscope image of the surface of the self-damaged
and undamaged W sample.
Results obtained by vibrational spectroscopy indicate that neutron damaging of
the material is not expected to have an influence on the population of ro-vibrationally
excited hydrogen molecules emitted from the wall to the edge plasma of the fusion
device.
Single crystal W
Before the measurements on the single crystal samples the entire vacuum chamber
was heated up to 370 K for a week in order to lower the base pressure. After this
bake-out the base pressure was around 1 × 10−8 mbar in the reaction part and
4 × 10−8 mbar in the detection part of the vacuum chamber.
The single crystal samples were provided by Surface preparation laboratory SPL, Netherlands. Two samples were used, one with the crystallographic orientation of (100) and another with the crystallographic orientation of (110) with the
alignment within 1◦ . Both samples arrived in a shape of circular discs with the
diameter of 15 mm and 1 mm thick.
Before the beginning of every new measurement the sample was heated twice up
to 1200 K and kept at this temperature for 10 minutes. After the second heating,
during the cooling, the sample was exposed to hydrogen atom beam.
First, the single crystal W sample with the orientation of (100) was measured
at different sample temperatures. The driving pressure of H2 gas was kept constant
at 0.47 mbar. The dominant peak in all recorded spectra is v=3 peak, as shown in
Fig. 3.37. For the lowest achievable sample temperature, 329 K, the v=1, v=2, v=4
and v=5 are all of a similar height with v=5 peak being slightly higher. For higher
sample temperatures the ion yield is gradually decreasing. The v=1, v=2, v=6 and
v=7 peaks are decreasing with increasing sample temperature, whereas the v=3, v=4
and v=5 peaks remain the dominant peaks in the spectra. The spectra recorded
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at the sample temperature of 542 K and 702 K have a similar shape, however the
v=1 and v=2 peaks are lower in the case of the higher sample temperature. The
normalization factors, obtained by the fitting procedure, are shown in Table 3.7.
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Figure 3.37: Extracted contribution of the surface recombination to the vibrational
spectra for the single crystal W sample with the orientation of (100) for different
sample temperatures.

Table 3.7: Normalization factors for the single crystal W sample with the orientation
of (100) at various sample temperatures determined by the fitting procedure.
sample temperature [K]
Zs
ZHABS
329
0.0193 0.3787
392
0.0128 0.3649
542
0.0094 0.3518
703
0.0026 0.3586

Z0
0.6020
0.6223
0.6388
0.6388

The relative populations do not change a lot for the sample temperatures of 329 K
and 392 K, as shown in Fig. 3.38a. The main difference is for the v=1, v=5 and v=7
vibrational states which are more populated in the case of the sample temperature
of 329 K. For higher sample temperatures, the v=6 and v=7 vibrational states are
strongly decreased. The approximate vibrational temperatures are (2950 ± 70) K,
(3000 ± 60) K, (3100 ± 110) K and (2990 ± 230) K for the sample temperature of
329 K, 392 K, 542 K and 703 K, respectively. The deviation from the Boltzmann
distribution is shown in Fig. 3.38b. For all sample temperatures, the deviation is
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the strongest for v=3 and v=5 vibrational states, being overpopulated as compared
to the Boltzmann distribution. For the highest two sample temperatures the v=6
and v=7 states are also significantly underpopulated.
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Figure 3.38: (a) Relative populations in the natural logarithmic scale and (b) normalized relative populations for the single crystal W sample with the orientation of
(100). Normalized relative populations are divided by the Boltzmann distribution
with Tvib = 2950 K, 3000 K, 3100 K and 2990 K for the sample temperature of 329
K, 392 K, 542K and 703 K, respectively.
Next studied sample was a single crystal with the crystallographic orientation of
(110). The extracted contributions of the surface recombination to the vibrational
spectra for different sample temperatures are shown in Fig. 3.39 and the normalization factors are shown in Table 3.8. The v=3 peak is again the dominant peak in
the spectra, however the dominance is not so pronounced as compared to the single
crystal with (100) orientation. The v=4 peak is significantly lower compared to the
v=3 and v=5 peak for all sample temperatures. For the sample temperature of 394
K the peaks, corresponding to the vibrational states higher than v=3 are reduced
compared to the sample temperature of 328 K, whereas the v=1 and v=2 peaks are
increased. The v=3 peak has the same height for both sample temperatures. The
spectra for the sample temperature of 394 K, 543 K and 694 K has a very similar
shape, however the overall ion yield is lower for higher sample temperature.
The relative populations and normalized relative populations of vibrational states
for the single crystal W sample with the orientation of (110) for different sample
temperatures are shown in Figs. 3.40a and 3.40b, respectively. For the sample
temperature of 328 K, 394 K and 543 K the v=3 and v=4 vibrational state have
very similar relative population. For the sample temperature of 328 K the v=1
and v=2 states are less populated and v=5, v=6 and v=7 are more populated.
The relative populations for 394 K and 543 K are very similar, except for the v=6
and v=7 states, which are lower in the case of higher sample temperature. The
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Figure 3.39: Extracted contribution of the surface recombination to the vibrational
spectra for the single crystal W sample with the orientation of (110) for different
sample temperatures.

Table 3.8: Normalization factors for the single crystal W sample with the orientation
of (110) at various sample temperatures determined by the fitting procedure.
sample temperature [K]
Zs
ZHABS
328
0.0143 0.3941
394
0.0146 0.3899
543
0.0104 0.3832
694
0.0031 0.3743

Z0
0.5916
0.5955
0.6064
0.6226

approximate vibrational temperature is (3250 ± 60) K for the sample temperature
of 328 K. For other sample temperatures the calculated vibrational temperatures
are very similar, (2900 ± 50) K, (2890 ± 80) K and (2930 ± 130) K for 394 K, 543
K and 694 K, respectively. This agrees with the similar shape of the vibrational
spectra for those sample temperatures. The distribution of the vibrational states
is very close to the Boltzmann distribution for the sample temperature of 328 K.
The largest deviation from the Boltzmann distribution is observed for the v=3 and
v=5 vibrational states, which are approximately twice as populated as expected by
the Boltzmann distribution. For higher sample temperatures the deviation from the
Boltzmann distribution is larger.
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Figure 3.40: (a) Relative populations in the natural logarithmic scale and (b) normalized relative populations for the single crystal W sample with the orientation of
(110). Normalized relative populations are divided by the Boltzmann distribution
with Tvib = 3250 K, 2900 K, 2890 K and 2930 K for the sample temperature of 329
K, 392 K, 542K and 703 K, respectively.
Deuterium exposure
Both single crystal samples were also exposed to deuterium atom beam in order
to measure the vibrational distribution of D2 molecules desorbing from the sample
after surface atom recombination. Since the DEA cross-section for D2 is much lower
compared to H2 , the spectra were collecting for couple of days in order to obtain
satisfactory statistics. Only the lowest achievable sample temperature of 330 K was
used, since the ion yield is the highest for low temperature.
The driving pressure
√
for D exposure was 0.66 mbar, which is by a factor of 2 higher compared to H
exposure, assuming the same atom flux effusing from the HABS [101].
Peaks corresponding to both, 4 eV and 14 eV process were recorded in the case
of D2 . Fig. 3.41 is showing the measured vibrational spectra of D2 molecules for
the (100) and (110) single crystal W sample, after background subtraction. The
calculated model spectra of 4 eV peaks are also included. Due to the low crosssection of the 4 eV process for v=0 vibrational state of D2 molecule [73], there is
almost no signal corresponding to this state. Therefore, the 14 eV peak was used for
fitting the cold spectrum, assuming a similar cross-section shape for both processes.
The 14 eV peak was also used for the proper calibration of the energy scale. The
peaks in the D2 spectrum are not so clearly resolved, since the vibrational energy
levels (Eq. 3.4) are closer together than in the case of H2 .
The values of parameters, resulting from the fitting of the measured spectra,
were used for calculation of the contribution of the surface recombination to the
vibrational spectrum. The normalization factors are shown in Tab. 3.9. About a
factor of 2 higher ion yield was measured in the case of the (110) single crystal, as
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Figure 3.41: Measured and calculated vibrational spectra for D exposure of (100)
and (110) single crystal W samples, after background subtraction. The sample
temperature was 330 K for both cases.
shown in Fig. 3.42. The ion yield is extremely low for v=0-2 vibrational states. This
is due to the low DEA cross-section for D2 molecule in lower vibrational states [73].
However, the cross-section for D2 molecule increases significantly with its vibrational
state, thus higher vibrational states can be readily observed in the spectrum.
Table 3.9: Normalization factors for D2 exposure of single crystal W samples determined by the fitting procedure.
sample
Zs
ZHABS
(100) single crystal 0.0154 0.3955
(110) single crystal 0.0150 0.3500

Z0
0.5891
0.6350

The relative populations of deuterium vibrational states have a distribution very
similar to the Boltzmann distribution, as shown in Figs. 3.43a and 3.43b. Both relative populations are very similar with a slight deviation for v=2, 4 and 5 vibrational
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Figure 3.42: Extracted contribution of the surface recombination to the vibrational
spectra for D atom exposure of the single crystal W samples with the orientation of
(100) and (110) for the sample temperature of 330 K.
states in the case of (110) single crystal. Higher population of v=4 and 5 vibrational
states results in higher approximate vibrational temperature, being (3220 ± 30) K
compared to (3160 ± 70) K in the case of (100) single crystal. In the case of hydrogen exposure the calculated vibrational temperatures were (3250 ± 60) eV and
(2950 ± 70) eV for (110) and (100) single crystal W, respectively.
Tungsten nitride - WN
During a steady state operation of the ITER the power loads on the divertor is
estimated to be 10 MW/m2 . In order to prevent the extensive material erosion or
melting of the material the power flux needs to be reduced and distributed over larger
area what is achieved by plasma detachment from the divertor. This is achieved by
impurity seeding, usually with noble gases or nitrogen (N2 ) injection. Impurity
seeding reduces the particle and power fluxes to the divertor and improves the
characteristics of the plasma by limiting the impurity migration to the core plasma
[4, 16, 17].
Due to the erosion, migration and redeposition of the material, mixed material
films will be formed on the surfaces of the plasma facing components. These mixed
material deposits will consist of the materials used for plasma facing components and
of seeding and intrinsic impurities. Since the mixed material film deposition changes
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Figure 3.43: (a) Relative populations in the natural logarithmic scale and (b) normalized relative populations for D exposure of the single crystal W samples with
the orientation of (100) and (110). Normalized relative populations are divided by
the Boltzmann distribution with Tvib = 3160 K and 3220 K for the (100) and (110)
single crystal, respectively.
the characteristics of the surface it is important to understand the recombination
processes on such mixed deposits.
We performed a study of atom surface recombination on a 30 nm thick WN
film, deposited on a Si substrate with pre-deposited 10 nm pure W. The sample
was prepared by the Department of thin films and surfaces, Jožef Stefan Institute.
The deposition was performed in a Balzers Sputron triode sputtering apparatus,
sputtering W in a nitrogen atmosphere obtaining 1:1 stoichiometry of the WN film.
The vibrational spectra were recorded for different sample temperatures. Before
every measurement the sample was heated up to 625 K in order to remove the impurities and absorbed hydrogen from the sample. Higher temperature was avoided
due to the possible damage of the thin film. The extracted contributions of the surface recombination to the vibrational spectra were calculated using the parameters
obtained by fitting the calculated spectra to the measured ones and are shown in
Fig. 3.44. Table 3.10 is showing the values of the obtained normalization factors.
For the lowest achievable sample temperature, 327 K, the spectrum is very similar
to the polycrystalline W sample. The v=3 peak is the dominant peak in the sample,
followed by the v=5 peak. The v=6 and v=7 peaks are strongly reduced compared
to the polycrystalline W sample. For the sample temperature of 396 K the spectrum is unchanged for the peaks corresponding to v=3 and higher vibrational states.
The v=2 peak is reduced as compared to the lowest sample temperature and the
v=1 peak is increased. For the sample temperature of 543 K the v=3 peak is only
slightly decreased, whereas v=4 and v=5 peaks are considerably lower compared to
the lower sample temperatures. Following the same trend, the v=2 peak is reduced
and v=1 is increased for higher sample temperature.
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Figure 3.44: Extracted contribution of the surface recombination to the vibrational
spectra for the WN sample for different sample temperatures.
Table 3.10: Normalization factors for the WN sample at various sample temperatures
determined by the fitting procedure.
sample temperature [K]
Zs
ZHABS
327
0.0145 0.3866
396
0.0140 0.3855
543
0.0119 0.3865

Z0
0.5989
0.6005
0.6016

The relative populations for the sample temperature of 327 K and 396 K are
almost the same, except for the v=1 vibrational state, which is more populated for
396 K and for the v=2 vibrational state, which is slightly more populated for 327
K, as shown in Fig. 3.45a. Thus, the approximate vibrational temperatures are also
similar, being (3080±90) K and (3060±80) K for 327 K and 396 K, respectively. The
highest population of v=1 vibrational state was observed for the sample temperature
of 543 K, however v=3 and v=4 vibrational state are less populated at this sample
temperature compared to the lower sample temperatures. The relative populations
of other vibrational states are similar to those obtained for the sample temperature
of 396 K. The calculated vibrational temperature for the highest sample temperature
is (2730±120) K. The normalized relative populations are shown in Fig. 3.45b. The
deviation from the Boltzmann distribution is small for the sample temperatures of
327 K and 396 K, except for the v=6 and v=7 vibrational states, which are strongly
reduced compared to the Boltzmann distribution. For the sample temperature of
543 K the deviation from the Boltzmann distribution is more pronounced, with the
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v=1, v=3 and v=5 vibrational states being overpopulated and v=6 and v=7 states
being underpopulated as compared to the Boltzmann distribution.
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Figure 3.45: (a) Relative populations in the natural logarithmic scale and (b) normalized relative populations for the WN sample. Normalized relative populations
are divided by the Boltzmann distribution with Tvib = 3080 K, 3060 K and 2730 K
for the sample temperature of 327 K, 396 K and 543K, respectively.

Various polycrystalline samples
The recrystallized polycrystalline W sample was compared to other two polycrystalline W samples, which underwent different preparation procedures. One sample
was a rolled 99.95% pure W provided by Goodfellow with the grains elongated parallel to the surface. This sample will be denoted as W-G further on in the text.
Second sample was the European ITER reference W of 99.98% purity with the
grains elongated perpendicular to the surface. It was produced by Plansee and will
be denoted as W-IG further on in the text. It was mechanically polished to a mirror
like finish at IPP, Garching, Germany. The polycrystalline sample described earlier
in this section will be denoted as W-P further on in the text. It is a hot-rolled W
with the grains elongated parallel to the surface.
In order to check the crystallographic orientation of different grains of our polycrystalline samples, the X-ray diffraction (XRD) was performed on W-P and W-IG
samples by the Advanced materials department at Jožef Stefan Institute. Three
main orientations were found on both samples, as shown in Fig. 3.46. Comparing
the peak intensities for the W-P sample, 86.6 % of the grains have the orientation of
(100), 12.3 % the orientation of (211) and 1.1 % the orientation of (110). In the case
of W-IG sample the most abundant orientation is (110) with 69.7 %, followed by
(100) orientation with 22.3 % and (211) with 8.0 %. There are also some additional
peaks in the spectra, which do not correspond to any crystallographic plane of W
and were attributed to the impurities on the surface of the samples. The (221), (303)
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and (501) crystallographic planes of tungsten trioxide W O3 were found to coincide
with these peaks.
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Figure 3.46: The X-ray diffraction spectra of W-P and W-IG samples.
The vibrational spectra from different polycrystalline samples were recorded in
the experimental configuration, where the HABS was positioned closer to the sample.
The distance between the HABS capillary and the center of the sample surface was
44 mm. The hydrogen atom beam was collimated by the Ta collimator with 8
mm orifice mounted 29 mm in front of the capillary. The samples were mounted
on a ceramic heater with no active cooling. Again, the temperature of the HABS
capillary was kept constant at 1910 K and the driving pressure of H2 gas was 0.47
mbar. Samples were not additionally heated, resulting in the temperature during
the measurement of 395 K, 390 K and 408 K in the case of W-P, W-G and W-IG
sample, respectively.
Parameters obtained by the fitting procedure were used to calculate the spectra
of the molecules, originating only from the sample surface. These spectra are shown
in Fig. 3.47. The determined normalization factors are shown in Table 3.11. One
can notice a similar shape of the spectra of W-P and W-G samples. For both samples
the v=4 peak is much lower compared to the v=3 and v=5 peaks, which are the
dominant peaks in the spectra. The spectrum of the W-IG sample has significantly
higher contribution of v=3 and v=2 vibrational states compared to the other two
samples. Moreover, the v=4 peak has approximately the same height as the v=5
peak.
The relative populations are similar for W-P and W-G samples, except for the
v=1 vibrational state, which is more populated in the case of W-P sample and v=7,
which is more populated in the case of W-G sample. The relative population for WIG sample shows higher population of v=2 and v=3 vibrational states, whereas all
other vibrational states have lower relative population. The relative populations for
all three samples are shown in Fig. 3.48a. The approximate vibrational temperature
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Figure 3.47: Extracted contribution of the surface recombination to the vibrational
spectra for W-P, W-G and W-IG samples at the sample temperature of 395 K, 390
K and 408 K, respectively.
Table 3.11: Normalization factors for W-P, W-G and W-IG sample determined by
the fitting procedure.
sample
Zs
ZHABS
W-P 0.0147 0.2897
W-G 0.0144 0.3598
W-IG 0.0150 0.4181

Z0
0.6956
0.6258
0.5669

was calculated to be (2930 ± 40) K, (3100 ± 90) K and (2860 ± 240) K for W-P,
W-G and W-IG, respectively. In Fig. 3.48b the normalized relative populations are
shown for all three samples. The deviation from the Boltzmann distribution is the
strongest for the W-IG sample with the highest deviation for v=3, v=6 and v=7
vibrational states. The most similar to the Boltzmann distribution is the relative
population for the W-G sample.

3.8.2

Measurements with other materials

In order to compare vibrational distribution of molecules desorbing from different
materials, measurement were performed on Cu, Ta and Ti samples. Samples were
mounted on a ceramic heater with no active cooling. The distance between the
HABS capillary and the center of the sample was 44 mm in the case of Cu and Ta
and 60 mm in the case of Ti. The atom beam was collimated by the Ta collimator
87

Chapter 3. Vibrational spectroscopy of hydrogen molecules

7
0

W -P
W -G
W -IG

-4

W -P
W -G
W -IG
6

n o r m a liz e d r e la tiv e p o p u la tio n

ln ( r e la tiv e p o p u la tio n )

-2

-6
-8
-1 0
-1 2
-1 4

5
4
3
2
1

-1 6
0
0 .0

0 .5

1 .0

E

1 .5
v ib

2 .0

2 .5

3 .0

0 .0

[e V ]

0 .5

1 .0

E

1 .5

(a)

v ib

2 .0

2 .5

3 .0

[e V ]

(b)

Figure 3.48: (a) Relative populations in the natural logarithmic scale and (b) normalized relative populations for W-P, W-G and W-IG samples. Normalized relative
populations are divided by the Boltzmann distribution with Tvib = 2930 K, 3100 K
and 2860 K for W-P, W-G and W-IG, respectively.
with 8 mm orifice mounted 29 mm in front of the capillary. The lowest achievable
temperature was 389 K, 401 K and 376 K for Cu, Ta and Ti sample, respectively.
When fitting the model spectrum to measured vibrational spectra the normalization factors obtained by Monte-Carlo simulation, described in Sec. 3.7 were used.
Since this simulation is specific for W, some errors could occur in the analysis.
Parameters obtained by the fitting procedure were used to calculate the contribution of the surface recombination to the vibrational spectra. These contributions
are shown in Fig. 3.49 for Cu, Ta and Ti sample at the lowest achievable sample
temperature. The normalization factors, determined by the fitting procedure, are
shown in Tab. 3.12. One can notice that using different sample material results in
different shape of the vibrational spectrum. Comparing current vibrational spectra
with the W samples, we observed much narrower peaks in the case of Cu, Ta and Ti
samples. This indicates lower rotational temperature of molecules, desorbing from
Cu, Ta and Ti, being around 300 K, compared to 900 K in the case of W. High
population of high vibrational states (v=6 and v=7) can be seen in the case of Ta
sample.
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Figure 3.49: Extracted contribution of the surface recombination to the vibrational
spectra for Cu, Ta and Ti samples at the sample temperature of 389 K, 401 K and
376 K, respectively.
Table 3.12: Normalization factors for Cu, Ta and Ti sample determined by the
fitting procedure.
sample
Zs
ZHABS
Cu
0.0149 0.3823
Ta
0.0143 0.3563
Ti
0.0157 0.3869

Z0
0.6028
0.6294
0.5974

Almost Boltzmann distribution of vibrational states with vibrational temperature of (2950 ± 150) K was found for molecules, produced by atom recombination
on Cu surface. The highest vibrational temperature was determined for Ta sample,
being (3370 ± 70) K. The distribution is again very similar to the Boltzmann distribution, with higher vibrational states being slightly overpopulated. The highest
deviation from the Boltzmann distribution was observed for Ti. The relative populations are similar to the relative populations for Ta, except for the higher population
of v=1 vibrational state and lower population of v=6 and v=7 vibrational states.
The approximate vibrational temperature for Ti was determined to be (3160±60) K
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Figure 3.50: (a) Relative populations in the natural logarithmic scale and (b) normalized relative populations for Cu, Ta and Ti sample. Normalized relative populations are divided by the Boltzmann distribution with Tvib = 2980 K, 3370 K and
3160 K for Cu, Ta and Ti, respectively.

3.8.3

Discussion

The vibrational spectra were recorded on various samples for several sample temperatures and driving pressures of H2 gas. The measured spectra were fitted and
the extracted fitting parameters were used to calculate the contribution of the surface recombination to the vibrational spectra and relative populations of vibrational
states. Relative populations in the natural logarithmic scale were fitted with the
straight line in order to determine the approximate vibrational temperature corresponding to the Boltzmann distribution. Extracted contributions to the vibrational
spectra for the surface recombination on polycrystalline W, single crystal (100) and
single crystal (110) W for two different sample temperatures are shown in Fig. 3.51.
A clear ion yield decrease and a change of the spectra shape for higher sample
temperature can be observed in all cases.
The overall ion yield was decreasing with increasing sample temperature. For
constant driving pressure of H2 gas and constant HABS capillary temperature the
hydrogen atom flux density was constant. The difference in ion yield is a result of
different recombination mechanisms. At low sample temperatures the sample surface is fully covered with adsorbed atoms, as shown later in Fig. 3.52. This results
in a high probability for Eley-Rideal recombination. The probability for LangmuirHinshelwood recombination is negligible at low sample temperatures since the atoms
need to obtain the energy from the surface in order to recombine. Since the angular
distribution of molecules formed by the Eley-Rideal recombination is peaked towards
the specular angle [97], most of the molecules are favored to enter the detection region directly through the slit. The angular distribution of the molecules formed
by the Langmuir-Hinshelwood recombination is peaked towards the surface normal
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Figure 3.51: Extracted contribution of the surface recombination to the vibrational
spectra for polycrystalline W, (100) single crystal W and (110) single crystal W
samples for the sample temperature of approximately (a) 328 K and (b) 703 K.
[30], thus a fraction of molecules directly entering the detection region is considerably
lower compared to Eley-Rideal recombination. For higher sample temperatures the
population of the adsorbed atoms on the surface is lower due to the increased probability for Langmuir-Hinshelwood recombination. The probability for Eley-Rideal
recombination is thus reduced and Langmuir-Hinshelwood recombination becomes
dominant. For even higher temperatures the number of adsorbed atoms is strongly
reduced, thus the Eley-Rideal recombination is negligible, whereas the probability
for Langmuir-Hinshelwood is constant, since the low surface concentration is compensated with the high desorption rate. Due to the specific angular distribution and
the position of the slit dividing the recombination and detection side of the vacuum
chamber, the overall ion yield is reduced for higher sample temperatures.
For recrystallized polycrystalline W the shape of the spectra is not considerably changed for different sample temperatures. The dominant peaks remain v=3
and v=5 peaks with v=4 peak being noticeably lower compared to the other two
neighboring peaks. Higher vibrational states, v=6 and v=7, become less populated with increasing sample temperature. This can be explained by LangmuirHinshelwood recombination becoming a dominant recombination mechanism and
Eley-Rideal recombination becoming negligible. Molecules formed by Eley-Rideal
recombination have the most available energy whereas the molecules formed by
Langmuir-Hinshelwood have the least available energy. Thus, for higher sample
temperatures when Langmuir-Hinshelwood recombination is dominant, the population of vibrational states has a cut-off for higher vibrational states due to the low
available energy. The v=3 and v=5 vibrational states become relatively more populated for higher sample temperatures what can be attributed to the characteristics
of the material, distributing the available energy into the possible molecular degrees
of freedom.
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The damaging of the polycrystalline W with 20 MeV W ions resulted in no
difference regarding vibrational distribution of desorbing molecules. The vibrational
distribution can only be affected by the properties of the surface of the material.
Thus, the self-damaging of tungsten has no effect on the surface of the material
which was also confirmed by the SEM microscopy. If the self-damaging is assumed
to mimic the neutron damage, one can conclude that neutron damaging during
the operation of the fusion device will have no direct effect on the distribution of
vibrational states of hydrogen molecules in the edge plasma of the fusion device.
However, in a fusion device tungsten material will be exposed also to high fluxes of
He, resulting in a surface structure modification on a nano or micro scale [108–110].
Such surface modification could influence hydrogen adsorption and recombination,
therefore changing the vibrational distribution of desorbing molecules.
Two single crystal W samples were used in order compare the effect of the crystallographic orientation on the vibrational distribution of desorbing molecules. In
the spectrum of the single crystal with (100) orientation at the sample temperature
of 329 K the v=3 peak is dominant, whereas the v=1, v=2, v=4 and v=5 peaks are
two times lower and all of the similar height. Comparison of the relative populations
of vibrational states reveals very similar distribution for the lowest two sample temperatures, 329 K and 392 K. The distribution of the relative populations changes
between the sample temperature of 392 K and 542 K and is again similar for the
highest two sample temperatures, 542 K and 703 K. This indicates the existence
of at least two adsorption sites, both being active at lower temperatures, while for
the temperature between 392 K and 542 K the adsorption in the site with lower
binding energy is strongly reduced, thus changing the distribution of the vibrational
states. A strong ion yield decrease between the sample temperatures of 329 K and
392 K indicates high surface concentration of hydrogen, adsorbed on low energy
adsorption site type. This is in agreement with results presented in [100], where adsorption sites on single crystal W with different crystallographic orientations were
studied. Two adsorption sites on (100) single crystal W were found there, with the
desorption energy of 2Ech = (1.14 ± 0.04) eV and (1.40 ± 0.4) eV for low and high
energy adsorption site type, respectively. The concentration of adsorbed H atoms
was 1 × 1015 H/cm2 on low energy adsorption site type and 0.5 × 1015 H/cm2 on
high energy adsorption site type, giving a ratio of H concentration on low and high
energy site type of 2:1. Moreover, hydrogen was found to adsorb in a molecular form
H2 on the low energy adsorption site type. A flux density of molecules, created by
Eley-Rideal and Langmuir-Hinshelwood recombination and hydrogen surface concentration was calculated using the parameters from [100] for (100) single crystal W.
A temperature dependence of both fluxes and the surface concentration is shown in
Fig. 3.52a. A pronounced surface concentration decrease can be observed around the
temperature of 400 K due to emptying of the low energy adsorption site type with
the adsorption site concentration two times higher compared to the concentration
of high energy sites. This can also be observed in our vibrational spectra.
In the spectrum for the single crystal with the orientation of (110), recorded at
the sample temperature of 328 K, the two dominant peaks are v=3 and v=5 peaks.
The v=4 peak is considerably lower compared to the two neighboring peaks. The
shape of the spectra is changed for higher sample temperatures, what is also evident
from the relative populations of vibrational states. Again, one can assume at least
two adsorption sites on the surface of the (110) single crystal. The distribution of
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vibrational states is changed between 328 K and 394 K, indicating the existence of
an adsorption site with very low binding energy, being empty already at the temperature of 394 K. The vibrational states distribution remains almost the same for the
temperatures of 394 K and 543 K and also similar for the highest temperature of 694
K. Fig. 3.52b is showing a flux of molecules created by Eley-Rideal and LangmuirHinshelwood recombination and hydrogen surface concentration, calculated using
parameters presented in [100] for (110) single crystal W. Two adsorption site types
were found there with the same H concentration of 0.525 × 1015 H/cm2 and desorption energy of 2Ech = (1.17 ± 0.04) eV and (1.42 ± 0.04) eV for low and high
energy adsorption site type, respectively. The low energy adsorption site type is being emptied around the temperature of 450 K, which is approximately 50 K higher
compared to our observations. These results show an important influence of the
crystallographic orientation on the distribution of vibration states of the desorbing molecules. The vibrational distribution depends on the energy available for the
desorbing molecules, which is distributed between translational, rotational and vibrational degrees of freedom. The available energy depends strongly on the binding
energy of the adsorbed atoms (see Eqs. 2.1, 2.2 and 2.3), which is different for
different crystallographic orientations [100].
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Figure 3.52: The temperature dependence of hydrogen surface concentration cA and
fluxes ΓER and ΓLH of molecules, desorbing from (100) and (110) single crystal
W. The surface concentration and both fluxes are calculated using the parameters,
presented in [100].
Considering the energetics of the recombination mechanisms, Eley-Rideal recombination results in the highest value of available energy for the excitation of a
desorbing molecule. Taking the data from [100] for the adsorption energy Ech , the
calculated available energy (Eq. 2.2) is 1.93 eV and 1.81 eV in the case of low energy
and high energy site type on (110) single crystal W, respectively. In the case of high
energy site type on (100) single crystal W the available energy is E = 1.82 eV. This
energies are sufficient for the excitation only up to v=3 or v=4 vibrational state.
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However, in our spectra we also observe the population of higher vibrational states.
This is possible since in the calculation only the ground state energy Ech was used
for the adsorbed hydrogen atom. For a non-zero temperature the adsorbed atoms
can interact with the phonons and transit between vibrational states. Higher energy
levels of a chemisorption well are populated, resulting in lower binding energy. Thus,
the available energy for a desorbing molecule increases and higher vibrational states
of a desorbing molecule are possible. In the case of Langmuir-Hinshelwood recombination, the adsorbed atoms need to gain the energy from the surface in order to
desorb. Again, higher energy levels are also occupied, reducing the energy needed for
the atom recombination. Interaction with the phonon can lead to a phonon-induced
desorption [111] and a possible excess energy can cause a vibrational excitation of a
desorbing molecule. However, the excess energy is small since the energy is needed
to break the bonds between the adsorbed atoms and the surface. The molecules,
produced by the Langmuir-Hinshelwood recombination, are thus in lower vibrational
states.
Both single crystal W samples were also exposed to D atom beam at the sample
temperature of 330 K. Approximately two times higher ion yield was observed in
the case of (110) single crystal, what can be explained by higher concentration of
adsorbed deuterium on the surface. Almost Boltzmann distribution of vibrational
states was found for both crystallographic orientations. The vibrational temperature of desorbing D2 molecules is in agreement with the vibrational temperature of
H2 molecules for the (110) single crystal, whereas for the (100) single crystal the
vibrational temperature of D2 molecules is approximately 200 K higher compared to
H2 molecules. The 4 eV process could not be used for unambiguous determination
of population of lower vibrational states, v=0-2. The DEA cross-section for these
vibrational states is too low, thus the sensitivity of the detection method is very
poor. The 14 eV process could be used for measuring the population of v=0 and
v=1 vibrational states, however there is a lack of experimental or theoretical data
on the 14 eV process cross-section for D2 molecule.
Thin mixed material deposits will be formed on the surfaces of the plasma facing
components during the operation of the fusion device [4], changing the properties
of the surfaces, possibly leading to the change in the vibrational distribution of the
desorbing molecules. We have measured the vibrational distribution of molecules
desorbing from a thin film of tungsten nitride - WN, which will be formed in the
fusion device due to the erosion and re-deposition of tungsten in the atmosphere of
the seeding nitrogen gas. The spectrum for the WN sample at the lowest sample
temperature of 327 K looks similar to the other W samples with the dominant v=3
peak. However, the change of the distribution of vibrational states at higher sample
temperatures is different compared to all other measured W samples. Comparing
the relative populations for different sample temperatures reveals the monotonic
increase of the population of v=1 vibrational state with increasing sample temperature, whereas all other relative populations remain roughly the same for all
sample temperatures. There is a slight exception for the v=4 and v=5 vibrational
states which are slightly less populated for the highest sample temperature of 543
K. The populations of higher vibrational states, v=6 and v=7, are very low for all
sample temperatures. If we assume that for the sample temperature of 327 K the
Langmuir-Hinshelwood recombination is negligible, one can attribute the distribution of vibrational states at this temperature to the Eley-Rideal recombination. For
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the temperature of 396 K the Langmuir-Hinshelwood recombination is enhanced,
whereas the Eley-Rideal recombination is not yet affected, leading to the unchanged
distribution of higher vibrational states and increase of the population of the low v=1
vibrational state. For even higher sample temperature the Langmuir-Hinshelwood
is even more enhanced, again increasing the population of the low v=1 vibrational
states. Due to the high temperature the surface concentration of adsorbed hydrogen
atoms is reduced, leading to lower probability for Eley-Rideal recombination and the
decrease in the population of higher vibrational states.
The results on several polycrystalline W samples, which underwent different
sample preparation procedures were compared. The sample W-P was found to
have highly preferential crystallographic orientation of grains, since 86.6 % of grains
have the crystallographic orientation of (100). The preferential crystallographic
orientation of (100) was found also on W-G sample during previous studies. Both
of the samples have the grains elongated parallel to the sample surface. On the
other side, the preferential crystallographic orientation of (110) was found for W-IG
sample. However, the preference is not so pronounced, since only 69.7 % of grains
are oriented in this direction, followed by 22.3 % of grains with the crystallographic
orientation of (100). The grains of this sample are elongated perpendicular to the
sample surface. The spectra for the W-G and W-P samples are similar with v=3 and
v=5 being two dominant peaks and v=4 peak being considerably lower. In contrast,
the spectrum for the W-IG sample, the dominant peak is v=3, whereas v=2, v=4 and
v=5 peaks are of a similar height. Also the relative populations of vibrational states
show similar distribution for W-G and W-P samples and slightly different for W-IG
sample. The difference in the distribution of vibrational states can be attributed to
different ratios of crystallographic orientations, since the distribution depends on the
orientation, as shown by the study on single crystal W. In addition the distribution
of vibrational states can also be affected by different surface conditions as a results
of different sample preparations, such as surface roughness or surface defects.
Different sample materials were used in order to compare vibrational distribution of molecules, desorbing from different material surfaces. A clear difference in
the shape of vibrational spectra was observed. Desorbing molecules were found to
have lower rotational temperature in the case of Cu, Ta and Ti samples (≈ 300 K)
compared to all other W samples (≈ 900 K). The distribution of vibrational states
corresponds nicely to the Boltzmann distribution in the case of Cu sample, which is
in agreement with previous results using the test source, described in Sec. 3.5. However, the vibrational temperature is higher for current results, being (2980 ± 150) K,
compared to (2700 ± 200) K obtained in previous study [87]. In the case of W, the
vibrational temperature reported in [87] was (3750 ± 100) K, which is considerably
higher than vibrational temperatures obtained from all our W samples. These differences can be due to the use of the test source as a source of vibrationally excited
molecules. Molecules experience many interactions with sample surface, source surfaces and with other molecules, which can change the distribution of vibrational
states. In the study by Schermann et al. [28], already described in Sec. 3.5, vibrational excitation of hydrogen molecules desorbing from various materials was
studied. Metals were divided into two groups, first group showing high vibrational
excitation up to v=8 of desorbing molecules. Molecules desorbing from the metals in
the second group exhibit vibrational excitation only up to v=4. Their results show
that W, Ta and Ti belong to the first group of metals, showing high vibrational
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excitation, whereas low vibrational excitation was found for Cu, which belongs to
the second group. Our results show similar behavior with higher population of high
vibrational states in the case of W, Ta and Ti compared to Cu, however v > 4
vibrational states were also observed in the case of Cu. The highest vibrational
temperature of desorbing molecules compared to all measured samples was found
for Ta, being (3370 ± 70) K.
The calculated approximate vibrational temperatures Tvib , corresponding to the
Boltzmann distribution of vibrational states e−Evib /kTvib are shown in Table 3.13
for all measured samples. The rotational temperatures, obtained by the fitting
procedure were roughly in the range between 900 K and 1000 K for all W samples
and all experimental conditions. In the case of Cu, Ta and Ti samples the rotational
temperatures were roughly in the range between 300 K and 400 K. However, the
determination of rotational temperatures is not reliable due to the high uncertainty,
resulting from the fitting procedure.
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Table 3.13: Calculated approximate vibrational temperatures Tvib for all measured
samples and all experimental conditions.
experimental conditions
sample
driving
HABS distance
sample
temperature [K] pressure [mbar]
from the
sample [mm]
329
543
0.47
W-P
702
60
875
329
0.24
331
393
self-damaged W
0.47
60
544
704
329
392
0.47
single crystal (100)
542
60
703
330
0.66 (D2 )
328
394
0.47
single crystal (110)
543
60
694
330
0.66 (D2 )
327
WN
396
0.47
60
543
W-P
395
W-G
390
0.47
44
W-IG
408
Cu
389
44
Ta
401
0.47
Ti
376
60
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Tvib [K]
3020 ± 50
2920 ± 120
2840 ± 90
2760 ± 300
2990 ± 80
3130 ± 80
3120 ± 130
2990 ± 90
2920 ± 110
2950 ± 70
3000 ± 60
3100 ± 110
2990 ± 230
3160 ± 70
3250 ± 60
2900 ± 50
2890 ± 80
2930 ± 130
3220 ± 30
3080 ± 90
3060 ± 80
2730 ± 120
2930 ± 40
3100 ± 90
2860 ± 240
2980 ± 150
3370 ± 70
3160 ± 60
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Chapter 4
Experimental characterization of
hydrogen dynamics on surface and
in bulk
When studying surface and bulk processes of hydrogen-material interaction it is
essential to know the hydrogen concentration on the surface and in the bulk of the
material. Various methods for detection and quantification of hydrogen are used
in existing studies. Some of the methods sputter away hydrogen together with the
material (e.g. secondary ion mass spectroscopy) and others deplete hydrogen from
the analyzed material (e.g. thermodesorption spectroscopy). On the other hand, ion
beam analysis (IBA) techniques are able to detect and quantify hydrogen isotopes in
the material, preserving the majority of hydrogen content in the sample and keeping
the sample properties negligibly modified, as long as ion beam flux and fluence are
kept low. Two of the most commonly used IBA techniques for hydrogen isotopes
detection are nuclear reaction analysis (NRA) and elastic recoil detection analysis
(ERDA).
In the case of ERDA the probing ion beam is hitting the sample surface at a
glancing angle. The nuclei that are lighter than the probing ions, are recoiled in
the forward direction and detected by a silicon detector. The species, recoiled from
the surface can be identified by their mass due to the different value of their kinetic
energy, since the kinematic factor is mass dependent. If recoiled from the bulk,
signals of particular isotopes can mix and several methods are available to separate
their contributions. Thus, ERDA is sensitive to all hydrogen isotopes, H, D and T,
when heavier probing ion beam is used. The analyzing depth of the technique is
small, typically up to 0.5 µm due to the glancing incident angle of the probing beam.
The technique is therefore not applicable for studies of hydrogen concentrations deep
in the bulk of material.
On the other hand, the NRA technique with 3He ion beam is commonly used for
the detection of deuterium by utilizing the nuclear reaction D(3He, p)α. Thus, the
technique is only sensitive to deuterium and not to hydrogen. For the detection of
hydrogen, H(15 N, α)12 C nuclear reaction can be used [112], however this method has
not been used in our laboratory. The probing ion beam is impacting perpendicularly
to the sample surface and the energy of protons, exiting the target, is analyzed.
Different ion beam impact energies are required in order to determine deuterium
concentration depth profile. The technique is applicable for studying bulk processes
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since the analyzing depth ranges from a few µm up to a few tens of µm, depending
on the sample material. In our laboratory, only NRA technique with 3He ion beam
is currently used, although ERDA was also extensively used in some previous studies
(e.g. [113]).
A complementary technique to NRA is thermodesorption spectroscopy (TDS),
used for determination of the total hydrogen amount in material. A sample is
heated, usually linearly with a constant heating rate and the flux of desorbing species
is measured by a mass spectrometer. A TDS spectrum represents a temperature
dependence of the desorbing flux of studied species. Usually, multiple peaks can
be seen in a TDS spectrum, corresponding to different desorption site types with
specific desorption energy. Integral of each individual peak yields the amount of the
desorbing species in the individual desorption site type. The integration over the
entire TDS spectrum yields the total amount of a desorbing species in the sample.
In our studies of surface and bulk dynamics, NRA technique was used to measure deuterium concentration depth profiles. TDS spectroscopy was used to obtain
the information about binding energy of the trapping sites and the total deuterium
amount in the material. Modeling of the measured data was performed in order
to obtain the values of parameters, used to describe surface and bulk processes. A
rate equation model, described in Sec. 2.3 was usually used, unless stated otherwise. Values of the parameters that were not varied in the modeling are taken from
the literature and shown in √
Tab. 4.1. The diffusion constant D0 for deuterium is
assumed to be by a factor of 2 lower than the diffusion constant for hydrogen, due
to their mass ratio of 2.
Table 4.1: The values of parameters needed for modeling, known from the literature.
parameter
desorption rate constant for
Langmuir-Hinshelwood recombination
cross-section for
Eley-Rideal recombination
diffusion constant

D0

energy barrier for diffusion
attempt frequency
reflection coefficient
lattice constant for W
W atom density

4.1

value

source

kLH

0.07 cm2 /s

[100]

σER

10−21 m2

[114]

for H
for D

Edif f
νi
R
a0
ρW

4.1 × 10−7 m2 /s
[47]
−7
2
2.9 × 10 m /s
0.39 eV
[47]
13 −1
10 s
[30]
85
[98, 99]
0.316 nm
6.2 × 1028 m−3

The NRA technique

Nuclear reaction analysis is exploiting the interaction of nuclei of incident ions with
target nuclei for analysis. The nuclei of the probing ions need to overcome Coulomb
repulsion barrier as the reaction is governed by the nuclear forces. Thus, the probing
beam energy and species need to be chosen carefully in order to reduce the distance
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of closest approach during the collision. The ion scattering not elastic as in the case
of ERDA method, the mass is not conserved and the energy Q = (MR − MP )c2
is released by the reaction, where MR and MP are masses of all reactants and all
reaction products, respectively. When Q > 0, the reaction is exothermic and the
kinetic energy of the final state is larger than the kinetic energy of the initial state.
When the reaction is endothermic, Q < 0, it requires an energy input and the
threshold energy for the reaction exists.
The D(3He, p)α nuclear reaction is exothermic with the Q-value of 18.352 MeV,
which is shared between the kinetic energy of the reaction products. The energy
of the emitted proton in a center-of-mass frame of reference, Ep∗ , can be calculated
using energy and momentum conservation laws and classical mechanics approach
[112],


MHe Q
MD Mα
∗
1+
,
(4.1)
Ep = ET
(MHe + MD )(Mp + Mα )
MD ET
where MHe , MD , Mp and Mα are masses of 3He, deuterium, proton and alpha particle
(i.e. 4He), respectively. ET = EHe + Q is the total available energy in a laboratory
frame of reference, where EHe is the energy of a probing ion beam. Transforming
the Eq. 4.1 to the laboratory frame of reference, one obtains [112]

Ep = EHe

q

2
2
T MD +QMHe )
MHe Mp cos α + Mα (E
−
sin
α
EHe MHe Mp
(MHe + MD )(Mp + Mα )

,

(4.2)

where α is the angle between the probing ion beam and the emitted proton. The
reaction has inverse kinematics at backward angles, the lower the energy of the ion
beam, the higher the energy of the protons and alpha particles.
The reaction cross-section shows almost no angular dependence [112]. The total
cross-section has a shape of a broad resonance around 0.64 MeV [115–117], as shown
in Fig. 4.1.
When the charged particles are traveling through the target they are losing
their energy by scattering on the electron cloud and target nuclei. The rate of
energy decrease in a material is described by a stopping power, S(E) = −dE/dx.
Thus, the method is most sensitive to deuterium at the depth, where the energy of
3
He decreases to the value where the reaction cross-section has the maximal value.
Varying the ion beam energy, the deuterium detection sensitivity is changing with
depth, allowing to deduce the concentration depth profile with a reasonable depth
resolution [118].
The number of protons dYp , originating from a thin layer with the thickness dx
is
dYp =

dx
dσ(E)
∆Ωdet NHe nD (x)
,
dΩ
cos α

(4.3)

where dσ(E)
is the differential reaction cross-section, ∆Ωdet is the detector solid
dΩ
angle, NHe is the number of incoming ions, nD is the deuterium atom density and
α is the incident angle of the probing ions. In an ion beam experiment, we are
measuring the energy distribution of a proton yield as a function of proton energy,
dYp
(Ep ). Considering the kinematic relation, Eq. 4.2, and the stopping power of the
dEp
protons on their way out of the material, one can calculate the proton spectrum.
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Figure 4.1: Total cross-section for the reaction D(3He, p)α in a laboratory frame of
reference. The black triangles and the black line show the measured cross-section
and the fit by Möller [115]. The green line shown the parameterization of the crosssection by Bosh [116].
However, since the stopping power depends on the concentration of all the elements
in the material, the calculation needs to be performed iteratively. For this reason, a
dedicated software, such as SIMNRA [119] and NRADC [120] is used for obtaining
the deuterium concentration depth profiles.

4.2

Experimental set-up

A high energy 3He ion beam is provided by a 2 MV tandem accelerator at the
Microanalytical center of Jožef Stefan Institute. Ion beam is directed into INSIBA
(in situ IBA) experimental vacuum chamber, where the sample is mounted. An
electrostatic quadrupole lens, positioned 4.5 m in front of the sample, is focusing
the ion beam on the sample. The ion beam is collimated to the diameter of 2 mm
with a set of circular orifices positioned just before the ion beam mesh collector and
experimental chamber. By measuring the charge on a mesh collector the number
of ions hitting the target is determined [121]. A standard sequence of ion impact
energies (780, 1550, 2580, 3400 and 4300 keV) is used in order to determine a
deuterium depth profile.
The 3He ion beam is impacting perpendicularly to the sample surface, inducing
the nuclear reaction D(3He, p)α. The protons, produced by this nuclear reaction,
are detected by a 1500 µm thick partially depleted Passivated Implanted Planar
Silicon (PIPS) detector, mounted at 135◦ angle with respect to the probing beam.
A thick detector is needed in order to stop the high energy protons with energies
between 12 MeV and 13 MeV, produced by the nuclear reaction. A 24 µm Al
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foil in front of the detector is stopping the backscattered 3He ions. The second
PIPS detector with a depletion layer of 300 µm is mounted at 170◦ angle and is
used for Rutherford Backscattering Spectroscopy (RBS) technique. The energy
distribution of the backscattered 3He ions gives the information about the depth
profiles of species, heavier that the probing ions. This technique is usually employed
for determination of the composition of a sample and as an alternative method for
the ion dose normalization. A 0.8 µm thick Al foil is placed in front of the RBS
detector in order to shield against the noise due to the infrared and visible light
photon radiation from a heated sample and the HABS, which is also mounted in the
chamber. The scheme of our NRA set-up is show in Fig. 4.2.

Figure 4.2: The scheme of the NRA set-up.
The sample is mounted on a holder with a temperature controlled heater, capable
of heating the sample up to 1200 K. HABS is attached to the vacuum chamber and
is mounted at the 50◦ angle with respect to the sample surface normal, allowing the
exposure of the sample to H or D neutral atom beam. A quadrupole mass spectrometer is also attached to the vacuum chamber in order to observe the time evolution
of the selected gas species desorbing from the sample during a thermodesorption
experiment. The typical background pressure in the chamber is 1 × 10−7 mbar.
The NI LabView [122] software is used for data acquisition and control system.
In order to keep the detailed track of the experimental parameters, such as sample
temperature, heater temperature, HABS capillary temperature, the pressure inside
the vacuum chamber and the driving pressure of hydrogen gas flowing through the
HABS capillary, their values are recorded every second.
Typical measuring time for entire set of ion beam energies is approximately
1.5h, allowing us to study only processes with rather long characteristic times. The
probing 3He ion beam enables also the simultaneous detection of C, N and Be by
utilizing the nuclear reactions 12 C(3He, p)14 N , 14 N (3He, p)16 O and 9 Be(3He, p)11 B,
respectively [112]. Thus, NRA technique can also be used for determination of
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sample contamination and composition. A typical NRA spectrum, using a 2.5 MeV
3
He probing ion beam is shown in Fig. 4.3. Peaks, corresponding to deuterium,
carbon and nitrogen are visible in the spectrum.
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Figure 4.3: A typical NRA spectrum, using 2.5 MeV 3He probing ion beam.

4.3

The influence of damage annealing on deuterium retention in self-damaged tungsten

During the operation of a fusion device, high energy neutrons, ions and atoms will
create defects in the material of plasma facing components [9]. This will enhance
hydrogen retention in plasma facing components, since defects in the bulk of the
material act as strong binding sites for hydrogen isotopes [10].
In order to predict hydrogen behavior in the wall of a fusion device, experiments
should be performed with materials and experimental conditions that resembles the
true conditions inside the fusion device. For this reason, deuterium retention in the
neutron-irradiated tungsten is a subject of active research [123, 124]. However, an
easier and faster approach is commonly used, i.e. damaging the W samples with high
energy W ions. Such procedure is expected to produce similar defects as neutron
irradiation [10].
In previous studies of deuterium retention in self-damaged W samples were exposed to deuterium ions or deuterium plasma [125–127]. However, ion and plasma
implantation can modify the defect structure of the material, depending on the energy and flux. In contrast, low energy deuterium atoms do not create any additional
damage in the material but rather just populate the defects. For this reason we performed studies with samples exposed to thermal deuterium atom beam [107] with
104

4.3. The influence of damage annealing on deuterium retention in
self-damaged tungsten
the mean energy kinetic of about 0.28 eV. We have studied the effect of the annealing of the damaged sample on damage recovery. Since the defects in the material act
as strong binding sites for deuterium atoms, the defect development was studied as
a function of temperature by measuring the deuterium concentration depth profiles
and total amount of deuterium in the material.

4.3.1

Experimental procedure

Sample preparation and damaging was performed at IPP, Garching, Germany. The
procedure was the same as for the sample, described in Section 3.8.1. After damaging, samples were mounted on a temperature controlled holder in a vacuum chamber,
usually used for vibrational spectroscopy of hydrogen molecules. Each sample was
annealed at the specified temperature (600 K, 800 K, 1000 K, 1200 K) for 1 h. This
annealing time was sufficient to reach a steady state of defect density according
to [127]. One sample was not annealed and was used as a reference. Exposure to
D atoms was performed in the same vacuum chamber after the sample annealing,
keeping the sample under vacuum all the time. Deuterium atom beam was provided
by the HABS with the flux density profile shown in Fig. 4.4, determined by the
chemical erosion of the a-C:H film. At the center of the sample the flux density
was 2.6 × 1019 D/m2 s, resulting in a fluence of 1.3 × 1025 D/m2 after 144 hours of
exposure. The sample temperature was kept constant at 500 K during the exposure. Such conditions were adequate to reach the saturation level of deuterium in
the damaged layer.
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Figure 4.4: Deuterium atom flux density profile, determined by the chemical erosion
of an a-C:H film. The black region on the left is the shadow of the clamp, holding
the a-C:H and a thermocouple.
After the exposure the samples were transferred to the INSIBA experimental
chamber for NRA analysis. Standard set of five 3He ion beam energies was used
for determination of deuterium concentration depth profiles. After the depth profile
analysis, samples were send back to IPP, Garching, Germany for determination of the
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total amount of D in the samples by thermodesorption spectroscopy (TDS). Samples
were installed in a glass tube with the background pressure of about 10−8 mbar,
connected to a main chamber with the background pressure of about 10−10 mbar.
They were heated with the heating rate of 15 K/min by an oven with maximal
temperature of 1323 K. A quadrupole mass spectrometer, mounted in the main
chamber was used to monitor the desorbing species. During the heating the pressure
rose to about 10−7 mbar and 5 × 10−9 mbar in the glass tube and the main chamber,
respectively. Details about the setup and calibration procedure can be found in
[128]. In order to directly observe the defects in the material, scanning transmission
electron microscopy (STEM) analysis was performed on damaged samples at Warsaw
University of Technology (WUT), Poland. By this technique, dislocation densities in
the samples were measured. An 80 nm lamella was cut perpendicularly to the sample
surface by a focused ion beam (FIB) system and a 200 kV accelerating voltage was
used for STEM analysis of the lamella. Details about the lamella preparation and
procedure can be found in [129].

4.3.2

Results

NRA analysis
The annealing temperature was found to have a significant effect on the deuterium
concentration in the sample. For all samples the depth of the pronounced deuterium
concentration was approximately 2.5 µm, which was in good agreement with the
calculated damage profile. The depth profiles and the damage profile as calculated
by SRIM is shown in Fig. 4.5. Below this depth the deuterium concentration drops
significantly, under 0.01 atomic %. Deuterium concentration is found to steadily
decrease with annealing temperature.
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Figure 4.5: Deuterium concentration depth profiles obtained by NRA for samples,
annealed at different temperature. The initial damage profile, calculated by SRIM
and deuterium depth profile for the undamaged sample [130] are included.
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The total D amount in the samples, calculated by summing the deuterium concentration in the entire analyzed layer, is shown in Fig. 4.6 together with the maximal D concentration and the total D amount, obtained by TDS. The total D amount
and the maximal concentration in the unannealed sample were 52 × 1019 D/m2 and
0.42 atomic %, respectively. This is 60 % and 71 % higher compared to the sample
annealed at 1200 K, where the total D amount was 21 × 1019 D/m2 and the maximal
concentration was 0.12 atomic %. This decrease in deuterium concentration is in
good agreement with the results, obtained by deuterium plasma exposure at 400 K
with ion energy of 15 eV [126, 127], where 70 % decrease was observed for annealing
at 1150 K.

to ta l D a m o u n t - T D S
to ta l D a m o u n t - N R A
m a x im u m D c o n c - N R A

5 5

0 .5 0
0 .4 5

4 5

0 .4 0

4 0

0 .3 5

3 5

0 .3 0

3 0

0 .2 5

2 5

0 .2 0

D

2 0
1 5

0 .1 5

1 0

0 .1 0
5

0 .0 5
0
4 0 0

5 0 0

6 0 0

7 0 0

8 0 0

9 0 0

m a x im u m

to ta l D

a m o u n t [1 0

1 9

D /m

2

]

5 0

0 .5 5
c o n c e n tr a tio n [a t % ]

6 0

0 .0 0
1 0 0 0 1 1 0 0 1 2 0 0 1 3 0 0

a n n e a lin g te m p e r a tu r e [K ]

Figure 4.6: Maximal D concentration, obtained by NRA and total D amount obtained by NRA and TDS for different annealing temperatures. The unannealed
sample is marked at 500 K which is the exposure temperature.

Thermodesorption analysis
The thermodesorption was performed at IPP using the heating rate of 15 K/min,
heating the sample up to 1270 K. The shape of the TDS spectra for mass 4, corresponding to D2+ ions, varied for different annealing temperatures, as shown in Fig.
4.7. Two peaks are visible for the unannealed sample and for the sample, annealed
at 600 K, one at approximately 720 K and another at 875 K. High temperature peak
is significantly more pronounced than the low temperature peak. For the samples,
annealed at 800 K and 1000 K, only one symmetrical peak was found at the temperature of approximately 855 K. One asymmetrical peak at 780 K is visible for the
sample, annealed at 1200 K.
The total D amount was obtained by integrating the TDS spectra over time and
dividing by the damaged area of the sample (0.94 cm2 ). For the sample, annealed at
1200 K, the total concentration is 75 % lower compared to the unannealed sample,
Fig. 4.6. The same dependency of total D amount on annealing temperature is
observed by both methods, NRA and TDS. However, lower total D amounts were
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Figure 4.7: D2 thermodesorption spectra for damaged samples, annealed at different
temperatures. Heating rate was 15 K/min.
obtained by TDS. The reason for this discrepancy is that in the case of TDS the deuterium is effusing from the entire sample, whereas in the case of NRA, the obtained
total amount is only local at the position of the probing ion beam. The profile of
D atoms, effusing from the HABS, is not homogeneous, as seen in Fig. 4.4 and the
NRA analysis is performed in the center of the sample, where the deuterium flux
density is almost maximal. For this reason, total D amount obtained by NRA is
larger compared to the one obtained by TDS.
STEM analysis
A method which enables to directly observe the defects in the material is scanning
transmission electron microscopy (STEM). With this technique the dislocations in
the material are visible, but not other defect types such as vacancies or interstitials,
since they are too small to create an observable contrast in the image. The STEM
analysis was performed at WUT, Poland on the samples from the same manufacturing batch which have undergone the same sample preparation and damaging as the
samples, used for NRA and TDS analysis. However, the highest annealing temperature of the sample, used for STEM analysis, was 1130 K and not 1200 K. Moreover,
the deuterium exposure was performed at 450 K and not 500 K. A figure showing
STEM image is shown in Fig. 4.8. As can be seen there is a clear difference between
the damaged and undamaged region, thanks to the recrystallization of the samples
prior to damaging. Recrystallization results in the reduction of natural defects in
the material, thus the region bellow the damaged layer is almost defect-free. The
thickness of the damaged layer, determined by STEM analysis, is approximately 2.3
µm, which is in good agreement with SRIM calculation and NRA analysis. However,
STEM images show very homogeneous damaged profile, in contrast to the damage
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profile calculated by SRIM.

500 nm
Figure 4.8: STEM image of a sample, annealed at 1130 K. The thickness of the
damaged layer is marked with an arrow.
The dislocation density ρ is calculated using a line-intercept method. Five random lines are drawn on the image and the density is calculated as,
ρ = N t/L,

(4.4)

where N is the number of defect intersections with the lines, L is the total length of
lines and t = 80 nm is the lamella thickness. The dislocation densities are shown in
Fig. 4.9 together with the estimated contribution of dislocation lines and dislocation
loops. A decrease of dislocation density and larger dislocation loops were observed
for higher annealing temperature. The dislocation density drops by 66 % for the
annealing temperature of 1130 K compared to the unannealed sample, which is in
good agreement with the total D amount obtained by NRA and TDS, where 60 %
and 75 % decrease was observed, respectively.
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Figure 4.9: Total dislocation density together with dislocation line and dislocation loop densities for different annealing temperatures. The unannealed sample is
marked at 450 K which is the exposure temperature.
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A clear difference between unannealed sample and sample, annealed at 1130 K
can be seen on STEM images. Figure 4.10 is showing a close-up of the damaged
region for unannealed sample and sample, annealed at 1130 K. A larger dislocation
loop in the case of the annealing temperature of 1130 K is marked by an arrow.

100 nm

200 nm

(a) no annealing

(b) 1130 K

Figure 4.10: STEM image of the damaged region of the unannealed sample and
the sample, annealed at 1130 K. Lower defect density and larger dislocation loops
(arrow) are visible for annealed sample.

4.3.3

Discussion

The strong influence of annealing temperature on deuterium retention was observed
by both NRA and TDS analysis. However, after annealing at 1200 K there was
still noticeable amount of deuterium retained in the sample as compared to the
undamaged sample. Since the deuterium atoms mostly populate the defects in the
material, one can conclude that such high temperature is not sufficient to completely
anneal the damage. This was also confirmed by the STEM analysis, showing that
after annealing at the temperature of 1130 K 34 % of dislocations still remain in the
material. The results from the literature show that heating above 1700 K should be
applied to completely anneal the defects [131]. Similar decrease of total D amount
and dislocation density with annealing temperature is showing that the kinetics of
dislocation healing process matches that of D traps annihilation or evacuation.
These results are in good agreement with the results obtained by D plasma exposure [126, 127]. However, the total D amount was a factor of three higher in the case
of plasma exposure compared to our present atom exposure. The reason for this
discrepancy is higher ion flux density (5 × 1019 D/m2 s) and 100 K lower exposure
temperature in the case of plasma experiments. Two peaks were observed in their
TDS spectra, low temperature one being more pronounced. In our case the low
temperature peak is hardly visible, what is an indication that the trap, corresponding to low temperature peak, is active at the temperature of 500 K, meaning that
atoms are actively trapping and de-trapping from this trap during the exposure.
Thus, the steady state concentration is lower compared to the exposure at lower
temperature. Moreover, higher flux density, as in the case of plasma exposure, additionally increases the steady state concentration of trapped deuterium. Therefore,
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lower exposure temperature and higher flux density result in higher total D amount
in the sample.
The different shape of the TDS spectra for different annealing temperatures can
be explained with different stages of damage annealing [132, 133]. Single vacancies
become mobile and can form larger defects or annihilate as sinks such as grain
boundaries in the temperature range between 400 K and 720 K (stage III). A recovery
region of uncertain origin is observed between 720 K and 920 K and a large vacancy
recovery is taking place between 920 K and 1220 K (stage IV). Different shapes of
TDS spectra can be assigned to these recovery stages, since the temperature regions
are only approximate. Unannealed sample and sample, annealed at 600 K can be
assigned to stage III recovery and annealing at 800 K and 1000 K to the intermediate
recovery region. Stage IV recovery can be assigned to the annealing at 1200 K.
Modeling code, described in Section 2.3, was used to simulate the TDS spectra
and to determine the desorption energies and trap densities. The trap depth profile
was assumed to be constant throughout the damaged layer, since experimental data
show homogeneous dislocation density and almost constant deuterium depth profile
in the damaged layer. The position of the peaks and the height of the simulated
spectra were used to determine the desorption energies Edes and trap densities n,
respectively. Two desorption site types were found for all samples with desorption
energies and trap densities as shown in Table 4.2. The agreement between measured
and simulated TDS spectra was good except for the enhanced left-side tail and the
suppressed right-side tail of the simulated spectra, as shown in Fig. 4.11. Since
different desorption energies correspond to different types of defects, annealing stages
described in previous paragraph can again be attributed to different TDS spectra.
Unannealed sample and sample annealed at 600 K share the same defect types with
the desorption energies 1.57 eV and 1.58 eV for the first desorption site type and
1.87 eV and 1.89 eV for the second desorption site type, respectively. Samples
annealed at 800 K and 1000 K share only one defect type with 1.95 eV and 1.93
eV desorption energy, respectively. Second desorption energy is 1.76 eV for the
800 K annealing temperature and 1.85 eV for the 1000 K annealing temperature.
The highest annealing temperature results in a new defect type with the desorption
energy of 2.06 eV, however the second desorption energy, 1.79 eV is similar to the
second desorption energy of the sample annealed at 800 K.
Table 4.2: Desorption energies and trap densities for samples, annealed at different
temperatures.
Tanneal [K] Edes1 [eV]
unannealed
1.87
600
1.89
800
1.95
1000
1.93
1200
2.06

Edes2 [eV] n1 [1019 traps/m2 ] n2 [1019 traps/m2 ]
1.57
40.79
6.39
1.58
36.63
6.53
1.76
19.19
20.11
1.85
11.05
12.23
1.79
5.01
7.59

A decrease of approximately 67 % of D retention and dislocation density was
observed. However, this reduction is still rather small compared to the reduction of
D retention in the case of exposure at elevated temperatures in the same temperature
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Figure 4.11: Measured (dots) and simulated (lines) TDS spectra for samples annealed at 600 K, 1000 K and 1200 K. Stronger left-side tails and suppressed right-side
tails are visible in case of simulated spectra.
range [8, 130, 134]. There is still a significant dislocation density after annealing at
1200 K, whereas the deuterium retention for exposure at the sample temperature of
1200 K is negligible, as can be seen also by the TDS spectra where all D is already
desorbed at this temperature.

4.3.4

Conclusion

Annealing of the self-damaged tungsten in the temperature range between 600 K
and 1200 K results in gradual reduction of damage concentration in the sample,
being stronger for higher temperature. Damage annealing was studied using three
complementary techniques (NRA, TDS and STEM analysis), all of them giving
similar results. Annealing at 1200 K results in approximately 67 % decrease of
damage density compared to the unannealed sample. Two different trap types were
found for every sample and the evolution of de-trapping energies and trap densities
with annealing temperature was followed, recognizing different stages of damage
annealing.

4.4

Deuterium loading of self-damaged tungsten
at different sample temperatures

Hydrogen atoms, adsorbed on a tungsten surface experience a potential barrier
for diffusion in the bulk of the material. This potential barrier is responsible for
low diffusion rate from the surface to the bulk, thus hydrogen concentration in
undamaged W in very low.
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The rate of diffusion from surface to the bulk is temperature dependent. With
higher temperature the probability for diffusion in the bulk is increased and higher
hydrogen concentrations are found in the material. In order to understand the mechanism of surface to bulk migration, a series of dedicated experiments was performed
with self-damaged tungsten at different sample temperatures. Hydrogen concentration in the samples was measured and results were modeled in order to obtain the
information about the adsorption site types and the height of the barrier for surface
to bulk diffusion.

4.4.1

Experimental procedure

In order to study the surface to bulk diffusion we performed a series of experiments
on a self-damaged tungsten samples. Damaged tungsten is an important material,
since it represents a realistic material in a fusion device. Moreover, the self-damaged
samples were used in our case due to the enhanced hydrogen retention compared
to the undamaged tungsten. It is experimentally easier to follow the diffusion of
deuterium in the sample with high deuterium concentration. The same self-damaged
W material, as already used for vibrational spectroscopy and described in Section
3.8.1 was used in this experiment.
For a complete study one needs a deuterium depth distribution in the sample, giving the information about the diffusion range. Moreover, the TDS spectra
provide the information on the de-trapping energies of deuterium in the sample.
Therefore, the samples were first exposed to deuterium atom beam with a flux density of 5.4 × 1018 D/m2 s for 121 hours. The deuterium exposure was performed
in the INSIBA vacuum chamber. The sample temperature was different for each
sample, being 450 K, 500 K, 550 K and 600 K. During deuterium loading NRA
technique was used in situ to monitor the deuterium concentration depth profiles.
This enabled us to follow the time evolution of deuterium diffusion and trap population in the bulk. After that the samples were sent back to IPP, Garching, Germany
for thermodesorption spectroscopy. Samples were heated with the heating rate of
15 K/min and a quadrupole mass spectrometer was used to monitor the desorbing
species.

4.4.2

Results

In order to obtain deuterium depth profiles, 3He ion beam was used at certain times
during the exposure. The resulting D depth profiles are shown in Fig. 4.12 for each
exposure temperature. Deuterium diffusion range after 121 hours shows a clear
temperature dependence. For the sample temperature of 600 K the entire damaged
layer is filled with deuterium, whereas for the temperature of 450 K only first 0.3
µm are populated.
Total D amount in the sample for each deuterium loading was obtained by summing the deuterium concentration over the analyzed region of the sample. The total
amounts are shown in Fig. 4.13 for all exposure temperatures. One can observe
that the temperature has a large effect in the rate of damaged layer saturation. If
one assumes that there is no damage annealing in this temperature range (the trap
concentration is constant) then only the surface conditions and diffusion affect the
filling rate. All samples were exposed to the same atom flux but the total deuterium
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Figure 4.12: Deuterium concentration depth profiles at different times during D
atom exposure at 450 K, 500 K, 550 K and 600 K.

amount for the sample temperature of 450 K is only 20 % of the total amount obtained for 600 K after the same amount of time. Therefore, the trap filling rate in
a 150 K temperature range changes drastically.
The thermodesorption spectra, shown in Fig. 4.14, were measured for all samples
at IPP Garching with the heating rate of 15 K/min. Only one peak at approximately
850 K is visible in the TDS spectrum for the sample loaded at 600 K. This is
indicating that only one trapping site type is filled at this temperature. For the
sample temperature of 550 K two peaks are visible in the spectrum. One could
assume that this is due to the second trapping site with lower desorption energy being
populated. However, a simulation showed that such shape of the TDS spectrum
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Figure 4.13: Time evolution of total deuterium amount in the samples for exposure
temperatures of 450 K, 500 K, 550 K and 600 K.
is due to the partially populated damaged layer, which results in the shoulder at
lower temperatures. With even shorter deuterium migration depth the two peaks
become separated, as visible for the exposure temperature of 500 K. A third peak at
approximately 650 K is also visible, indicating the second trapping site type. Both
trapping site types are also active for the exposure at the temperature of 450 K. Two
desorption site types are in agreement with the previous work described in Sec. 4.3.
The simulation yielded a trapping energy of 1.87 eV with the trap concentration of
42.78 × 1019 traps/m2 for the high energy trap type and a trapping energy of 1.6 eV
with trap concentration of 14.26 × 1019 traps/m2 for low energy trap type.

4.4.3

Parameters estimation

By modeling the experimental data we wanted to obtained the information about
the surface adsorption sites and the surface to bulk diffusion. Therefore, the values
of Eich , ηisurf and E bulk (see Eq. 2.6 in Sec. 2.3.2) need to be determined. First,
a rough estimation of these parameters was performed [135]. For easier calculation
only one adsorption site type was assumed. Assuming also a small gradient of the
solute concentration in the sub-surface layer, one can calculate the estimate for
csol (x = 0) using Eq. 2.8,
csol
0

=

νe−(E

ch +E bulk )/k T
B

D
a20

cA
.
ηA − cA

(4.5)

Putting this result in equation 2.4 and assuming stationary conditions on the surface,
the estimate for the surface concentration is
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Figure 4.14: D2 thermodesorption spectra for self-damaged samples, exposed to D
atoms at different temperatures. Heating rate was 15 K/min.

p
ω1 + 8ω2 kLH e−2E ch /kB T
cA =
,
(4.6)
4kLH e−2E ch /kB T
with ω1 = Γ0 ((1 − R) + σER ) and ω2 = Γ0 (1 − R)ηA . Knowing the deuterium surface
concentration cA and the concentration of the surface adsorption sites ηA and taking
the values of kLH , R and σER from the literature (Tab. 4.1), one can calculate the
adsorption energy E ch . Since the current experimental data does not provide the
information of the surface concentrations, the values were taken from the previous
studies on recrystallized polycrystalline damaged W using ERDA technique [99].
At the sample temperature of 380 K all surface sites are assumed to be occupied,
giving the value for the surface site concentration of ηA = 1020 m−2 . For the
sample temperature of 480 K the D concentration on the surface was measured to
be cA = 3 × 1019 D/m2 when exposing to deuterium atoms with the flux density of
6.4×1018 D/m2 s. Putting these values in Eq. 4.5, together with kLH = 0.007 cm2 /s,
R = 0.85 and σER = 10−21 m2 , one obtains E ch = 0.68 eV.
The deuterium diffusion in the bulk of the material is governed by trapping of
atoms in bulk defects. Since deuterium in strongly bound in the traps, the atoms
can propagate deeper in the bulk only when the majority of the trapping sites are
occupied. This results in the box-like deuterium depth profile (assuming flat damage
profile) with a well defined migration depth of deuterium atoms RD (t). The depth
profile of the solute deuterium can be described as a constant gradient from the
maximal value csol
0 to 0 at the migration depth RD (t) [136]. The concentration of
trapped deuterium can be written as
ω1 +

ctrap =

RD (t) trap
c ,
a0 0
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is the
where RD (t) is the time dependent migration depth of D atoms and ctrap
0
height of the box-shaped D depth profile. The traps are filled by the particle flux
density
D(T ) csol
D(t) ∂csol
0
=
,
(4.8)
Γtrap =
a0 ∂x
a0 RD (t)
thus
dctrap
dRD (t) ctrap
0
= Γtrap =
.
(4.9)
dt
dt
a0
Combining both equations we obtain a differential equation for RD (t) with the
solution
s
2D(T )ρW csol
0
RD (t) =
t.
(4.10)
trap
c0
This equation can be used for the estimation of csol
0 , knowing the time dependence of
the migration depth and deuterium concentration in traps. From deuterium depth
profiles measured for the exposure at 600 K (Fig. 4.12d), we can roughly estimate
the migration depth to be 1.1, 1.9 and 2.2 µm for the exposure time of 5 h, 25 h and
120 h, respectively. Since the solute deuterium concentration in W is much lower
compared to the concentration of the trapped deuterium, all deuterium in measured
depth profiles is attributed to the trapped deuterium. The height of the flat profile
was estimated to be 0.2 at. %, 0.3 at. % and 0.3 at. % for the exposure time of 5
h, 25 h and 120 h, respectively. Equation 4.10 was used to calculate csol
0 , obtaining
−10
−10
−10
the values of 4.38 × 10 , 3.92 × 10
and 1.09 × 10
with the mean value of
3.13 × 10−10 . Putting this value in Eq. 4.5 with cA calculated for the temperature
of 600 K, we obtained the estimation for the potential barrier for diffusion into the
bulk, E bulk = 0.69 eV.

4.4.4

Modeling

The experimental data were used to fit the results of the simulation, minimizing the

X yiexp − yimodel 2
,
χ2 =
2
σ
i
i
where σi is the uncertainty of the i-th experimental point. Fitting procedure was
performed using the simulated annealing algorithm, already described in Section
3.4.1.
For the modeling two different adsorption site types were assumed, resulting in
5 fitting parameters, being E1ch , E2ch , η1surf , η2surf and E bulk . The above determined
parameters (E ch = 0.68 eV and E bulk = 0.69 eV) were the initial guess for the
fitting procedure. The experimental data used for the fitting procedure were the
total D amounts, however the calculated depth profiles and TDS spectra were also
compared to the experimentally obtained ones. The results obtained at different
exposure temperatures were all fitted simultaneously since the values of the fitting
parameters should be the same for all cases. The obtained values of the fitting
parameters are shown in Table 4.3. The matching of the modeled total D amounts
with experimental ones is shown in Fig. 4.15 for all exposure temperatures. A
temperature dependence of total D amounts after D atom exposure to the fluence
of 2.34 × 1024 D/m2 is shown in Fig. 4.17.
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Table 4.3: The values of the fitting parameters, obtained by fitting total deuterium
amounts in the samples.
E1ch [eV]
η1surf [1019 D/m2 ]
E2ch [eV]
η2surf [1019 D/m2 ]
E bulk [eV]
χ2
0.69 ± 0.02
0.50 ± 0.01
0.72 ± 0.02
1.06 ± 0.03
0.725 ± 0.003 173.355
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Figure 4.15: Time evolution of measured (dots) and modeled (lines) total deuterium
amounts in the samples for exposure temperatures of 450 K, 500 K, 550 K and 600
K.
The calculated deuterium concentration depth profiles were also compared to
experimentally obtained ones. The time dependence of a simulated depth profiles
is in a good agreement with the experimental data, as shown in Fig. 4.16. A
calculated diffusion range also coincides with the diffusion range, determined by the
NRA technique.
The determined adsorption energies are in agreement with the values, reported in
[100]. On a single crystal tungsten with the crystallographic orientations of (100) and
(110), which are also present on our sample, they observed two desorption site types
β1 and β2 . For (100) orientation the desorption energies are (1.13 ± 0.04) eV and
(1.39 ± 0.04) eV for β1 and β2 site type, respectively. For the (110) orientation the
corresponding desorption energies are (1.16 ± 0.04) eV and (1.41 ± 0.04) eV. In our
case, the desorption energy is twice the adsorption energy, Eides = 2Eich with values
of (1.38 ± 0.04) eV and (1.44 ± 0.04) eV. These values are in good agreement with
the β2 desorption site type on both, (100) and (110) crystallographic orientations.
From the potential barrier for diffusion into the bulk Ebulk , one can calculate
the heat of solution for tungsten. According to Fig. 2.1, the heat of solution
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Figure 4.16: Simulated (lined) and measured (dots) deuterium concentration depth
profiles at different times during D atom exposure at 450 K, 500 K, 550 K and 600
K.
is Qs = Ebulk − Edif f . Since the energy of the diffusion barrier for tungsten is
Edif f = 0.39 eV [47] and the determined bulk barrier is Ebulk = (0.725 ± 0.003) eV,
the calculated heat of solution is Qs = (0.335 ± 0.003) eV. This value is about three
times lower compared to Qs = 1.04 eV, reported in [47], therefore the obtained value
of Ebulk is too low. For higher values of Ebulk in the simulation, the diffusion from
the surface into the bulk is too slow and the total D amount decreases drastically. In
order to take into account this discrepancy, we tried a new approach in our modeling,
namely a fraction of impinging hydrogen atoms was allowed to penetrate directly
119

3 .5

4 .0

Chapter 4. Experimental characterization of hydrogen dynamics on
surface and in bulk
into the bulk. The penetration depth was taken to be 0.2 nm for atoms with the
kinetic energy of 200 meV [98]. The implantation distribution was assumed to be a
Gaussian function with the center of the peak at 0.2 nm and standard deviation of
0.1 nm. The bulk barrier was set to the value of Ebulk = 1.43 eV, which corresponds
to the heat of solution of 1.04 eV.
Figure 4.17 is showing the total D amounts after the exposure to D atoms with
a fluence of 2.34 × 1024 D/m2 as a function of exposure temperature. Experimental
results are compared to the results obtained by modeling, where 20 % and 80 % of
the unreflected impinging atoms were allowed to penetrate directly into the bulk.
A huge discrepancy between experimental and modeling results was found, namely
the experimental total D amount is increasing with exposure temperature, whereas
the modeling yields a decreasing trend of the total D amount. This decrease of
the total amount is due to the high value of the bulk barrier Ebulk , which makes
the diffusion into the bulk negligible. Therefore, the surface and the bulk processes
are decoupled and the only source of D atoms in the bulk is atom implantation,
which is independent of the temperature. Moreover, the probability for atom detrapping and desorption is higher for higher temperature, thus the total amount
must be lower. In order to successfully model the experimental data a temperature
dependent source of atoms in the bulk is needed, producing more atoms for higher
temperature. This is achieved by lowering the bulk barrier Ebulk or by assuming
temperature dependence of some other parameters (e.g. surface atom reflection).
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4.4.5

Conclusion

In order to study hydrogen diffusion from the surface to the bulk of a self-damaged
tungsten, dedicated experiments were performed, loading the samples with D atoms
at different exposure temperatures. Thermodesorption spectroscopy was used to
determine the characteristics of traps in the bulk and NRA was used to determine
deuterium concentration depth profiles and total D amounts. Modeling results were
fitted to the experimental data and surface adsorption sites and the bulk barrier
Ebulk were determined. Due to the much lower value of Ebulk as compared to the
value reported in the literature, atom implantation was included in the modeling.
A huge discrepancy between the experimental data and modeling results show that
either a low value of Ebulk or a temperature dependence of some other parameters
needs to be considered.

4.5

Isotope exchange in the bulk of self-damaged
tungsten

As already stated, fuel retention during the operation of a fusion device is an important issue, especially due to the safety limitations of the total amount of radioactive
tritium in the vessel wall [5–7]. Due to the strong irradiation of plasma-facing
components by high energy ions and neutrons the material will contain defects, enhancing the overall fuel retention. Thus, effective tritium removal methods need to
be developed.
One of the possible methods for tritium removal is its exchange by light stable
isotopes deuterium or hydrogen. It has been proposed to be a part of a standard
maintenance procedure [5, 7]. Isotope exchange on the surface is a well studied process - adsorbed atoms of one isotope are removed from the surface by the incoming
atoms of another isotope by the Eley-Rideal, Langmuir-Hinshelwood or hot-atom
recombination mechanisms. Similar isotope exchange was also observed in the bulk
of the material, where undamaged samples were exposed to ions [63, 137]. However,
in these cases the isotope exchange occurred close to the surface and one could not
distinguish between atoms being knocked out of the sample due to the higher energy
of the incoming ions and the actual isotope exchange.
In present study a self-damaged tungsten sample was used to study the isotope
exchange in the bulk at the sample temperature of 600 K [99]. Hydrogen exchanging
deuterium and vice-versa, deuterium exchanging hydrogen was performed. Low
energy neutral H and D atoms, instead of high energy ions, were used for exposure
in order to avoid any possible additional damaging of the sample. Low energy atoms
also enable an observation of actual isotope exchange process, since atoms diffuse
into the bulk and have no sufficient energy to knock out the trapped atoms.

4.5.1

Experimental procedure

Identical sample with identical sample preparation, as described in Section 3.8.1 was
used for this study. The sample was mounted on a holder in the INSIBA chamber
and heated up to 600 K. It was first exposed to deuterium atoms from HABS with
the atom flux density of (5.8 ± 0.3) × 1018 D/m2 s for 48 hours. From previous
experiments we know that in order to saturate the damaged layer an exposure time
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of about 48 hours is sufficient [138]. Since we need approximately 1-2 hours for
one depth profile measurement we can perform in situ depth profile measurements
already during deuterium loading. Thus, during the exposure several deuterium
depth profiles were measured using the NRA techniques with the standard set of five
3
He ion beam energies. After this the sample was held at the constant temperature
of 600 K for 43 hours in order to observe the isothermal outgassing of the deuterium.
This is important for distinguishing between the decrease of deuterium due to the
isotope exchange and decrease due to the isothermal outgassing during the isotope
exchange study. During the outgassing the total D amount was measured with
the single 3He ion beam energy of 1.5 MeV. Initially, the spectra were recorded
approximately every 15 min, collecting the 3.35 µC ion dose. At later times, the
spectra were recorded every hour with the collected ion dose of 6.7 µC. The single
ion beam energy of 1.5 MeV was chosen since the proton signal was the highest
at this energy and the penetration depth of the probing ions is approximately 2
µm. This gives us the information of D amount throughout 80 % of the damaged
layer. The deuterium depth profile with the entire set of ion beam energies was
also measured after 20 hours and at the end of isothermal outgassing. Additional D
loading for 24.5 hours was performed after the isothermal outgassing and deuterium
dept profile was measured again after the loading.
The deuterium loaded sample was exposed to H atom beam with the flux density
of (6.9 ± 0.1) × 1018 H/m2 s for 96 hours at the sample temperature of 600 K. Again,
the total D amount in the sample was measured by a single ion beam energy of 1.5
MeV, initially every 15 min and later every 2 hours. The deuterium depth profiles
were also measured during and at the end of the H atom exposure. Since the current
measuring position was heavily irradiated with 3He ions, a depth profile was also
measured on another position, 2 mm away from the initial position, at the end of
the exposure.
The reverse isotope exchange, deuterium exchanging hydrogen, was performed on
a hydrogen loaded sample after the hydrogen atom exposure, hydrogen exchanging
deuterium. The measuring position was kept 2 mm away from the initial measuring
position in order to minimize the influence of the probing ion beam. The sample
was exposed to D atom beam for 72 hours, measuring the deuterium depth profiles
at certain times during and at the end of the exposure. After D atom exposure,
the measuring position was moved again to the non-irradiated position and isotope
exchange, hydrogen exchanging deuterium, was repeated on that position. Sample
was exposed to H atom beam for 120 hours and deuterium depth profiles were
measured only at the beginning and towards the end of the exposure in order to
keep the probing 3He ion beam dose low.

4.5.2

Results

During the initial loading of the sample with deuterium atoms, the deuterium depth
profile was measured after 2.5 h, 6 h, 24.5 h, 31.5 h and at the end of the exposure
(48 h). The depth profiles are shown in Fig. 4.18. The deuterium concentration
first increased near the surface and then increased with time also deeper in the bulk
as deuterium was diffusing deeper in the material. After the end of the exposure
the deuterium concentration is almost homogeneous over 2.5 µm thick layer, which
is in good agreement with the thickness of the damaged layer calculated by SRIM.
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The saturation concentration was 0.32 ± 0.03 atomic % and dropped for two orders
of magnitude below the damaged layer. The total D amount in the damaged layer
was 42.6 × 1019 D/m2
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Figure 4.18: Deuterium depth profile during D atom exposure of self-damaged W
sample at 600 K. The damage profile is shown in black dashed line.
After the end of D exposure the thermal release of D was measured at 600 K. The
time evolution of the total D amount in the sample was followed by recording the
spectra with the single ion beam energy. The integrated signal of the proton peak is
shown in Fig 4.19a. The depth profile could be deduced from measuring with single
ion beam energy. The D depth profiles were measured after 20 hours and at the end
of the isothermal outgassing and are shown in Fig. 4.19b. After 20 hours the total
D amount decreased for 24 % to 32.5 × 1019 D/m2 and after 43 hours an additional
6 % decrease was observed with the final total D amount of 29.6 × 1019 D/m2 .
It can be seen that slightly more deuterium is desorbed near the surface, whereas
deeper in the bulk the D concentration is decreasing homogeneously. This is in good
agreement with the proton signal, recorded at the 1.5 MeV ion beam energy, where
two exponential decays were observed, Fig 4.19a. First decay is fast, terminating
40 min after the start of the isothermal outgassing and can be attributed to the
near-surface desorption. The proton signal decreased for 10 % during this time.
The second exponential decay with the longer decay time could be attributed to the
bulk desorption. The proton signal dropped for 27 % after the 43 hours of isothermal
outgassing, which is in good agreement with the decrease of total D amount, derived
from the deuterium depth profile measurements. After the isothermal outgassing
the sample was again loaded with D atoms for 24.5 hours up to the saturation
concentration. The depth profile was measured just before the end of the D loading,
after 23.5 hours. The depth profile is included in Fig. 4.19b.
After the isothermal outgassing the isotope exchange was studied, hydrogen exchanging deuterium. Since NRA technique using 3He ion beam is capable of detecting only deuterium, the deuterium decrease was followed. The time evolution of
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Figure 4.19: Isothermal outgassing of deuterium from the self-damaged W sample
at 600 K. (a) Proton signal, recorded by NRA with 1.5 MeV 3He ion beam and total
D amounts. (b) Deuterium depth profiles during the isothermal outgassing.
the integrated proton signal was again followed by single 1.5 MeV energy ion beam
and is shown in Fig. 4.20a. The decrease of the proton signal under these conditions is faster compared to the decrease during isothermal outgassing indicating a
pronounced influence of the isotope exchange. The signal is exponentially decaying
with a single decay time, decreasing the proton signal for 68 % after 43 hours, what
is two times larger decrease as compared to isothermal outgassing. The deuterium
depth profiles with the entire set of 3He ion beam energies were measured after 4 h,
22 h, 29 h, 45 h and at the end of the H exposure (96 h). The depth profiles are
shown in Fig. 4.20b. A strong initial decrease of D concentration is observed near
the surface. For later times, the exchange is slowly proceeding deeper in the bulk,
decreasing the deuterium concentration more or less homogeneously. At the end of
H exposure the measuring position was changed to a new position on the sample,
which had not been irradiated with the 3He ion beam and another deuterium depth
profile was measured and is included in Fig. 4.20b. The H atom flux density on
the new measuring position was 7 % lower, 6.4 × 1018 H/m2 s. However, the total D amount in the damaged layer, measured on the new measuring position, was
4.7×1019 D/m2 , being 49 % lower compared to the initial position. This is indicating
a strong influence of the probing 3He ion beam, since 3He acts as additional strong
binding site for hydrogen atoms. For this reason the isotope exchange, hydrogen exchanging deuterium, was repeated after the sample exposure to D atoms, studying
the isotope exchange with deuterium exchanging hydrogen. The measuring position
was again moved to a non-irradiated position and depth profiles were only measured
at the very beginning and towards the end of the H exposure. The depth profiles are
shown in Fig. 4.20b. The D atom flux densities from the previous D atom exposure
on this measuring position was lower compared to the initial measuring position,
thus the initial deuterium concentration was lower. However, if the total D amount
for both H exposures is scaled to the same initial amount, the decrease of the total
D amount is slower in the case of the first H exposure. This again indicates the
influence of the 3He ion beam on the retention of hydrogen isotopes.
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Figure 4.20: Isotope exchange, hydrogen exchanging deuterium at 600 K. (a) Proton
signal, recorded by NRA with 1.5 MeV 3He ion beam and total D amounts during
the first H atom exposure. (b) Deuterium depth profiles during the first and the
second H atom exposure.
The isotope exchange, deuterium exchanging hydrogen, was performed on the
second measuring point after H atom exposure. Some residual deuterium was still
in the sample, 4.7 × 1019 D/m2 , as shown in Fig. 4.20b. The depth profiles were
measured 2.5 h, 6 h, 23 h, 30 h, 47 h and 71 h after the beginning of D atom
exposure and are shown in Fig. 4.21. The isotope exchange first started near the
surface, what can be observed by D concentration increase and proceed deeper in the
bulk at later times, similar to the previous isotope exchange, hydrogen exchanging
deuterium.
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Figure 4.21: Deuterium depth profiles during the isotope exchange, deuterium exchanging hydrogen, at 600 K.
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4.5.3

Discussion

We have studied the isotope exchange in the bulk of self-damaged W in both directions, hydrogen exchanging deuterium and deuterium exchanging hydrogen. The
isotope exchange of deuterium by incident hydrogen was clearly distinguishable from
the isothermal outgassing due to the faster decrease of the total deuterium amount,
as shown in Fig. 4.22, where total amounts for all experimental steps are shown.
Moreover, comparing the depth profiles for the isothermal outgassing and the isotope exchange, much faster decrease was observed near the surface in the case of
isotope exchange.
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Figure 4.22: Total deuterium amount as a function of exposure time for all experimental steps. Full lines are the results of the simulations.
A difference between both isotope exchange variations was observed, namely the
hydrogen was exchanged more effectively by deuterium compared to the reverse
process since less time and lower atom fluence was needed, as shown in Fig. 4.22.
The time dependence of the total D amount during the isotope exchange, exchanging
hydrogen by deuterium, was similar to deuterium loading. The difference was only
in the constant offset at the beginning due to the residual deuterium in the sample
from the previous isotope exchange. The possible explanation for this isotope effect
could be the mass dependence of the binding energy in a potential well, in which
the atom is bound. For larger mass the zero point energy is lower, so the deuterium
is more strongly bound compared to the hydrogen. Thus, hydrogen is easier to
exchange due to the smaller binding energy.
A simple model was used to simulate the results of the isotope exchange. Since
we observed different behavior of D concentration near the surface and deeper in
the bulk, one surface adsorption site type and one trapping site type in the bulk
was assumed in our simulations. First, the isothermal outgassing was simulated. On
the surface the desorption is described by the Langmuir-Hinshelwood recombination
with the second order kinetics. In the bulk, where de-trapping from the traps created
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by W ion irradiation is the rate limiting process [139], the first order kinetics was
assumed. The differential equations, describing the isothermal outgassing are
dcS
= −ν (2) c2S e−ES /kT ,
dt
dcB
= −ν (1) cB e−EB /kT ,
dt

(4.11)

where cS and cB are the deuterium concentrations on the surface and in the bulk,
respectively. For the first order kinetics ν (1) is the attempt frequency and is taken
to be ν (1) = 1010 s−1 [139] and for the second order kinetics the pre-factor is ν (2) =
2ν0 a2W , where ν0 is the attempt frequency for the surface site and aW = 0.316 nm is
the lattice constant for tungsten. It is assumed to be ν (2) = 0.014 cm2 /s [100]. The
desorption energies for the surface site and the bulk site are ES and EB , respectively.
The total D amount is the sum of the surface and the bulk D amount, c = cS + cB .
It was fitted to the measured total D amount obtained by transforming the proton
signal at 1.5 MeV ion beam energy into the areal density. The fitting procedure
resulted in the values for desorption energies of EB = (1.892 ± 0.006) eV and ES =
(1.85 ± 0.03) eV and saturation amounts of cB = (35.5 ± 0.7) × 1019 D/m2 and
cS = (7 ± 1) × 1019 D/m2 . Since the processes on the surface are fast as compared
to bulk, what was also observed as a fast decay during the isothermal outgassing, it
was assumed in the following simulations that nS = (7 ± 1) × 1019 m−2 is the density
of the surface sites. The simulated curve fitted on the experimental data is shown
in Fig. 4.22.
The loading of the sample with the deuterium atoms is described by
dcS
= −ν (2) cS e−ES /kT + (1 − R)(1 − cS /nS )ΓD − σER cS ΓD ,
dt
dcB
= −ν (1) cB e−EB /kT + (1 − cB /nB )Γbulk
D ,
dt

(4.12)

where R = 0.85 [98, 99] is the reflectivity of the sample [98, 99], σE R is the crossis
section for Eley-Rideal recombination, ΓD is the deuterium atom flux density, Γbulk
D
the effective flux from the surface into the bulk and nS and nB are the density of the
surface sites and the bulk trap sites, respectively. The first term in both equations is
describing the desorption at the constant temperature of 600 K and the second term
is describing the loading of deuterium on the surface and in the bulk. The third term
of the first equation is describing the formation and desorption of D2 molecules due to
Eley-Rideal recombination. Due to the small characteristic time of surface processes
and the poor time resolution of the experimental data, the Eley-Rideal cross-section
was taken from the previous work [99] to be σER = 1.0 × 10−22 m2 for hydrogen
exchanging deuterium and σER = 1.7×10−21 m2 for deuterium exchanging hydrogen.
In the case of Eley-Rideal recombination with two identical isotopes a mean value of
σER = 9.0×10−22 m2 was used. The sum of the results of equations 4.12 was fitted to
the experimental data with nB and Γbulk
being the fitting parameters. The values of
D
nS , ES and EB were determined in the previous fitting procedure and were not varied
here. The obtained values of the fitting parameters are nB = (54 ± 2) × 1019 m−2
and Γbulk
= (4.0 ± 0.2) × 1015 D/m2 s. The simulated curve is shown in Fig. 4.22.
D
During the isotope exchange, the isotope being exchanged can be removed from
the surface either by thermal outgassing or by Eley-Rideal recombination, forming
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a HD molecule with the cross-section σER . Similarly, the isotope being exchanged is
removed from the bulk by thermal outgassing or by the exchange mechanism with
the incoming isotope with the cross-section σHD or σDH . The incoming isotope
can stick on the empty surface adsorption site and is removed from the surface by
thermal outgassing and Eley-Rideal recombination. In the bulk, the concentration
of the incoming isotope is reduced by thermal outgassing and increased by trapping
in the empty trap site or by exchanging the other isotope in the already occupied
trap site. The equations, describing hydrogen exchanging deuterium, are
dcSD
dt
dcSH
dt
dcBD
dt
dcBH
dt

= −σER cSD ΓH − ν (2) c2SD e−ES /kT ,
= −σER cSH ΓH − ν (2) c2SH e−ES /kT + (1 − R)(1 − cSD /nS − cSH /nS )ΓH ,
ef f
= −σHD
cBD ΓH − ν (1) cBD e−EB /kT ,
ef f
= σHD
cBD ΓH − ν (1) cBH e−EB /kT − (1 − cBD /nB − cBH /nB )ΓH ,

(4.13)
where indices H and D were added to cS and cB to distinguish between hydrogen and
deuterium concentration, respectively. For modeling the reverse isotope exchange,
deuterium exchanging hydrogen, the indices H and D need to be exchanged in the
ef f
equations. The exchange cross-section σHD
is an effective cross-section, since the
atom flux used in the bulk exchange term is not the flux of atoms from the surface
to the bulk but the flux of atoms impinging on the sample surface. The model was
ef f
ef f
fitted to the experimental data for all isotope exchanges with σHD
or σDH
and initial
D bulk concentrations being the fitting parameters.
For hydrogen exchanging deuterium only first and third equation of the equations
4.13 need to be solved, since they are independent of hydrogen concentration. The
ef f
ef f
values of σHD
= (5.2 ± 0.6) × 10−25 m2 and σHD
= (6.5 ± 0.3) × 10−25 m2 were
obtained for the first and second exposure to H atoms, respectively. In the first
case, the initial hydrogen concentration was 40 × 1019 D/m2 and in the second case
it was 33 × 1019 D/m2 . The effective cross-section is lower for the first H atom
exposure, possibly due to the influence of the high 3He ion beam irradiation on that
measuring position.
In the case of hydrogen being exchanged by deuterium, the initial D concentration was determined from the experiment to be 4.7 × 1019 D/m2 and the amount
of the bulk trap sites nB is varied together with the effective cross-section. The
obtained trap site amount is nB = 43.6 × 1019 m−2 and the effective cross-section is
ef f
σDH
= (1.16 ± 0.04) × 10−24 m2 .
The simulation results for all isotope exchanges are shown in Fig. 4.22. The
difference in the effective exchange cross-section for both directions of the isotope
exchange is again showing a more effective exchange of hydrogen by deuterium
compared to the reverse process. The mean effective cross-section for hydrogen
σ ef f
exchanging deuterium is (5.9 ± 0.3) × 10−25 m2 , giving the ratio σHD
ef f = 0.51 ± 0.03.
DH

A profound effect of 3He ion beam was observed by measuring the deuterium
concentration on different measuring positions, being irradiated with different ion
fluences. The irradiation with 3He ion beam have two effects on the hydrogen isotope
retention. The high energy ions create structural damages in the material. During
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a single depth profile measurement the sample receives approximately 14 µC of the
accumulated charge for each ion beam energy, corresponding to the total ion fluence
of 1.18 × 1020 He/m2 across the 2 mm beam spot. This results in a damage profile
consisting of five peaks, each corresponding to different 3He ion beam energy, as
shown in Fig. 4.23. The largest damage is created by the 780 keV ion beam with
the peak value of 0.03 dpa, as calculated by SRIM 2013. Since the defects in the
material act as strong binding sites for hydrogen isotopes [10], the retention in the
material is enhanced. However, this should not have a pronounced effect on our
sample, since it is already damaged. It was shown that damage concentration in W
is saturated at the value of 0.5 dpa [140, 141], thus no additional defects could be
created by 3He ion beam. The second effect on the retention is the accumulation
of He in the bulk due to the stopping of the ions in the material. In tungsten He
interstitials introduce additional trapping sites for hydrogen isotopes [142], again
enhancing their retention in the material.
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Figure 4.23: The effect of the 3He ion beam. (blue) The damage profile after one
depth profile measurement with the 3He fluence of 1.18 × 1020 He/m2 , calculated
by SRIM. (green) The damage profile after the first isotope exchange on initial
position with the 3He fluence of 1.5 × 1021 He/m2 and (red) the D depth profile on
this position. (black) The D depth profile on another measuring position with no
previous 3He ion irradiation.
During the measurement of D atom loading, isothermal outgassing and isotope
exchange, hydrogen exchanging deuterium, the measuring position was irradiated
with the 3He fluence of 1.5 × 1021 He/m2 . A deuterium depth profile after the first
isotope exchange, hydrogen exchanging deuterium, is shown in Fig. 4.23, together
with the deuterium depth profile measured on a different measuring position with
no previous 3He irradiation. The total amount of D was approximately 56 % lower
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when measuring at the non-irradiated position. That clearly indicates that 3He
accumulation in the sample during the NRA measurement is enhancing D retention.

4.5.4

Conclusion

Isotope exchange in both directions, hydrogen exchanging deuterium and deuterium
exchanging hydrogen was studied in the bulk of the self-damaged tungsten. A
clear difference between isotope exchange and isothermal outgassing was observed.
Effective cross-sections for both directions of isotope exchange were determined by
fitting the modeling results to experimental data. Faster exchange was found for
deuterium exchanging hydrogen compared to the inverse process. The effect of
3
He probing ion beam on enhancement of hydrogen retention and its effect on the
experimental results was discussed.

4.6

Deuterium retention and thermal desorption
in mixed material layers

During tokamak operation, erosion and re-deposition of the material from plasmafacing components are constantly taking place due to the plasma-wall interaction
[4]. Since the plasma-facing components can be made of different materials (e.g. in
ITER the beryllium will be used for the wall of the main chamber and tungsten in the
divertor), mixed material deposits are formed on various surfaces inside the vessel.
Moreover, these deposits also contain intrinsic impurities (e.g. carbon) and seeding
impurities, used for plasma control (e.g. nitrogen or noble gas) [4, 16, 17]. In order
to estimate the overall fuel retention and plasma fueling, a detailed understanding
of hydrogen uptake and release dynamics for such mixed material layers is needed.
We used W:Al and W:Be mixed layers to study fuel retention in materials exposed to deuterium atoms and molecules [143]. Al-containing samples were used in
order to verify the possibility of using Al as a proxy material for Be due to the toxic
nature of Be. Since inclusion of nitrogen in the material can have an effect on the
deuterium retention, the influence of nitrogen inclusion in these layers on deuterium
retention was also studied. For this purpose some samples were prepared in nitrogen
atmosphere, incorporating N in the mixed layers.

4.6.1

Experimental procedure

Samples were prepared using thermionic vacuum arc method [144] at National Institute for Laser, Plasma and Radiation Physics, Bucharest. Pure or N containing
mixed films were deposited on a Si substrate with the target sample composition of
W:Al(Be) ratio of 50:50 and 20 atomic % of N in nitrogen containing samples.
Deuterium uptake and thermal desorption from mixed layers were studied in
situ, meaning that the samples were kept in the same vacuum chamber under vacuum conditions throughout the entire experiment. The sample composition was
determined using RBS and NRA at the beginning of the experiments. After that
the sample was exposed to the thermal energy deuterium atom beam (mean energy
0.28 eV) with the flux density of 4.5 × 1014 D/cm2 s for 20 h what resulted in the
total fluence of 3.24 × 1019 D/cm2 . The sample temperature was kept at constant
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value of 390 K during the exposure. After the exposure the deuterium concentration
in the sample was measured by NRA with the entire set of five ion beam energies.
In the case of Al-containing layers the sample temperature was kept constant at 390
K during the NRA analysis, whereas in the case of Be-containing layers the sample
was cooled down to the room temperature immediately after the exposure.
After the NRA analysis the sample was heated with a constant rate in order to
perform a thermodesorption study. The sample temperature was monitored by a
thermocouple, attached to the sample surface. Quadrupole mass spectrometer was
used during the sample heating in order to follow different masses, including m/q =
2, 3 and 4, corresponding to H2+ /D+ , HD+ and D2+ ions, respectively. Throughout
the sample heating, NRA and RBS spectra were constantly accumulated using a
single 3He ion beam energy of 2.5 MeV, collecting 0.8 µC ion dose on the sample in
the case of Al-containing layers and using 1.5 MeV, collecting 1.7 µC ion dose on the
sample in the case of Be-containing layers. The probing ion beam penetrates through
the entire mixed layer for both energies, providing the information on the integral
content of deuterium in the layer. Thus, the thermal desorption was studied using
two complementary techniques, mass spectrometry to follow the species, desorbing
from the sample and NRA to measure the deuterium, still remaining in the sample.
After the heating and subsequent cooling of the sample another NRA measurement
was performed using only the two lowest 3He ion beam energies in order to determine
the concentration of deuterium still left in the sample.

4.6.2

Results

W:Al layer
First sample was a 1 µm thick W:Al layer on Si. The sample composition was
determined by RBS and was found to be 30 atomic % and 65 atomic % of W and
Al, respectively, homogeneously distributed over the layer. The C contamination
was determined by NRA and was found to be 2 atomic % on the surface of the
sample. The residual, 5 atomic %, was attributed to O contamination, since O
cannot be detected directly neither by RBS nor by NRA.
After the D atom exposure, the sample was held at constant temperature of 390 K
during the NRA analysis. For this reason we experienced the isothermal outgassing
of deuterium from the sample, resulting in a decrease of the NRA signal during the
consecutive measurements at different ion beam energy. This steady decrease of
NRA signal prevented us to deduce the deuterium depth profile, However, we were
able to determine the total D amount in the layer from the proton peak integral
of each individual spectrum, assuming the homogeneous D distribution throughout
the layer. The entire NRA measurement lasted for approximately 1 h and during
this time an exponential decrease of D concentration was observed, Fig. 4.24. The
D concentration decreased from D/(W+Al)=0.004 to an almost constant value of
D/(W+Al)=0.0016. Deuterium was extending throughout the entire mixed layer.
In the next step thermodesorption was performed with a heating rate of 15.6
K/min up to the sample temperature of 1200 K. The NRA spectrum was recorded
every minute during the heating using ion beam with constant energy of 2.5 MeV.
The total amount of deuterium still remaining in the sample was determined by
the integral of the proton peak in consecutive NRA spectra. Mass analysis of the
desorbing species was performed continuously during the sample heating. Using
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Figure 4.24: Time evolution of D concentration in W:Al sample during initial NRA
analysis. Each point corresponds to a measurement with another ion beam energy,
starting with 4300 keV and followed by 3400 keV, 2580 keV, 1550 keV, 780 keV and
2580 keV.
NRA and mass spectrometry simultaneously, we could follow the coinciding drops in
NRA signal and peaks in mass spectrum, corresponding to desorption of deuterium
from different desorption site types. Two drops in the NRA signal coinciding with
the peaks of mass 4 were observed for W:Al mixed layer, as shown in Fig. 4.25.
During the heating, the NRA signal dropped to zero, indicating that all deuterium
was desorbed from the sample. This was also confirmed by the NRA measurement
with the lowest two energies at the end of thermodesorption.
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Figure 4.25: Time evolution of measured (black dots) and modeled (blue line) D
concentration, together with mass spectrometer signal and the sample temperature
for W:Al mixed layer.
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The RBS spectra were recorded in parallel with NRA spectra. This enabled us
to follow the sample structure during the heating. We observed severe modification
of the sample, starting at approximately 870 K and progressing to the sample temperature of approximately 930 K. The RBS spectrum of the pristine sample is shown
in Fig. 4.26a and the RBS spectrum of the sample after the heating is shown in Fig.
4.26b. The evolution of RBS spectra during the sample heating is shown in Fig.
4.26c. The D release was not affected with the layer modification since it occurred
at high enough temperature when most of D was already released from the sample.
The reason for the layer modification is presumably the low melting temperature of
Al, being 930 K, causing a decomposition of the layer in some regions and exposure
of Si substrate, resulting in the displacement of the Si edge in the RBS spectra.
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Figure 4.26: RBS spectra of W:Al mixed layer. (a) RBS spectrum of the pristine
sample. (b) RBS spectrum of the sample after the layer modification. (c) RBS
spectra, recorded at different sample temperatures during the heating of the sample.
Spectra, simulated with SIMNRA software, are also included.
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W:Al(N2 ) layer
In order to study the inclusion of nitrogen on deuterium retention and thermodesorption, a 1 µm thick W:Al sample with co-deposited nitrogen was used. RBS
technique was again used to determine the W and Al concentration in the sample.
Nitrogen cannot be directly detected by RBS due to its low mass and low RBS
cross-section. However, nitrogen concentration could be determined by the NRA
technique, utilizing the nuclear reaction 14 N (3He, p)16 O. The concentrations of W,
Al and N were inhomogeneously distributed over the layer, as shown in Fig 4.27.
Mean measured concentration values were 25 atomic %, 51 atomic % and 20 atomic
% for W, Al and N, respectively.
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Figure 4.27: The depth profile of W, Al and N in W:Al(N2 ) sample.
The procedures of the D atom exposure and NRA measurement were the same as
in the case of W:Al sample. Again, we experienced the isothermal outgassing during
the NRA analysis after the end of D atom exposure at the constant sample temperature of 390 K. This allowed us to deduce only a total D amount in the layer for each
individual energy and not the whole D depth profile. The deuterium concentration
dropped for 60 % during the NRA analysis, as shown in Fig. 4.28. Contrary to
the W:Al sample, deuterium depth range was 4100 × 1015 at/cm2 which is less than
the thickness of the layer, which was 5900 × 1015 at/cm2 . Deuterium concentration,
obtained from the first NRA measurement, was D/(W+Al+N)=0.019, taking into
account only the thickness of the layer where D is present.
W:Al(N2 ) was heated by the rate of 13.1 K/min up to the sample temperature
of 1100 K. We observed three noticeable drops in NRA signal occurring between
550 K and 900 K. There are only two peaks visible in the mass spectrum of the
mass 4, corresponding to first two drops of the NRA signal. The mass spectrum is
not shown for higher temperatures since the signal is rapidly increasing due to the
heating of the surroundings and desorption of deuterium out of other components
in the vacuum chamber. The NRA and mass spectrometer signals are shown in Fig.
4.29 for W:Al(N2 ) mixed layer. Three drops correspond to the release of deuterium
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Figure 4.28: Time evolution of D concentration in W:Al(N2 ) sample during initial
NRA analysis. Each point corresponds to a measurement with another ion beam
energy, starting with 4300 keV and followed by 3400 keV, 2580 keV, 1550 keV, 780
keV and 2580 keV.
from three different desorption site types. Again, all deuterium was desorbed from
the layer during the heating, as determined by the NRA measurement at the end of
the heating.
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Figure 4.29: Time evolution of measured (black dots) and modeled (blue line) D
concentration, together with mass spectrometer signal and the sample temperature
for W:Al(N2 ) mixed layer.
A severe layer modification was again observed by RBS during the heating.
Modification of the layer began at the sample temperature of approximately 950 K
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and was progressing to the end of the heating. It was also more comprehensive than
in the case of W:Al sample and resulted in a grained surface, visible also by the
optical microscope, photo shown in Fig. 4.30. The D release from the layer was not
affected since the layer modification took place at the temperature at which all of
D was already removed from the sample.

before

after

Figure 4.30: W:Al(N2 ) layer modification, observed by the optical microscope.

W:Be layer
The experimental procedure was repeated for the samples, where Al was substituted
by Be in order to check for the adequacy of Al being used in experiments as a Be
proxy. First Be-containing sample was a 1.8 µm thick W:Be layer deposited on Si.
Only W concentration, being 41 atomic %, could be directly determined by RBS
due to the low mass and low RBS cross-section for Be. However, proton peaks from
the 9 Be(3He, p)11 B nuclear reaction are clearly visible in NRA spectrum, allowing us
to determine the Be concentration beside the C contamination by NRA technique.
Be concentration and C contamination were determined to be 47 atomic % and 4
atomic %, respectively. The residue in the overall concentration was attributed to
O.
Again, the sample was exposed to D atom beam at the sample temperature of
390 K. Since we wanted to avoid the isothermal outgassing, as we experienced with
the Al-containing samples, the sample was cooled down to room temperature immediately after the end of the D atom exposure. The NRA analysis revealed that
the deuterium populated the layer up to approximately 2300 × 1015 at/cm2 , corresponding to 0.33 µm. The thickness of the entire layer was 12400 × 1015 at/cm2 .
The total D amount in the layer was (5.8 ± 0.4 × 1015 ) D/cm2 with the concentration of D/(W+Be)=0.0028, taking into account only the penetration depth of the
deuterium. Deuterium depth profile is shown in Fig. 4.31.
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Figure 4.31: Deuterium concentration depth profiles for W:Be and W:Be(N2 ) mixed
layers.
The thermodesorption was performed with the heating rate of 17.2 K/min up
to the sample temperature of 980 K. In contrast to previous experiments with Alcontaining samples, in this case 1.5 MeV ion beam was used instead of 2.5 MeV.
The lower energy was chosen due to the higher ion beam current and higher proton
signal obtained at this energy, providing faster measurements with better statistics.
Three step-like decreases in the NRA signal together with the two peaks of the mass
4, corresponding to the first two NRA signal drops are clearly visible in Fig. 4.32.
The desorption of deuterium occurred between the sample temperatures of 450 K
and 900 K. During the heating the deuterium signal dropped under the detection
limit, indicating that all deuterium was desorbed out of the layer.
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Figure 4.32: Time evolution of measured (black dots) and modeled (blue line) D
concentration, together with mass spectrometer signal and the sample temperature
for W:Be mixed layer.
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W:Be(N2 ) layer
The last sample was a 1.2 µm thick W:Be mixed layer on a Si substrate with codeposited N. The RBS method was used to determine the W concentration and NRA
was used to determine the Be concentration and C contamination. N concentration
could not be directly determined due to the overlap of the proton peaks, induced
by 14 N (3He, p)16 O nuclear reaction, with the strong Be signal. However, N concentration was estimated as a residue in the overall concentration. The composition
of the sample was 54 atomic %, 23 atomic % and 17 atomic % of W, Be and N,
respectively. The C contamination was 6 atomic %.
After 20 hours of D atom exposure, the total D amount in the layer was (11.0 ±
0.4) × 1015 D/cm2 . Deuterium penetrated up to 0.3 µm in the sample. The concentration in the penetrated layer was D/(W+Be+N)=0.005. As shown in Fig. 4.31,
the concentration depth profile has a profound gradient, having approximately four
times more deuterium near the surface compared to deeper in the layer.
The sample was heated up to 920 K with the heating rate of 17.4 K/min. Again,
three step-like decreases in the NRA signal and two peaks in mass 4, corresponding
to the first two drops were observed, as shown in Fig. 4.33. The desorption of D
from the sample occurred between 500 K and 850 K. The NRA analysis at the end
of thermodesorption revealed a remaining deuterium in the sample with the total D
amount of (0.39 ± 0.06) × 1015 D/cm2 . The depth profile of the remaining deuterium
is shown in Fig. 4.31.
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Figure 4.33: Time evolution of measured (black dots) and modeled (blue line) D
concentration, together with mass spectrometer signal and the sample temperature
for W:Be(N2 ) mixed layer.

Simulation
For the simulation of thermodesorption study results, Polanyi-Wigner equation is
usually used [145],
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dc
= −ν (n) cn e−Ed /kT (t) ,
dt

(4.14)

where c is the concentration of D in the material, ν (n) is the desorption rate, Ed
is the desorption energy of deuterium atom, k is the Boltzmann constant, n is the
kinetic order and T (t) is the temperature as a function of time. The kinetic order
of the desorption is determined by the rate limiting process. Usually, first order
kinetics (n = 1) is describing the desorption, when de-trapping of atoms in the bulk
is the rate limiting process and second order kinetics (n = 2) is used, when the
surface recombination is the rate limiting process [145]. Our experimental data are
well described by the first order kinetics. However, this model is very simplistic and
does not take into account any other processes, such as bulk diffusion.
Since our NRA and mass spectrometer data clearly indicate the existence of
different desorption site types with different energies and deuterium concentrations,
the equation 4.14 should apply for each of the desorption site type,
dci
= −ν (1) ci e−Edi /kT (t) ,
(4.15)
dt
where first order kinetics is used. Here, ci and Edi are concentration and desorption
energy of the i-th desorption site type, respectively. The overall deuterium concentration, which is measured by NRA, is the sum of the solutions of the differential
equation 4.15 over all desorption site types,
c=

X

ci .

(4.16)

i

Equation 4.16 was fitted to the NRA signal for each measured sample with initial
concentrations c0i and desorption energies Edi being the fitting parameters. The
attempt frequency was kept at a fixed value of ν (1) = 1013 , as is usually done in such
simulations [30]. The fitted solutions of Eq. 4.16 are shown in Figs. 4.25, 4.29, 4.32
and 4.33.
For the W:Al mixed layer three desorption site types were found. Deuterium
was desorbing from the desorption site with lower desorption energy already during
the isothermal outgassing at 390 K. The desorption energy of this site is Ed1 =
(1.174±0.001) eV with the initial population of c01 = (2.77±0.04)×1017 D/cm2 . The
second desorption site type, corresponding to the first peak of the thermodesorption
spectrum has the desorption energy of Ed2 = (1.4±0.1) eV and the initial population
of c02 = (1.9 ± 0.1) × 1015 D/cm2 . The desorption site with the highest desorption
energy of Ed3 = (2.08 ± 0.06) corresponds to second desorption peak. The noisy
shape of this peak is due to the poor linearity of our temperature ramp. The initial
population of the third desorption site type is c03 = (6.0±0.2)×1015 D/m2 . The total
initial deuterium concentration was calculated to be c = (2.85 ± 0.04) × 1017 D/cm2 .
Three step-like decreases of total D amount were observed for W:Al(N2 ) mixed
layer, corresponding to three desorption site types. We have observed one additional desorption site type, from which the deuterium is again desorbed during the
isothermal outgassing. The desorption energy of this site is Ed1 = (1.219±0.001) eV
with the initial deuterium concentration of c01 = (7.73 ± 0.36) × 1018 D/cm2 .
The desorption energies for the other three desorption site types, corresponding
to three peaks in the thermodesorption spectrum are Ed2 = (1.410 ± 0.009) eV,
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Ed3 = (2.053 ± 0.004) eV and Ed4 = (2.73 ± 0.02) with the corresponding initial concentrations of c02 = (1.69 ± 0.03) × 1016 D/cm2 , c03 = (2.301 ± 0.007) × 1016 D/cm2
and c04 = (5.08 ± 0.03) × 1015 D/cm2 , respectively. The total initial D concentration
calculated from the simulation is c = (7.77 ± 0.36) × 1018 D/cm2 .
Three desorption site types were determined for W:Be mixed layer. The initial
D concentration on the first desorption site is c01 = (0.9 ± 0.1) × 1015 D/cm2 and
the desorption energy is Ed1 = (1.22 ± 0.08) eV. For the second desorption site
the desorption energy is Ed2 = (2.06 ± 0.02) eV and the initial concentration is
c02 = (2.3 ± 0.3) × 1015 D/cm2 . Only two peaks, corresponding to first two desorption site types are visible in the thermodesorption spectrum. At the position of the
third step-like decrease of the NRA signal the mass spectrometer signal is already
steeply increasing, probably due to the heating of the surroundings. Therefore, no
corresponding peak can be observed for the third desorption site type with the desorption energy of Ed3 = (2.5 ± 0.2) eV. The initial concentration of this desorption
site is c04 = (1.31 ± 0.08) × 1015 D/cm2 . The total initial simulated D concentration
is c = (4.5 ± 0.3) × 1015 D/cm2 .
For the W:Be(N2 ) mixed layer four desorption site types were found, with the
desorption energies of Ed1 = (1.26 ± 0.02) eV, Ed2 = (1.99 ± 0.02) eV, Ed3 =
(2.45 ± 0.07) eV and Ed4 > 2.9 eV. The initial concentrations are c01 = (1.51 ±
0.05)×1015 D/cm2 , c02 = (6.00±0.05)×1015 D/cm2 , c03 = (1.51±0.04)×1015 D/cm2
and c04 = (0.50 ± 0.02) × 1015 D/cm2 . The calculated total initial concentration is
c01 = (9.52±0.08)×1015 D/cm2 . The values of all fitting parameters are summarized
in Table 4.4.
Table 4.4: The values of fitting parameters for all analyzed samples.
Ed [eV]
c0 [1015 at/cm2 ]
1.174 ± 0.001
277 ± 4
W:Al
1.4 ± 0.1
1.9 ± 0.1
2.08 ± 0.06
6.0 ± 0.2
1.219 ± 0.001
7730 ± 360
1.410 ± 0.009
16.9 ± 0.3
W:Al(N2 )
2.053 ± 0.004
23.01 ± 0.07
2.73 ± 0.02
5.08 ± 0.03
1.22 ± 0.08
0.9 ± 0.1
W:Be
2.06 ± 0.02
2.3 ± 0.3
2.5 ± 0.2
1.31 ± 0.08
1.26 ± 0.02
1.51 ± 0.05
1.99 ± 0.02
6.00 ± 0.05
W:Be(N2 )
2.45 ± 0.07
1.51 ± 0.04
> 2.9
0.50 ± 0.02

4.6.3

Discussion

Nitrogen was found to have a substantial influence on deuterium retention in the
studied mixed layers. The concentration of D increased by a factor of 1.8 in the
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presence of nitrogen in the Be-containing samples, being D/(W+Be+N)=0.005 and
D/(W+Be)=0.0028 for W:Be(N2 ) and W:Be, respectively. For Al-containing samples, the increase of D uptake was even more pronounced. The concentration of D
in W:Al layer was D/(W+Al)=0.004 and the concentration of D in W:Al(N2 ) was
D/(W+Al+N)=0.019, which is by a factor of 4.8 larger. A slightly larger D uptake
was observed in W:Al sample compared to the W:Be sample. The ratio between W
and Al/Be was not exactly the same, however it was similar, being 32:68 for W:Al
and 47:53 for W:Be. In our experiment we observed much lower deuterium concentration for W:Be layer (being D/(W+Be)=0.0028) compared to the deuterium
ion implantation at the sample temperature of 400 K, where the deuterium concentration was D/(W+Be)=0.015 [146]. However, the stoichiometry of the W:Be
layer used in ion implantation experiment was not the same as in our case, having
6 atomic % of W, whereas we used a sample with 41 atomic % of W. Moreover, the
D uptake in Be is larger compared to W [147], therefore larger Be concentration in
the sample could also lead to higher D uptake.

The deuterium desorption occurred in similar temperature range for all samples,
roughly between 500 K and 900 K, Fig. 4.34. The numeric simulation shows two
desorption site types with similar desorption energies for all layers. First common
desorption site type has the energy of Ed = (1.174 ± 0.001) eV, (1.219 ± 0.001) eV,
(1.22 ± 0.08) eV and (1.26 ± 0.02) eV for W:Al, W:Al(N2 ), W:Be and W:Be(N2 ),
respectively. In the case of Al-containing samples, which were not cooled down to
room temperature after D atom exposure, deuterium was desorbing from this site
already when the sample was held at constant 390 K. The second common desorption
site type has the desorption energy of Ed = (2.08 ± 0.06) eV, (2.053 ± 0.004) eV,
(2.06 ± 0.02) eV and (1.99 ± 0.02) eV for W:Al, W:Al(N2 ), W:Be and W:Be(N2 ),
respectively. There is a desorption site type common to both Al-containing samples
with Ed = (1.4±0.1) eV and (1.410±0.009) eV for W:Al and W:Al(N2 ), respectively.
Similarly, there is a common desorption site type to both Be-containing samples
with Ed = (2.5 ± 0.2) eV and (2.45 ± 0.07) eV for W:Be and W:Be(N2 ), respectively.
Desorption site types with the highest desorption energy were found for the samples
containing nitrogen. In the case of W:Al(N2 ) the desorption energy is Ed = (2.73 ±
0.2). In the case of W:Be(N2 ) the energy could not be determined since deuterium
did not desorb from this site. However, a lower limit of Ed > 2.9 eV can be
determined.

The depth profile analyses after the thermodesorption revealed no deuterium
left in W:Al, W:Al(N2 ) and W:Be samples. In the case of W:Be(N2 ) sample we
found 0.004 atomic % of D still remaining in the sample. However, the highest
temperature of W:Be(N2 ) sample was lower compared to the other samples what
could explain the observed difference. Both Al-containing samples experienced severe layer modification during the heating, but no modification was observed in the
case of Be-containing samples. This is probably due to the low melting temperature
of Al, making the Al-based mixed films less stable at temperatures above 800 K.
Presented experimental results show that there are important differences between
W:Al and W:Be mixed samples and this should be kept in mind when using Al as
a proxy for Be.
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Figure 4.34: The total D amount for all studied mixed layer during the sample
heating as a function of temperature.

4.6.4

Conclusion

We studied the effect of nitrogen inclusion in W:Al and W:Be mixed layers on deuterium retention and thermodesorption. Higher D concentrations in the layers were
found when nitrogen was included. Larger D uptake was also found for Al-containing
samples compared to Be-containing ones. By simulating the thermodesorption and
fitting the results to the experimental data, desorption energies were determined for
all samples. Similar desorption site types were found for all samples, however some
desorption site types specific for Al-containing or Be-containing mixed layers were
also found.
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Summary and conclusion
In this thesis we present studies of hydrogen isotope (H and D) interaction with
materials relevant for fusion development, mostly tungsten. We focus only on neutral
hydrogen particles, namely atoms and molecules. The surface atom recombination
and formation of vibrationally excited molecules was studied by the vibrational
spectroscopy of the desorbing molecules. Nuclear reaction analysis was used in
a number of experiments studying deuterium retention, desorption, migration from
the surface into the bulk and isotope exchange. The experimental results were fitted
with the results of the model calculations and the values of parameters, characteristic
for the studied processes are obtained.
Vibrational spectrometer, previously designed and constructed at our laboratory,
was upgraded by incorporating differential pumping of the system and by improving
the energy resolution. Differential pumping enables us to eliminate a high background signal in the vibrational spectra due to the molecules, lagging in the vacuum
chamber and due to the interaction of hydrogen with the hot tungsten, experienced
in previous experimental configurations. A new software with a user interface was
developed for analysis and fitting of the measured vibrational spectra. Experiments
were performed with different types of tungsten samples and samples of some other
materials (Cu, Ta, Ti), by exposing them mostly to H atom beam. Vibrational distributions of molecules, produced by atom recombination on the sample surface were
compared for different grades of W material and for two single crystal W samples
with crystallographic orientations of (100) and (110). In the case of both single crystal samples the exposure to D atom beam was also performed. Experiments were
performed for different sample temperatures and driving pressures of the H2 gas,
following the evolution of the vibrational distribution under different experimental
conditions. The obtained relative populations of vibrational states were fitted by
the Boltzmann distribution to determine the approximate vibrational temperature
of the desorbing molecules. Important deviation from the Boltzmann distribution
is observed in some cases, what calls for further theoretical studies.
Nuclear reaction analysis and thermodesorption spectroscopy techniques were
used to determine the deuterium concentration depth profile, total D amount and
characteristics of the trapping sites in the material after its exposure to D atom
beam. Both techniques were used in a number of in situ experiments, mostly performed on self-damaged W samples in order to study different bulk processes and
their coupling with the conditions on the surface. A rate equation model, coupling bulk diffusion and trapping with the surface processes was used to simulate
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experimental data.
We studied the influence of the annealing temperature on the evolution of defects
in the self-damaged W samples. Approximately 67 % decrease of defect concentration was observed when annealing the sample at 1200 K, compared to the unannealed
sample. Three complementary techniques were used in this study (NRA, TDS and
scanning transmission electron microscopy (STEM)), all giving similar results on
the decrease of the defect concentration. The TDS spectra were fitted with the
modeled spectra and different trapping site types were determined. The evolution
of trap types with the annealing temperature was associated with different stages
of damage annealing in tungsten.
Self-damaged W samples were exposed to D atom beam at different sample
temperatures. The NRA technique was used to follow a time evolution of D depth
profiles during the exposure. The TDS analysis was performed in order to determine
the trapping energies and trap concentrations in the samples. From the measured D
depth profile the time evolution of the total D amount in the samples was calculated
for all exposure temperatures. Total D amounts, determined by the modeling were
fitted to the experimental data, obtaining adsorption energies, adsorption sites concentrations and a potential barrier for diffusion from the surface into the bulk of the
material. The derived adsorption energies are in agreement with the values found
in the literature, whereas the value for the bulk barrier is much lower compared to
the literature. Modeling with the fixed value of the bulk barrier (a value reported
in the literature) results in a huge discrepancy between modeling and experimental
results. This indicates a lower value of the bulk barrier or a temperature dependence
of some other parameters, describing surface processes.
Isotope exchange was studied in the bulk of a self-damaged tungsten by following
a time evolution of total D amount and D depth profiles. Sample was exposed
to H and D atom beam in order to study isotope exchange in both directions, H
exchanging D and D exchanging H. Isothermal outgassing of D was also followed
in order to differentiate between the outgassing and the isotope exchange during
the exchange study. A faster exchange was observed in the case of D exchanging H
compared to H exchanging D, indicating an isotope effect, namely the exchange of a
lighter isotope is faster and more efficient. The exchange of H by D was very similar
to D loading of a hydrogen-free sample. A simple model, assuming single surface
adsorption site type and single bulk trapping site type was used to determine the
effective cross-section for isotope exchange in both directions.
We studied D retention and thermodesorption from thin mixed material layers
W:Al and W:Be. Nitrogen was co-deposited in some layer in order to study the
effect of nitrogen inclusion. Al-containing samples were used to study the adequacy
of Al as a Be proxy in laboratory experiments. Samples were first loaded with D by
exposure to D atom beam and then heated. Deuterium desorption and the amount of
the remaining D in the sample during the heating was followed by mass spectroscopy
and NRA technique, respectively. Peaks in the mass spectrum were found to coincide
with the step-like drops of the NRA signal. The inclusion of nitrogen in the samples
was found to enhance the D retention. Moreover, the D uptake in Al-containing
samples was slightly higher compared to Be-containing ones. The total D amounts
during the heating were modeled with a simple model, obtaining the desorption
energies of different desorption site types. Some desorption site types were found
to be common for all samples, whereas a specific site type was found for both, Al144

containing and Be-containing samples. Inclusion of nitrogen in the sample results
in an additional desorption site type with the highest desorption energy.
A detailed insight into atom interaction with tungsten material was obtained
by the described studies. Hydrogen atom adsorption and diffusion from the surface
to the bulk at various sample temperatures was investigated and successfully modeled, providing a knowledge of the rate of diffusion from the surface to the bulk.
Moreover, surface atom recombination was studied and vibrational distribution of
desorbing molecules at various sample temperatures was deduced. Additionally, hydrogen trapping in the bulk defects was studied after annealing the self-damaged
samples at different temperatures. This provided the information on the stages of
damage annealing and the temperature ranges at which they occur. More complex
systems, such as interaction of both H and D in the tungsten sample, were also
studied. We learned about the rate of isotope exchange in the bulk of W material
in both directions. Furthermore, mixed material layers were used to learn about D
retention and desorption dynamics in more complex samples. Therefore, important
information on both, hydrogen surface and bulk dynamics was obtained.
For the future work on vibrational spectroscopy of hydrogen molecules a new
hydrogen atom source should be considered. The current atom source (HABS) was
found to produce highly excited hydrogen molecules with the vibrational temperature corresponding to the temperature of the HABS capillary. Following the results
of our work we propose a design of a new atom source, dissociating the hydrogen
molecules on a hot W filament and producing hydrogen molecules only in low vibrational states. This would make the analysis of the vibrational spectra much easier
and straightforward.
Even though the energy resolution of the vibrational spectrometer was improved
by incorporating a new electron gun, its full potential was not realized, due to the
low electron current when working with high resolution. Therefore, a new design of
the electron gun would be beneficial, increasing the electron from the electron gun
while keeping high energy resolution. This will enable better performance of the
spectrometer in the case of D2 molecules, since measurements with higher resolution
are preferable due to the closer lying vibrational energy levels in the case of D2
compared to H2 .
A new ultra-high vacuum (UHV) experimental chamber is planned to be constructed for the in situ experiments with D atom beam. NRA and TDS techniques
will be available in the experimental chamber for detection of D and other desorbing species. Hydrogen atom beam source (HABS) will be used for H or D atom
exposure. A plasma gun will be mounted on a chamber, allowing the exposure and
implantation of the plasma of a desired species. Since the experimental chamber
will be mounted on a beam line of the ion accelerator, high energy ion implantation or sample self-damaging will also be possible, when the accelerator is not being
used for the NRA technique. Using all sources (HABS, plasma gun and ion beam)
simultaneously will opening new possibilities for dedicated experiments and study
of the new processes with many interacting species in fusion important materials.
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[86] A. Založnik, I. Čadež, S. Markelj and V. Žigman, in 22th Internation Conference Nuclear Energy for New Europe, Bled, Slovenia (September 9-12, 2013)
p. 1406.
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Appendix A
Razširjeni povzetek v slovenskem
jeziku
A.1

Uvod

Vodik in njegova interakcija z ostalimi elementi in materiali je predmet obširnih
raziskav, saj igra pomembno vlogo tako v naravnih kot v tehnoloških procesih. Pri
vodiku je prisoten tudi izrazit izotopski efekt, saj imajo njegovi izotopi največje
masno razmerje v primerjavi z ostalimi elementi. Zaradi tega je vodik zanimiv tudi
za študije izotopskih efektov.
Vodik ima pomembno vlogo tudi pri razvoju novih, čistih virov energije. Zlivanje jeder (fuzija) vodikovih izotopov devterija (D) in tritija (T) predstavlja čisti
vir energije, ki bi zadostil rastočim energijskim potrebam človeštva. V fuzijskih
napravah z magnetnim omejevanjem plazme (tokamakih) nastopa fuzijsko gorivo
v obliki popolnoma ionizirane plazme. Vroča središčna plazma, ki jo sestavljajo
visokoenergijski ioni in elektroni, ne sme biti v stiku s stenami fuzijske naprave,
saj noben znan material ne bi prenesel visoke temperature, potrebne za fuzijsko
reakcijo. Interakcija med plazmo in stenami fuzijske naprave poteka preko robne
plazme. To je tanka plast hladne plazme, ki poleg ionov in elektronov sestoji tudi iz
nevtralnih atomov in molekul [1]. Delci v robni plazmi so s pomočjo posebne konfiguracije magnetnega polja usmerjeni proti delu tokamaka, imenovanem divertor.
Tukaj robna plazma interagira z divertorjem, ki bo v fuzijski napravi ITER narejen
iz volframa (W) [3, 4].
Za uspešen nadzor delovanja fuzijske naprave potrebujemo dobro razumevanje
dinamike plazme v vseh delih fuzijske naprave. Procesi, kot so implantacija, adsorpcija, erozija materiala itd. določajo značilnosti robne plazme v divertorju, kjer
vodik interagira z materialom. Večino študij interakcije vodika z materiali se izvaja
tako, da material izpostavijo vodikovim ionom ali plazmi. Takšni pogoji so podobni
resničnim pogojem v fuzijski napravi. Ker pa je robna plazma sestavljena tudi iz
nevtralnih delcev, je pomembno tudi razumevanje interakcije vodikovih atomov in
molekul z materiali. Tema te disertacije je študij interakcije vodikovih atomov (H in
D izotopov) z materiali, ki so pomembni za izgradnjo in delovanje fuzijskih naprav.
Med delovanjem fuzijske naprave bodo nastajali visokoenergijski nevtroni z energijo 14.1 MeV. Nevtroni, skupaj z visokoenergijskimi ioni in atomi, bodo povzročali
poškodbe v materialu [9] in s tem slabšali lastnosti materiala. Pri našem delu smo
se zato v glavnem osredotočili na interakcijo vodika s poškodovanim volframom.
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Vzorce smo izpostavljali atomom vodikovih izotopov, v glavnem devteriju, in z ionsko metodo analize jedrskih reakcij (angl. Nuclear Reaction Analysis - NRA) merili
globinsko porazdelitev koncentracije devterija v materialu. Termodesorpcijsko spektroskopijo (angl. thermodesorption spectroscopy - TDS) smo uporabili za določanje
koncentracije poškodb v materialu in za opazovanje njihovega vpliva na zadrževanje
devterija. Rezultate, dobljene z obema metodama, smo modelirali in s tem določili
vrednosti modelskih parametrov, ki opisujejo procese vodika na površini in v materialu.
Nevtralni delci nastajajo z rekombinacijo atomov v volumnu robne plazme ali z
rekombinacijo atomov na površinah sten fuzijske naprave. Pri tem lahko nastanejo
rotacijsko in vibracijsko vzbujene molekule [11]. Vibracijsko vzbujene molekule so
pomembne, saj odpirajo nove reakcijske kanale [12, 13] in s tem pomembno vplivajo na dinamiko robne plazme. Da bi določili prispevek atomske rekombinacije
na površinah k celotni vibracijski porazdelitvi molekul v robni plazmi, pri svojem
delu uporabljamo spektrometer za merjenje vibracijsko vzbujenih vodikovih molekul.
Površino vzorca izpostavimo atomom vodika ali devterija in opazujemo molekule, ki
nastanejo z rekombinacijo atomov na površini. Naš vibracijski spektrometer za delovanje uporablja proces disociativnega zajetja elektrona (angl. dissociative electron
attachment - DEA) v vodikovi molekuli, kar nam omogoča opazovanje vibracijskih
stanj do v=9. Sistem je bil nadgrajen z diferencialnim črpanjem vakuumske komore,
izboljšana pa je bila tudi energijska ločljivost sistema. Večina eksperimentov je bila
opravljena z različnimi vzorci volframa, za primerjavo pa smo preučili tudi nekaj
drugih materialov.

A.2

Interakcija vodika s kovinami

Interakcija vodikovih atomov z materialom se razlikuje od interakcije vodikovih
ionov. Ioni z energijami nekaj deset eV lahko prodrejo neposredno v material,
medtem ko nevtralni delci občutijo potencial, ko se približujejo površini. Ta potencial ima šibek minimum v primeru molekul in močan minimum v primeru atomov,
zato se vodikovi atomi in molekule adsorbirajo na površini. Adsorbirani atomi se
lahko rekombinirajo in tvorijo molekulo, ki se desorbira s površine, ali pa difundirajo
globlje v material.

A.2.1

Interakcija vodika s površino

Vodikov atom lahko s površino kovine tvori kemijsko vez, saj ima samo en nesparjen
elektron v svoji elektronski ovojnici. Pravimo, da se kemisorbira na površini. Po
drugi strani lahko vodikova molekula s površino tvori le van der Waalsove vezi,
saj ima v svoji elektronski ovojnici dva sparjena elektrona. Da se tvorijo kemijske
vezi, mora molekula najprej disociirati na posamezna atoma, ki nato lahko tvorita
kovalentne vezi s površino. Potencialna energija za atome in molekule v funkciji
oddaljenosti od površine je prikazana na sliki 2.1. Vezavna energija atomov na
površini je odvisna od materiala, kristalografske ravnine in zasedenosti površine z
vodikovimi atomi ali nečistočami. Najdemo lahko različne tipe vezavnih mest, ki
imajo različne vezavne energije.
Del vpadnih delcev se na površini adsorbira, ostanek pa se odbije nazaj v vakuum.
Verjetnost za adsorpcijo je različna za atome in molekule in je odvisna od zasedenosti
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površine [35]. Adsorbirani atomi lahko difundirajo globlje v material, lahko pa se
rekombinirajo in tvorijo molekulo, ki zapusti površino. Poznamo tri različne mehanizme rekombinacije na površini, to so Langmui-Hinshelwood (LH) in Eley-Rideal
(ER) rekombinacija ter rekombinacija vročih atomov (HA).
Langmuir-Hinshelwood rekombinacija
Ko se rekombinirata dva sosednja adsorbirana atoma, ki sta v termičnem ravnovesju
s površino, govorimo o Langmuir-Hinshelwood rekombinaciji. Proces je endotermen, zato morata adsorbirana atoma za rekombinacijo prejeti energijo od površine,
verjetnost za rekombinacijo pa se povečuje s temperaturo. Energija, potrebna za
rekombinacijo, je
E = 2Ech + Ebarr ,
(A.1)
kjer je Ech energija kemisorpcije in Ebarr dodatna potencialna bariera, ki jo opazimo
pri nekaterih materialih. Nastale molekule so navadno v nizkih rotacijskih in vibracijskih stanjih, saj je na voljo le malo energije za vzbuditev. Langmuir-Hinshelwood
rekombinacija je shematsko prikazana na sliki 2.2a.
Eley-Rideal rekombinacija
Za Eley-Rideal rekombinacijo potrebujemo tok atomov, ki vpada na površino že
pokrito z atomi. Vpadni atom interagira z adsorbiranim atomom, pri tem pa tvorita
molekulo, ki zapusti površino. Proces je eksotermen, razpoložljiva energija pa se
porazdeli med kinetično, rotacijsko in vibracijsko energijo molekule. Razpoložljiva
energija je
1
(A.2)
E = De − Ech + Ei ,
2
kjer je De energija disociacije vodikove molekule in Ei začetna kinetična energija
vpadnega atoma. Verjetnost za Eley-Rideal rekombinacijo je zanemarljiva pri višjih
temperaturah, ko je zasedenost površine majhna. Molekule, nastale z Eley-Rideal
rekombinacijo, so lahko v visokih rotacijskih in vibracijskih stanjih [41], saj je na
voljo dovolj energije za vzbuditev. Proces je shematsko prikazan na sliki 2.2b.
Rekombinacija vročih atomov
Če vpadni atom ne interagira z adsorbiranim, se lahko sam veže na površino. Ker
na začetku še ni v termalnem ravnovesju s površino, se lahko pomika po površini
in pri tem oddaja svojo energijo. Takemu atomu pravimo vroči atom in je shematsko prikazan na sliki 2.2c. Vroči atom večji delež svoje energije preda pri tvorbi
parov elektron-vrzel [43] ali pri interakciji z drugim adsorbiranim atomom [44], precej manjši delež pa se prenese v fononske vzbuditve [42]. Na svoji poti po površini
lahko vroči atom ustvari nove vroče atome ali pa se rekombinira z adsorbiranim
atomom in tvori molekulo. Razpoložljiva energija za vzbuditev nastale molekule je
1
E = De − Ech + Ei − E ∗ ,
2
kjer je E ∗ energija, ki jo je vroči atom že izgubil do trenutka rekombinacije.
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A.2.2

Difuzija v materialu

Adsorbiran atom se lahko rekombinira in tvori molekulo, ki zapusti površino, lahko
pa tudi difundira globlje v material. Difuzijo atomov v materialu opišemo s koeficientom difuzije, katerega temperaturno odvisnost opisuje Arrheniusova enačba
D(T ) = D0 e−Edif f /kB T .

(A.4)

V enačbi je D0 difuzijska konstanta in Edif f energijska bariera za difuzijo. Za volfram
je D0 = 4.1 × 10−7 m2 /s in Edif f = 0.39 eV [47]. Vodik v W z bbc kristalno mrežo,
difundira med tetraedrnimi vrivnimi mesti [48]. Takšen vodik imenujemo raztopljen
vodik. V primeru volframa lahko raztopljen vodik enostavno difundira že pri sobni
temperaturi, vendar je njegova koncentracija navadno zelo nizka. Koncentracijo
vodika in njegovo zadrževanje v volframu zato določajo poškodbe kristalne mreže,
ki delujejo kot močna vezavna mesta za vodik [49–52]. Vezavna energija vodika v teh
poškodbah je približno med 1 in 2 eV, zato je potrebna dovolj visoka temperatura,
da ujet vodik postane zopet raztopljen in difundira po materialu.

A.2.3

Modeliranje interakcije vodika z volframom

Ker navadno izvajamo eksperimente le z omejenim naborom eksperimentalnih parametrov,
je modeliranje fizikalnih sistemov ključnega pomena za razumevanje in napovedovanje obnašanja sistema pri pogojih, pri katerih eksperimenti niso bili izvedeni.
Pri našem delu za modeliranje interakcije vodika z volframom uporabljamo TESSim
kodo [60], ki je bila razvita v Max-Planck-Institut für Plasmaphysik (IPP), Garching, Nemčija. Ta koda je namenjena modeliranju difuzije in implantacije vodikovih
ionov v volframu. Ker pri našem delu uporabljamo vodikove atome, smo kodo nadgradili in ji dodali model, ki opisuje interakcijo atomov vodika s površino.
Enačbe, ki opisujejo difuzijo, implantacijo in interakcijo vodika s kristalnimi
poškodbami, so implementirane v TESSim kodi [60]. Koncentracijo raztopljenega
vodika csol in vodika, ujetega v poškodbah ctrap , opišemo z enačbami
trap

N
X ∂ctrap (x, t)
∂ 2 csol (x, t)
∂csol (x, t)
i
= D(T (t))
+
S(x,
t)
−
,
∂t
∂x2
∂t
i=1
trap
∂ctrap
(x, t)
D(T (t)) sol
i
=
c (x, t)(ηi (x, t) − ctrap
(x, t)) − ctrap
(x, t)νi e−Ei /kB T (t) .
i
i
2
∂t
a0 β
(A.5)

Tukaj je i = 1, . . . , N trap indeks, ki označuje tip poškodbe, v katero se lahko ujame
vodikov atom, ηi pa je koncentracija tipa poškodb z indeksom i. Energija, potrebna
za pobeg atoma iz poškodbe, je Eitrap , vi pa je frekvenca poskusov pobega. Ker
modeliramo interakcijo vodika z volframom, je a0 mrežna konstanta volframa in β
število raztopljenih atomov vodika na W atom. Količina, ki opisuje implantacijo
v material, je S(x, t) = ρΓW ξ(x), kjer je Γ tok implantiranih delcev, ρW gostota W
atomov in ξ(x) normaliziran profil implantiranih atomov. Interakcijo atoma vodika
s kristalno poškodbo opisuje druga enačba, kjer prvi člen opisuje ujetje in drugi člen
pobeg atoma iz poškodbe.
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Interakcijo vodikovih atomov s površino volframa opišemo s tokovi adsorbiranih
in desorbiranih atomov ter s tokovi atomov, ki prehajajo med površino in notranjostjo materiala [59, 65]:

Γ0
(1 − R) ηnsurf − cAn (t) ,
Nads
ch
= 2kLH (δW cAn (t))2 e−2En /kB T ,
Γ0
=
σER δW cAn (t),
Nads
ch
bulk
= νn δW cAn (t) e−(En +E )/kB T ,

D(T (t))
sol
surf
=
−
c
(t)
.
δ
c
(0,
t)
η
An
W
n
a20

Γads
n =
ΓLH
n
ΓER
n
Γbulk
n
Γsurf
n

(A.6)

Indeks n = 1, . . . , Nads označuje različne tipe adsorpcijskih mest, katerih gostota je
ηnsurf . Površinska gostota adsorbiranih atomov je cAn . Prva enačba opisuje tok adsorbiranih atomov, kjer je Γ0 tok vpadnih atomov in R odbojnost vodikovih atomov
na volframu. Druga in tretja enačba opisujeta tok desorbiranih molekul, nastalih
z Langmuir-Hinshelwood ali Eley-Rideal rekombinacijo. Hitrost LH rekombinacije
opisuje koeficient kLH , σER pa je presek za ER rekombinacijo. Površinska gostota
W atomov je δW = ρW a0 . Površinska koncentracija vodika se izračuna s sistemom
Nads enačb za ohranitev toka delcev
δW

dcAn
LH
ER
surf
= Γads
− Γbulk
n − Γn − Γn + Γn
n .
dt

(A.7)

Če upoštevamo, da se procesi na površini odvijajo v karakterističnih časih reda nekaj
µs, lahko enačbo A.7 poenostavimo tako, da levo stran enačbe postavimo na 0. S tem
v vsakem trenutku predpostavimo stacionarne pogoje na površini. Koncentracijo tik
pod površino povežemo s površinsko koncentracijo preko enačbe
dif f

Γ

= −D(T (t)) ρW

Nads

∂csol (0, t) X
=
Γbulk
− Γsurf
,
n
n
∂x
n=1

(A.8)

ki opisuje Neumannov robni pogoj za raztopljen vodik csol .
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Vibracijska spektroskopija vodikovih molekul

Nevtralni delci lahko nastajajo v volumnu robne plazme ali pa na površinah sten, ki
so v stiku s plazmo. Pri tem lahko nastanejo visoko vibracijsko vzbujene vodikove
molekule. Ker vzbujene molekule odpirajo nekatere nove reakcijske kanale, ko niso
dostopni molekulam v nižjih vibracijskih stanjih [12, 13], je potrebno določiti porazdelitve vibracijskih stanj molekul v robni plazmi. Pri našem delu se zato osredotočamo na meritev vibracijskih stanj molekul, ki nastanejo z atomsko rekombinacijo na površinah različnih materialov. Detekcijska metoda temelji na lastnostih
disociativnega zajetja elektrona v vodikovi molekuli, ki omogoča meritev do 9. vibracijskega stanja molekule H2 in do 13. vibracijskega stanja molekule D2 .
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A.3.1

Disociativno zajetje elektrona

Pri trku elektrona z molekulo lahko pride do različnih procesov, kot so elastično in
neelastično sipanje, ionizacija in disociacija molekule [67]. Če se elektron zajame v
molekulo, se tvori kratkoživ negativen molekulski ion, ki nato lahko razpade na nevtralen atom in negativen ion. Govorimo o disociativnem zajetju elektrona (DEA).
Slika 3.1 prikazuje potencialne krivulje negativnega molekulskega iona v treh različnih stanjih, ki lahko nastanejo pri zajetju elektrona z energijo do 15 eV. Za
disociativno zajetje elektrona v vodiku obstaja energijski prag, pod katerim proces
ni možen. Za prehod iz osnovnega molekulskega stanja v stanje 2 Σ+
u je prag pri
energiji elektrona 3.73 eV [69]. Ta DEA proces imenujemo 4 eV proces, končna produkta pa sta vodikov atom v osnovnem stanju (n=1) in negativen vodikov ion [70].
Za prehod v stanje ”2” 2 Σ+
g je energijski prag pri 13.93 eV, proces pa imenujemo
14 eV proces. Končna produkta sta vodikov ion in atom v prvem vzbujenem elektronskem stanju (n=2) [70]. Pri energijah elektrona med 8 in 13 eV lahko pride do
prehoda v stanje ”1” 2 Σ+
g , ki ima enake končne produkte kot 4 eV proces. Presežek
energije se pri tem procesu porabi za kinetično energijo produktov.
Ohranitev energije pri DEA procesu zapišemo kot [29]
Ee + Exi = Exf + Ek + De − EA,

(A.9)

kjer je Ee energija elektrona, Exi energija začetnega stanja molekule, Exf energija
končnih stanj produktov in Ek kinetična energija produktov. Disociacijska energija
molekule in elektronska afiniteta atoma sta De in EA. Za izračun energijskega praga
za DEA postavimo Ek = 0,
Eth = Exf + De − EA − Exi .

(A.10)

Ta enačba nam kaže pomembno lastnost DEA za vibracijsko spektroskopijo, to je
odvisnost energijskega praga od začetne energije stanja molekule Exi . Energijski
prag je nižji za višje rotacijsko in vibracijsko vzbujene molekule. Če spreminjamo
energijo elektronov in zajemamo samo negativne ione s kinetično energijo blizu 0,
lahko ločimo med različnimi vibracijskimi stanji tarčnih vodikovih molekul.
Posebno ugodna lastnost DEA za vibracijsko spektroskopijo je, da presek 4 eV
procesa raste z rotacijsko in vibracijsko vzbujenostjo molekul. Presek naraste za
približno 5 velikostnih redov od v=0 do v=5 vibracijskega stanja H2 molekule [72],
kot je prikazano na sliki 3.2. Občutljivost za višja vibracijska stanja se zato močno
poveča.
Pri DEA preseku lahko opazimo tudi močan izotopski efekt. Presek za D2
molekulo je bistveno nižji od preseka za H2 , približno 300-krat za molekulo v osnovnem vibracijskem stanju [73, 75]. Za višja vibracijska stanja pa je presek za D2
primerljiv preseku za H2 , kar omogoča dobro občutljivost metode za višja vibracijska
stanja D2 molekule.

A.3.2

Vibracijski spektrometer

Spektrometer za merjenje vibracijsko vzbujenih vodikovih molekul je bil zasnovan in
izdelan na Mikroanalitskem centru Instituta Jožef Stefan [66]. Sestoji iz elektronske
puške, elektronskega kolektorja, sistema za zajem negativnih ionov in detektorja.
Shema spektrometra je prikazana na sliki 3.4. Elektronska puška oblikuje curek
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elektronov, ki interagira z molekulami vodika. Energijo elektronov spreminjamo
med 0 in 20 eV. V sklopu tega dela smo zamenjali elektronsko puško, s čimer smo
izboljšali energijsko ločljivost sistema. Elektronski curek je kolimiran z magnetnim
poljem, ki ga ustvarjata Helmholtzovi tuljavi, naviti okoli vakuumske komore. Tok
elektronov merimo z elektronskim kolektorjem, ki je postavljen na nasprotni strani
interakcijskega območja.
Sistem za zajem ionov vodi negativne ione iz interakcijskega območja do detektorja s skupnim delovanjem električnega in magnetnega polja. Sestoji iz 5 pravokotnih elektrod in ene cilindrične elektrode. Zasnovan je tako, da zajame le nizkoenergijske ione, kar omogoča ločitev vrhov v spektru, ki ustrezajo različnim vibracijskim
stanjem. Sistem za zajem ionov prav tako poskrbi za ločevanje glede na maso ionov,
kar nam omogoča razlikovanje med različnimi izotopi vodika.
Vodikov plin, ki vsebuje vibracijsko vzbujene vodikove molekule, vpuščamo v
interakcijsko območje spektrometra. Energijo elektronov spreminjamo z določenim
korakom in na vsakem koraku štejemo negativne vodikove ione, nastale pri disociativnem zajetju elektrona v molekuli. Vibracijski spekter je pridelek ionov v funkciji
energije elektronov. Tipičen spekter je prikazan na sliki 3.5, kjer je prikazan spekter plina pri sobni temperaturi (t.i. hladen spekter) in spekter molekul, nastalih z
atomsko rekombinacijo (t.i. vroč spekter). Pri hladnem spektru na območju 4 eV
procesa opazimo samo en vrh, ki ustreza osnovnemu stanju vodikovih molekul, pri
vročem spektru pa opazimo več vrhov, ki ustrezajo različnim vibracijskim stanjem.

A.3.3

Analiza vibracijskih spektrov

Iz posnetih vibracijskih spektrov moramo dobiti relativne zasedenosti posameznih
vibracijskih stanj. To storimo tako, da izmerjenemu spektru prilagajamo izračunan
modelski spekter. Za izračun modelskega spektra potrebujemo konvolucijo energijske porazdelitve elektronov iz elektronske puške g(E) in DEA preseka σvJ (E), ki je
utežen s funkcijo, ki meri učinkovitost sistema za zajem ionov F (E),
Z∞
g(E − Ee )σvJ (E)F (Ei (E))dE.

IvJ =

(A.11)

0

Tukaj je Ee nazivna energija elektronov in Ei energija vodikovih ionov. V primeru
naše elektronske puške je energijska porazdelitev elektronov dobro opisana z Gaussovo
porazdelitvijo, učinkovitost sistema za zajem ionov pa s funkcijo oblike [66]

1
; Ei < P1
F (Ei ) =
.
(A.12)
−P2 (Ei −P1 )
e
; Ei > P1
Pri računu uporabimo preseke, teoretično izračunane v [73]. Normalizirano število
ionov, ki ustreza posameznim ro-vibracijskim stanjem, je
0
SvJ
(Ee ) =

l
IvJ P (v, J),
e0 kT

(A.13)

kjer je l dolžina interakcijskega območja in P (v, J) relativna zasedenost posameznega
stanja. Vibracijski spekter dobimo s seštevanjem po vseh ro-vibracijskih stanjih.
Relativno zasedenost posameznega ro-vibracijskega stanja zapišemo kot vsoto
treh prispevkov. Najpomembnejši je prispevek molekul, ki nastajajo pri rekombinaciji atomov na površini vzorca Ps (v, J). Z našim eksperimentom želimo določiti
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ta prispevek. Ostala dva člena prispevata k ozadju našega spektra in ustrezata
vibracijsko vzbujenim molekulam, ki prihajajo iz vročega izvora vodikovih atomov
PHABS (v, J) ter molekulam, zastalim v vakuumski komori P0 (v, J). Za slednje predpostavimo, da so zaradi številnih trkov s površinami komore le v osnovnem vibracijskem stanju. Iz prejšnjih eksperimentalnih izkušenj vemo, da lahko vse tri prispevke
v prvem približku zapišemo z Boltzmannovo porazdelitvijo [66]


−(E(v,0)−E(0,0)) −(E(v,J)−E(v,0))
1
kTr (v)
kTv
g(J)(2J + 1)c(v)e
,
e
Ps (v, J) = Zs
Z1


−(E(0,J)−E(0,0))
1
kT0
(A.14)
P0 (v, J) = Z0
g(J)(2J + 1)e
,
Z2


−(E(v,0)−E(0,0)) −(E(v,J)−E(v,0))
1
kTvHABS
kTrHABS
g(J)(2J + 1)e
,
PHABS (v, J) = ZHABS
e
Z3
kjer sta Tv in Tr vibracijska in rotacijska temperatura, c(v) korekcijski faktorji, ki
določajo odstopanje od Boltzmannove porazdelitve ter g(J) statistične uteži. Faktorji Z1 , Z2 in Z3 so vsote po vseh stanjih, saj morajo biti porazdelitve normirane.
Dodatni normalizacijski faktorji, za katere velja Zs + Z0 + ZHABS = 1, določajo
relativni prispevek posameznega izvora molekul.
V primeru H2 molekul imamo 32 prostih parametrov, ki jih spreminjamo med
prilagajanjem modelskega spektra eksperimentalnemu. Ker je prilagajanje funkcije
s takšnim številom prostih parametrov zahtevno, smo razvili novo programsko kodo
z grafičnim vmesnikom (slika 3.11). Metoda temelji na algoritmu simuliranega ohlajanja [85].

A.3.4

Študij rekombinacije atomov na površini z vibracijsko
spektroskopijo

Spektrometer in komora za študij rekombinacije in merjenje vibracijsko vzbujenih
vodikovih molekul sta bila zasnovana in izdelana v našem laboratoriju [66]. Pri
prejšnjih eksperimentih so bile uporabljene različne eksperimentalne postavitve. Za
izvor vibracijsko vzbujenih molekul je bil najprej uporabljen t.i. testni vir, prikazan
na sliki 3.12. Pri tej postavitvi je plin vodika delno disociiral na vroči volframovi
nitki in nato interagiral s površino vzorca, nameščenega v celici. Eksperimentalni
pogoji niso bili dobro določeni, zato je bila interpretacija dobljenih rezultatov precej zahtevna. Pri naslednji postavitvi je bil uporabljen izvor curka vodikovih atomov (angl. Hydrogen Atom Beam Source - HABS), kot je prikazano na sliki 3.13.
Površina vzorca je bila izpostavljena vodikovim atomom, desorbirane molekule pa so
vstopale v vibracijski spektrometer. Pri tej postavitvi so bili eksperimentalni pogoji
precej bolje določeni, vendar pa se je v spektrih pojavilo visoko ozadje.
Da bi izboljšali delovanje vibracijskega spektrometra, smo nadgradili sistem z
diferencialnim črpanjem vakuumske komore. Poleg tega smo z menjavo elektronske
puške izboljšali energijsko ločljivost spektrometra. Vgradili smo trohoidni elektronski monokromator (angl. trochoidal electrom monochromator - TEM), ki s
prekrižanim električnim in magnetnim poljem razprši elektronski curek tako, da
imajo elektroni z nižjo energijo večji odklon iz prvotne smeri. Z ozko režo nato izberemo le elektrone z ozko porazdelitvijo energije okrog nominalne vrednosti. Shema
monokromatorja je prikazana na sliki 3.6. Pri najboljši doseženi ločljivosti monokro162
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matorja je bila širina energijske porazdelitve (FWHM) 144 meV, medtem ko je bila
pri prejšnji elektronski puški širina okoli 350 meV.
Diferencialno črpanje vakuumske komore smo dosegli z vgradnjo pregrade, ki deli
komoro na dva dela. V tako imenovanem detekcijskem delu se nahaja vibracijski
spektrometer, v rekombinacijskem delu pa je vzorec in izvor vodikovih atomov. Oba
dela komore sta povezana z ozko režo, usmerjeno od vzorca proti interakcijskemu
območju spektrometra. Skozi to režo v spektrometer vstopajo molekule, desorbirane
s površine vzorca. Shema in fotografija diferencialno črpane komore sta prikazani na
sliki 3.14. Vzorec je postavljen na nosilec, ki nam omogoča temperaturno kontrolo
vzorca. Temperaturo merimo s termočlenom, pripetim na površino vzorca. Vzorec
je postavljen pod kotom 45◦ stopinj glede na vertikalno os, kot je prikazano na sliki
3.16. Izvor vodikovih atomov, postavljen nad vzorcem, oblikuje atome v curek.
Atomi interagirajo s površino vzorca in se rekombinirajo, molekule pa vstopajo
v spektrometer, kjer so analizirane. Ostale molekule, ki skozi režo ne vstopijo v
detekcijski del komore, so izčrpane iz rekombinacijskega dela.

A.3.5

Izvor vodikovih atomov

Izvor curka vodikovih atomov (HABS) uporabimo za izpostavitev vzorca vodikovim
atomom. V izvoru se molekule vodika disociirajo na površini vroče volframove kapilare, skozi katero teče plin. Da bi imeli dobro določene eksperimentalne pogoje,
moramo določiti gostoto toka atomov, ki zadeva vzorec. To izmerimo s pomočjo
tanke plasti amorfnega ogljikovodika (a-C:H), ki ga izpostavimo vodikovim atomom
[93]. Vodikovi atomi s kemijsko erozijo tanjšajo plast ogljikovodika, debelino končne
plasti pa pomerimo z elipsometrijo [95]. Tako lahko izračunamo profil gostote toka
atomskega curka. Fotografija erodiranega a-C:H je prikazana na sliki 3.19, izračunan
profil gostote toka atomov pa je prikazan na sliki 3.20. Pri 0.47 mbar pritiska plina,
ki vstopa v kapilaro, je tok atomov iz izvora Γ1 = 4.15 × 1016 H/s, središčna gostota toka atomov pri razdalji 60 mm med kapilaro in sredino površine vzorca pa je
j0 = 2.4 × 1015 H/cm2 s.
Da izračunamo tok molekul iz izvora, moramo najprej določiti tok delcev, ki
vstopajo v kapilaro Γg . To izračunamo iz enačbe [91]
Γg =

pg C
,
kT

(A.15)

kjer je pg pritisk plina v vstopu v kapilaro in C prevodnost kapilare, ki smo jo izmerili
z metodo, opisano v [91]. Pri pritisku vstopnega plina 0.47 mbar in temperaturi
kapilare 1910 K je tok H2 molekul Γ2 = 2.35 × 1016 H2 /s, kar da stopnjo disociacije
v kapilari α = 0.38.
Za analizo vibracijskih spektrov je potrebno poznati tudi porazdelitev vibracijskih stanj molekul, ki izhajajo iz izvora vodikovih atomov. V ta namen smo vodiku
iz izvora izpostavili politetrafluoroetilen (PTFE), za katerega je značilna nizka verjetnost za rekombinacijo atomov na površini pri nizkih temperaturah [96]. Zato predpostavljamo, da pri izpostavitvi PTFE vse vibracijsko vzbujene molekule izhajajo
le iz izvora in se odbijejo od površine vzorca neposredno v vibracijski spektrometer.
K signalu prispevajo tudi molekule, zadržane v sistemu, vendar le-te prispevajo le k
v=0 vrhu v spektru. Slika 3.23a prikazuje vibracijske spektre za različne temperature
kapilare, slika 3.23b pa vibracijsko temperaturo analiziranih molekul v odvisnosti
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od temperature kapilare. Vibracijska temperatura pri temperaturi kapilare 1910 K
je (2160 ± 20) K.

A.3.6

Določitev ozadja

Z meritvijo na PTFE lahko določimo obliko ozadja, ne moremo pa določiti deleža
tega ozadja pri meritvi na drugih vzorcih. Zato smo izvedli Monte-Carlo simulacijo,
pri kateri smo simulirali izpostavitev volframovega vzorca atomom in molekulam,
ki izhajajo iz izvora. Simulacijo smo izvedli v dveh korakih. Najprej smo določili
tok molekul, ki izhajajo iz kapilare, se odbijejo od površine vzorca in skozi režo
vstopijo v interakcijsko območje spektrometra. V drugem koraku smo simulirali
rekombinacijo atomov na površini, kjer smo upoštevali Eley-Rideal in LangmuirHinshelwood rekombinacijo. Zopet smo določili tok molekul, ki skozi režo vstopijo
v interakcijsko območje. Na koncu smo izračunali še tok zastalih molekul v interakcijsko območje pri tlaku, kakršnega izmerimo v detekcijskem delu komore med
eksperimentom. Razmerje vseh treh tokov določa vrednosti normalizacijskih faktorjev ZHABS , Zs in Z0 , ki smo jih definirali v enačbi A.14. Slika 3.26 prikazuje vrednost
izračunanih normalizacijskih faktorjev v odvisnosti od temperature vzorca.

A.3.7

Meritve

Meritve vibracijske porazdelitve vodikovih molekul smo izvedli na več različnih materialih (W, WN, Cu, Ta in Ti). Največ meritev smo opravili na vzorcih volframa.
Uporabili smo različne tipe polikristalnih W vzorcev in dva monokristalna vzorca,
enega s kristalografsko orientacijo (100) in enega z (110). Na monokristalih smo
opravili tudi meritve z devterijem. Vsi eksperimenti so bili izvedeni pod podobnimi pogoji, kjer smo spreminjali temperaturo vzorca in tok vodikovih atomov ter
študirali vpliv teh parametrov na vibracijske porazdelitve. Dobljenim spektrom
smo prilagajali modelske, s čimer smo določili prispevek rekombinacije atomov na
površini in izračunali relativne zasedenosti posameznih vibracijskih stanj. Večina
eksperimentov je bila opravljena pri temperaturi kapilare izvora vodikovih atomov
1910 K in pritisku plina, ki vstopa v kapilaro, 0.47 mbar.
Polikristalen W smo izpostavljali H atomom pri različnih temperaturah vzorca
ter pri dveh različnih tokovih H atomov. Opazili smo padanje signala z višjo
temperaturo vzorca (slika 3.29), kar razlagamo z višjo verjetnostjo za LangmuirHinshelwood rekombinacijo in nižjo verjetnostjo za Eley-Rideal rekombinacijo. Ker
imajo molekule, nastale z Eley-Rideal rekombinacijo, kotno odvisnost smeri usmerjeno preferenčno v smeri naprej [97], lahko skozi režo v detekcijski del komore vstopi
več molekul kot v primeru Langmuir-Hinshelwood rekombinacije, kjer je desorpcija
molekul porazdeljena kosinusno [30]. Opazili smo tudi spremembo porazdelitve vibracijskih stanj s temperaturo vzorca, kot prikazuje slika 3.30a. Izračunana vibracijska temperatura molekul pri temperaturi vzorca 329 K je (3020 ± 50) K in pada z
višjo temperaturo vzorca. Primerjali smo tudi porazdelitve vibracijskih stanj pri izpostavitvi polikristalnega W različnim tokovom H atomov. Pri tem smo spreminjali
pritisk plina, ki vstopa v kapilaro izvora vodikovih atomov. Meritev smo opravili
pri pritisku 0.24 mbar in 0.47 mbar. Dobljeni porazdelitvi vibracijskih stanj sta
podobni, kot kaže slika 3.32a, signal v vibracijskem spektru pa je večji v primeru
pritiska 0.24 mbar (slika 3.31). Razlog za to je višja stopnja disociacije vodika v
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kapilari pri nižjem tlaku, s čimer se poveča gostota toka H atomov na vzorcu in
poviša delež molekul, nastalih pri rekombinaciji atomov na površini.
Za primerjavo smo izpostavili še enak polikristalen W, ki pa je bil dodatno
poškodovan z W ioni energije 20 MeV. Poškodovanje z W ioni naj bi ustvarilo
podobne kristalne poškodbe kot nevtroni v fuzijski napravi [10]. Vzorec je bil
pripravljen v IPP, Garching, Nemčija. Primerjava porazdelitve vibracijskih stanj, ki
jih dobimo z izpostavitvijo poškodovanega in nepoškodovanega W vodikovim atomom, kaže skoraj enako porazdelitev pri vseh temperaturah vzorca (slika 3.35).
Ker tudi slikanje z vrstičnim elektronskim mikroskopom ni pokazalo nobene razlike
med površinama obeh vzorcev, kot kaže slika 3.36, lahko sklepamo, da uporabljeno
poškodovanje volframa ne vpliva na pogoje na površini materiala in ne spreminja
porazdelitve vibracijskih stanj desorbiranih molekul.
Meritev na monokristalih s kristalografsko orientacijo (100) in (110) pokaže različno obliko spektrov za obe orientaciji (sliki 3.37 in 3.39). To kaže vpliv kristalografske orientacije na porazdelitev vibracijskih stanj. Kristali z različnimi orientacijami imajo različne energije adsorpcije, kar spreminja energijo, razpoložljivo
za vibracijsko vzbuditev molekule. Sprememba porazdelitve vibracijskih stanj s
temperaturo vzorca nakazuje na vsaj dva tipa adsorpcijskih mest na površini obeh
vzorcev, saj lahko opazimo očitno spremembo v porazdelitvi pri višanju temperature, kot prikazujeta sliki 3.38a in 3.40a. Ti rezultati so v skladu z rezultati,
predstavljenimi v [100].
V primeru izpostavitve monokristalov devterijevim atomom v spektru ne opazimo ločenih vrhov, ki bi pripadali posameznim vibracijskim stanjem (slika 3.41).
Razlog za to je v manjši energijski razliki med vibracijskimi nivoji D2 molekule v
primerjavi s H2 molekulo. Poleg tega v spektru D2 molekul ne opazimo vrhov, ki
ustrezajo 4 eV procesu v molekulah v osnovnem v=0 in prvem vzbujenem v=1 vibracijskem stanju, saj je presek v D2 molekuli v teh stanjih premajhen. Vibracijska
temperatura je v primeru (110) monokristala (3220 ± 30) K, kar je primerljivo s
temperaturo, dobljeno pri izpostavitvi H atomom, (3250 ± 60) K. V primeru (100)
monokristala pa je vibracijska temperatura pri D izpostavitvi (3160 ± 70) K, kar je
višje v primerjavi s H izpostavitvijo, (2950 ± 70) K.
Primerjava različnih tipov polikristalnega W kaže na pomembno vlogo priprave
vzorca in preferenčne kristalografske orientacije na porazdelitev vibracijskih stanj.
Opazili smo očitno razliko v obliki spektrov in v porazdelitvi vibracijskih stanj med
vzorci z različno preferenčno kristalografsko orientacijo, kot prikazujeta sliki 3.47
in 3.48a. Podobno obliko spektra in porazdelitev vibracijskih stanj pa opazimo za
vzorca dveh različnih proizvajalcev, ki imata podobno kristalografsko orientacijo.
Meritev na volframovem nitridu (WN) pokaže rast v=1 vibracijskega stanja in
padec v ≥ 4 vibracijskih stanj z višanjem temperature vzorca, kot je prikazano na
sliki 3.45a. To se ujema s predpostavko, da je verjetnost za Eley-Rideal rekombinacijo nižja pri višji temperaturi. Eley-Rideal rekombinacija privede do višje vzbujenih molekul, zato pri višjih temperaturah, kjer prevladuje Langmuir-Hinshelwood
rekombinacija, zasedenost višjih vibracijskih stanj pada, raste pa zasedenost nižjih
vibracijskih stanj.
Za primerjavo z W vzorci smo pomerili še porazdelitve vibracijskih stanj na
Cu, Ti in Ta vzorcih. Opazimo očitno odvisnost oblike spektrov od materiala,
kot kaže slika 3.49. V primeru Cu smo izmerili skoraj popolnoma Boltzmannovo
porazdelitev vibracijskih stanj z vibracijsko temperaturo (2950 ± 50) K. Pri Ti in
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Ta smo opazili višjo zasedenost visokih vibracijskih stanj (slika 3.50a), kar določa
vibracijsko temperaturo (3160 ± 60) K za Ti in (3370 ± 70) K za Ta. Vibracijske
temperature za vse vzorce pri vseh eksperimentalnih pogojih so prikazane v tabeli
3.13.

A.4

Preučevanje dinamike vodika na površini in
v materialu

Pri preučevanju procesov na površini in v materialu smo uporabljali analizo z jedrskimi reakcijami (NRA) in termodesorpcijsko spektroskopijo (TDS). Z NRA metodo
lahko merimo globinske profile devterija v materialu, s TDS metodo pa celotno
količino vodika v materialu in energije, potrebne za desorpcijo.
V našem laboratoriju uporabljamo NRA metodo s 3He ionskim žarkom za meritev
globinskega profila devterija v materialu. S to metodo lahko merimo le devterij in
ne vodika, saj metoda temelji na jedrski reakciji D(3He, p)α. Ionski žarek vpada
pravokotno na površino vzorca, analiziramo pa energijo protonov, ki so produkt jedrske reakcije. Da določimo globinski profil devterija v materialu, uporabimo ionski
žarek različnih energij.
Pri metodi TDS vzorec segrevamo, navadno linearno v funkciji časa, in z masnim
spektrometrom merimo tok desorbiranih delcev. Spekter predstavlja temperaturno
odvisnost toka delcev. V spektru navadno opazimo več vrhov, ki ustrezajo desorpciji
iz različnih tipov desorpcijskih mest z različnimi desorpcijskimi energijami. Integral
preko celotnega spektra nam da celotno količino opazovanih delcev v materialu.
Rezultate meritev smo modelirali, običajno z modelom, opisanim v poglavju
A.2.3. Eksperimentalnim podatkom smo prilagajali rezultate modela in tako določili
vrednosti modelskih parametrov, ki opisujejo dinamiko vodika na površini in v materialu. Vrednosti parametrov, ki jih nismo variirali, so vzete iz literature in podane
v tabeli 4.1.

A.4.1

NRA metoda

Visokoenergijski 3He ionski žarek dobimo iz 2 MV tandemskega pospeševalnika na
Mikroanalitskem centru Instituta Jožef Stefan. Usmerjen je v INSIBA komoro, kjer
je nameščen vzorec. Ionski žarek zadane vzorec pravokotno na njegovo površino,
izhajajoče protone pa zaznavamo z detektorjem, postavljenim pod kotom 135◦ glede
na ionski žarek. Za meritev globinskega profila devterija uporabimo ionski žarek z
naborom petih energij (780, 1550, 2580, 3400 in 4300 keV). V eksperimentalni komori
imamo tudi izvor vodikovih atomov (HABS), ki nam omogoča sočasno izpostavitev
vzorca vodikovim atomom in analizo z ionskim žarkom. Masni spektrometer, prav
tako nameščen v komori, pa nam omogoča meritev toka desorbiranih delcev med
termodesorpcijo. Shema eksperimentalne postavitve, ki jo uporabljamo za meritev
z NRA metodo, je prikazana na sliki 4.2.
Analize s 3He ionskim žarkom nam omogoča tudi meritev koncentracije C, N
in Be z uporabo jedrskih reakcij 12 C(3He, p)14 N , 14 N (3He, p)16 O in 9 Be(3He, p)11 B
[112]. Tako lahko s to metodo merimo tudi kontaminacijo in sestavo naših vzorcev.
Tipičen NRA spekter, posnet z 2.5 MeV 3He ionskim žarkom, je prikazan na sliki
4.3.
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A.4.2

Vpliv odpravljanja poškodb na zadrževanje devterija
v poškodovanem volframu

Preučevali smo vpliv pregrevanja poškodovanega volframa na odpravljanje poškodb
kristalne mreže ter na zadrževanje devterija v materialu. Vzorci so bili pripravljeni
in poškodovani v IPP, Garching, Nemčija s postopkom, opisanim v poglavju 3.8.1.
Namestili smo jih na grelec v komori, ki se navadno uporablja za vibracijsko spektroskopijo. Vsak vzorec je bil segret na določeno temperaturo (600 K, 800 K, 1000
K, 1200 K) za 1 uro, en vzorec pa ni bil pregret. Po pregrevanju smo vzorce segreli
na 500 K in jih izpostavili devterijevim atomom z energijo 0.28 eV in gostoto toka
2.6 × 1019 D/m2 s za 144 ur. Nizkoenergijski atomi ne povzročajo nobenih dodatnih
poškodb v kristalni mreži temveč le zasedejo poškodbe, ki predstavljajo močna vezavna mesta za vodik [10]. Po izpostavitvi devterijevim atomom smo vzorce prenesli
v INSIBA komoro za NRA analizo, kjer smo posneli globinske profile devterija v
vzorcu. Nato smo vzorce poslali nazaj na IPP, Garching, kjer so opravili še TDS
analizo. Na Warsaw University of Technology, Poljska, pa so opravili presevno elektronsko mikroskopijo (angl. scanning transmission electrom microscopy - STEM), s
čimer so izmerili gostoto dislokacij v kristalni mreži.
Na sliki 4.5 so prikazani globinski profili devterija za različne temperature pregrevanja. Vidimo, da je koncentracija devterija znatna do globine 2.5 µm, kar ustreza
globinskemu profilu poškodb v materialu. Celotna količina devterija v materialu
pada s temperaturo pregrevanja, kar kaže slika 4.6 in je za 60 % nižja v primeru
pregrevanja na 1200 K v primerjavi z nepregretim vzorcem.
Celotna količina devterija, dobljena s TDS analizo, kaže podobno odvisnost od
temperature pregrevanja kot celotna količina, dobljena z NRA analizo (slika 4.6).
Po pregrevanju na 1200 K je dobljena količina devterija za 75 % nižja v primerjavi
z nepregretim vzorcem. Opazimo lahko, da je celotna količina devterija, izmerjena
s TDS metodo, nižja od količine devterija, izmerjene z NRA metodo. Razlog za to
razliko je v profilu curka devterijevih atomov, ki je prikazan na sliki 4.4. Pri NRA
metodi analiziramo le območje vzorca, ki ga zadane ionski žarek. Ker je to območje,
kjer je bila gostota toka devterijevih atomov višja od povprečne gostote toka, namerimo tudi večjo količino devterija. Pri TDS metodi pa izmerimo celotno količino
devterija, zadržanega v vzorcu, in rezultat povprečimo na površino vzorca, zato je
dobljena količina devterija nižja. Oblika TDS spektrov se spreminja s temperaturo
pregrevanja, kar kaže na različne stopnje odpravljanja poškodb, ki se dogajajo pri
različnih temperaturah pregrevanja [132, 133]. Spektrom smo prilagajali modelske
TDS spektre in tako za vsako temperaturo pregrevanja določili 2 tipa poškodb, v
katere se ujame devterij, ter njihovo koncentracijo (tabela 4.2).
S presevno elektronsko mikroskopijo (STEM) smo določili gostoto dislokacij v
materialu. Slika 4.9 prikazuje gostoto dislokacij v funkciji temperature pregrevanja.
Pri temperaturi pregrevanja 1200 K izmerimo 66 % padec gostote dislokacij v primerjavi z nepregretim vzorcem, kar se ujema z meritvami z NRA in TDS metodama.
Opazili smo močno odvisnost temperature pregrevanja na količino zadržanega
devterija in gostoto dislokacij. Pregrevanje do 1200 K pa ne odpravi vseh kristalnih
poškodb, saj v materialu še vedno ostane 34 % dislokacij.
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A.4.3

Polnjenje devterija v poškodovanem volframu pri različnih temperaturah vzorca

Vodikovi atomi, adsorbirani na površini materiala, lahko difundirajo globlje v material. Vendar pa pri prehodu s površine v notranjost materiala občutijo potencialno
bariero. Da bi določili višino te potencialne bariere in adsorpcijske energije vodika
na površini, smo izvedli niz meritev, kjer smo vzorce poškodovanega volframa izpostavili devterijevim atomom pri različnih temperaturah vzorca. Vzorci so bili 121
ur izpostavljeni devterijevim atomom z gostoto toka 5.4 × 1018 D/m2 s pri temperaturi 450 K, 500 K, 550 K in 600 K. Z metodo NRA smo in situ in v realnem času
spremljali globinske profile devterija v materialu. Po končani izpostavitvi so na IPP,
Garching, izvedli TDS analizo vzorcev.
Globinski profili devterija ob različnih časih so za različne temperature vzorca
prikazane na sliki 4.12. Zaradi hitrejše difuzije pri višji temperaturi vzorca je devterij
zapolnil celotno poškodovano plast, medtem ko je doseg devterija pri 450 K le 0.3 µm.
Evolucija celotne količine devterija v materialu je za različne temperature prikazana
na sliki 4.13. Zaradi hitrejše difuzije je pri višji temperaturi v material difundiralo
več devterija, zato je tudi celotna koncentracija višja. Po koncu izpostavitve je
količina devterija pri 450 K le 20 % količine devterija pri 600 K. Analiza TDS
pokaže, da je devterij vezan v dve različni mesti, prvo z energijo desorpcije 1.6 eV in
drugo z energijo 1.87 eV. Spektri so za različne temperature prikazani na sliki 4.14.
Izmerjeni celotni količini devterija v vzorcih smo prilagajali količino devterija,
izračunano z modelom opisanim v poglavju A.2.3. Pri tem smo predpostavili dva
tipa adsorpcijskih mest na površini. Modelski parametri, katere smo jih prilagajali,
so bili energiji adsorpcijskih mest E1ch in E2ch , koncentraciji adsorpcijskih mest η1surf
in η2surf ter višina bariere za difuzijo v notranjost materiala E bulk . Dobljene vrednosti
parametrov so E1ch = (0.69±0.02) eV, E2ch = (0.72±0.02) eV, η1surf = (0.50±0.01)×
1019 D/m2 , η2surf = (1.06±0.03)×1019 D/m2 in E bulk = (0.725±0.003) eV, slika 4.15
pa prikazuje ujemanje izračunanih celotnih količin devterija z eksperimentalnimi.
Ujemanje izračunanih globinskih profilov devterija z izmerjenimi kaže slika 4.16.
Dobljeni vrednosti adsorpcijskih energij sovpadata z vrednostmi, podanimi v
[100]. Iz višine bariere za difuzijo v bulk lahko izračunamo energijo raztopljenega
vodika v volframu Qs (glej sliko 2.1). Ta znaša Qs = (0.335 ± 0.003) eV, kar je približno trikrat nižje kot vrednost Qs = 1.04 eV, podana v [47]. Eksperimentalne podatke smo poskusili modelirati s konstantno vrednostjo Ebulk = 1.43 eV, kar ustreza
podatkom iz literature. Slika 4.17 kaže močno neujemanje izračunanih podatkov z
izmerjenimi. Zaradi visoke bariere za difuzijo v material je prehajanje devterija s
površine v notranjost materiala zanemarljivo. Pri višji temperaturi je verjetnost za
desorpcijo večja, zato je koncentracija devterija nižja, kar pa je v nasprotju z izmerjenimi podatki. To nakazuje na nižjo višino bariere za prehod vodika v material ali
pa na temperaturno odvisnost drugih parametrov, za katere je v trenutnem modelu
predpostavljena konstantna vrednost.

A.4.4

Izotopska izmenjava v poškodovanem volframu

Zadrževanje vodika v stenah fuzijske naprave je pomembna težava, posebno zaradi
varnostnih omejitev, ki določajo količino radioaktivnega tritija v stenah [5–7]. Ena
od možnih metod za odstranjevanje tritija iz sten fuzijske naprave je izotopska izmenjava [5, 7]. Izotopska izmenjava na površini je obsežno preučevan proces, izmenjavo
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pa so opazili tudi globlje v materialu [63, 137], kjer so poškodovan volfram izpostavili
ionom vodikovih izotopov. Vendar pa v tem primeru ni mogoče ločiti med izbitjem
izotopa zaradi visoke energije vpadnega iona in med dejansko izotopsko izmenjavo.
Zato smo pri našem eksperimentu poškodovan volfram izpostavili nizkoenergijskim
H in D atomom, med tem pa in situ merili globinske profile devterija z NRA metodo.
Vzorec poškodovanega volframa smo segreli na 600 K in izpostavili atomom
devterija z gostoto toka (5.8±0.3)×1018 D/m2 s za 48 ur, kar je dovolj, da saturiramo
poškodovano plast v materialu. Med izpostavitvijo smo ob različnih časih izmerili
globinske profile devterija, ki so prikazani na sliki 4.18. Po končani izpostavitvi smo
vzorec za 43 ur pustili na 600 K, da bi opazovali desorpcijo devterija pri konstantni
temperaturi. Med tem smo večkrat pomerili celotno količino devterija, pri čemer
smo uporabili 3He ionski žarek z energijo 1.5 MeV in ne celoten niz petih energij,
kot je potrebno za določitev globinskega profila. Globinski profil smo pomerili le
ob določenih časih in po 43 urah. Celotno koncentracijo devterija v funkciji časa
in globinske profile prikazujeta sliki 4.19a in 4.19b. Po desorpciji pri konstantni
temperaturi smo vzorec spet izpostavili devterijevim atomom, da smo spet saturirali
poškodovano plast.
Vzorec, napolnjen z devterijem, smo izpostavili H atomom z gostoto toka (6.9 ±
0.1) × 1018 H/m2 s za 96 ur pri temperaturi vzorca 600 K. Med samo izpostavitvijo
smo zopet merili celotno količino devterija s 3He ionskim žarkom z energijo 1.5 MeV
(slika 4.20a), ob določenih časih pa še celoten globinski profil (slika 4.20b). Opazili
smo precej hitrejši padec v količini devterija v primerjavi z desorpcijo pri konstantni
temperaturi, kar očitno kaže na proces izotopske izmenjave, kjer H zamenja D. Po
96 urni izpostavitvi H atomom smo vzorec zopet izpostavili D atomom za 71 ur,
da bi opazovali še obratno izotopsko izmenjavo, kjer D zamenja H. Ob določenih
časih med izpostavitvijo smo pomerili globinske profile devterija, ki so prikazani na
sliki 4.21. Časovna evolucija celotne količine devterija v materialu je prikazana na
sliki 4.22 za vse korake eksperimenta. Opazimo lahko, da je časovni potek količine
devterije med izotopsko izmenjavo, kjer D zamenja H, podoben polnjenju vzorca z
D atomi. To kaže na zelo učinkovito zamenjavo H atomov z D atomi.
Eksperimentalne podatke smo modelirali s preprostim modelom, ki predpostavlja
eno vrsto adsorpcijskih mest na površini cS in eno vrsto absorpcijskih mest v materialu cB . Enačbi
dcS
= −ν (2) c2S e−ES /kT ,
dt
dcB
= −ν (1) cB e−EB /kT ,
dt

(A.16)

opisujeta padanje koncentracije devterija med desorpcijo pri konstantni temperaturi.
Celotna koncentracija devterija je vsota cS in cB , ki predstavljata koncentracijo
devterija na površini in v materialu. Energiji za desorpcijo s površine in iz materiala
sta ES in EB . Vrednosti teh dveh energij smo določili s prilagajanjem vsote rešitev
obeh enačb eksperimentalnim podatkom in dobili ES = (1.85 ± 0.03) eV in EB =
(1.892 ± 0.006) eV. Ker procesi na površini potekajo hitro v primerjavi s procesi v
materialu, smo predpostavili, da je koncentracija adsorpcijskih mest enaka začetni
saturacijski koncentraciji devterija na površini, ηS = (7±1)×1019 D/m−2 . Polnjenje
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Appendix A. Razširjeni povzetek v slovenskem jeziku
vzorca z devterijevimi atomi smo modelirali z enačbami
dcS
= −ν (2) cS e−ES /kT + (1 − R)(1 − cS /nS )ΓD − σER cS ΓD ,
dt
dcB
= −ν (1) cB e−EB /kT + (1 − cB /nB )Γbulk
D ,
dt

(A.17)

kjer prvi člen obeh enačb opisuje desorpcijo pri konstantni temperaturi, drugi člen
pa polnjenje adsorpcijskih mest na povrini oziroma absorpcijskih mest v notranjosti
materiala. Tretji člen prve enačbe opisuje Eley-Rideal rekombinacijo. Rezultat
enačb smo zopet prilagajali eksperimentalnim podatkom polnjenja z devterijem in
določili koncentracijo absorpcijskih mest ηB = (54 ± 2) × 1019 m−2 in efektivno
gostoto toka devterija s površine v material Γbulk
= (4.0±0.2)×1015 D/m2 s. Enačbe,
D
ki opisujejo izotopsko izmenjavo, kjer H zamenja D, so
dcSD
dt
dcSH
dt
dcBD
dt
dcBH
dt

= −σER cSD ΓH − ν (2) c2SD e−ES /kT ,
= −σER cSH ΓH − ν (2) c2SH e−ES /kT + (1 − R)(1 − cSD /nS − cSH /nS )ΓH ,
ef f
= −σHD
cBD ΓH − ν (1) cBD e−EB /kT ,
ef f
= σHD
cBD ΓH − ν (1) cBH e−EB /kT − (1 − cBD /nB − cBH /nB )ΓH ,

(A.18)
kjer smo koncentracijam dodali indeks H ali D, s čimer ločujemo med koncentracijo
vodika in devterija. Za modeliranje obratne izotopske izmenjave, kjer D zamenja H,
moramo v enačbah zamenjati indeksa H in D. Rešitev enačb smo spet prilagajali
eksperimentalnim podatkom in določili efektivni presek za izotopsko izmenjavo, kjer
ef f
H zamenja D, σHD
= (5.9 ± 0.3) × 10−25 m2 in presek za izmenjavo, kjer D zamenja
ef f
H σDH = (1.16 ± 0.04) × 10−24 m2 . Vidimo, da je presek za izmenjavo H atomov z
D atomi približno dvakrat višji od preseka za obratno izmenjavo, kar kaže, da težji
izotop lažje zamenja lažjega kot obratno.

A.4.5

Zadrževanje in termodesorpcija devterija iz plasti mešanih
materialov

Med delovanjem fuzijske naprave neprestano potekata erozija in ponovno nalaganje
materiala, ki sestavlja stene naprave [4]. Tokamak ITER bo imel divertor narejen
iz volframa in steno iz berilija, zato bodo depoziti erodiranega materiala sestavljeni
iz teh materialov. Poleg tega se bo v tokamak zaradi boljšega delovanja naprave
vpihoval dušik [4, 16, 17], ki bo prav tako sestavljal te depozite. Da bi znali dobro
oceniti zadrževanje vodika v stenah, moramo razumeti tudi zadrževanje vodika v
takšnih mešanih materialih.
Pri našem eksperimentu smo uporabili tanke plasti W:Al in W:Be mešanih materialov, kjer sta dva vzorca dodatno vsebovala še N. Ker je Be strupen, se v mnogih
eksperimentih namesto Be uporablja Al, zato smo preverili vpliv obeh materialov
na zadrževanje devterija. Vzorci so bili pripravljeni na National Institute for Laser,
Plasma and Radiation Physics, Bukarešta, Romunija. Za 20 ur smo jih izpostavili
atomom devterija z gostoto toka 4.5 × 1014 D/cm2 s pri temperaturi vzorca 390 K.
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Po izpostavitvi smo vzorce segreli, med segrevanjem pa smo z NRA metodo merili
celotno količino devterija v vzorcu in z masnim spektrometrom tok desorbiranih D2
molekul (slike 4.25, 4.29, 4.32 in 4.33). Opazovali smo vrhove v masnem spektru in
padce količine devterija v vzorcu in tako prepoznali različna desorpcijska mesta, s
katerih se med segrevanjem desorbira devterij. Eksperimentalne podatke smo modelirali s preprostim modelom, ki predpostavlja desorpcijo prvega reda [145],
dci
= −ν (1) ci e−Edi /kT (t) ,
dt

(A.19)

kjer indeks i predstavlja različna desorpcijska mesta. Celotna količina devterija v
materialu je vsota rešitev te enačbe po vseh desorpcijskih mestih. Za vse štiri vzorce
smo določili dve skupni desorpcijski mesti, eno z energijo desorpcije približno 1.2 eV
in drugo z energijo približno 2.0 eV. Vzorca, ki vsebujeta Al (W:Al in W:Al(N2 )),
imata skupno desorpcijsko mesto z energijo približno 1.4 eV, vzorca z Be (W:Be
in W:Be(N2 )) pa skupno desorpcijsko mesto z energijo približno 2.5 eV. Vzorca, ki
vsebujeta N, imata še po eno desorpcijsko mesto z visoko energijo desorpcije, 2.73
eV za W:Al(N2 ) in več kot 2.9 eV za W:Be(N2 ).
Opazili smo pomemben vpliv dušika na zadrževanje devterija v mešanih plasteh. V vzorcih, ki vsebujejo Be, je koncentracija devterija narasla za faktor 1.8 v
prisotnosti dušika, v vzorcih, ki vsebujejo Al, pa je ta faktor kar 4.8. Primerjava
W:Al in W:Be vzorcev je pokazala nekoliko večjo koncentracijo devterija v vzorcih,
ki vsebujejo Al.

A.5

Zaključek

V tem doktorskem delu smo preučevali interakcijo vodikovih izotopov (H in D) z
materiali, pomembnimi za gradnjo sten fuzijskih naprav. Pri eksperimentih smo
uporabljali predvsem volfram in nevtralne vodikove atome in molekule. Preučevali
smo porazdelitve vibracijskih stanj vodikovih molekul, ki z atomsko rekombinacijo
nastajajo na površinah različnih materialov. Dinamiko vodika na površini in v
materialu smo preučevali z NRA metodo, rezultate pa smo modelirali in določili
vrednosti modelskih parametrov, ki opisujejo preučevane procese.
Pridobili smo podroben vpogled v interakcijo vodikovih atomov z volframom.
Uspešno smo modelirali adsorpcijo in difuzijo atomov s površine v material, pri
čemer smo določili hitrost difuzije v notranjost materiala. Določili smo porazdelitve
vibracijskih stanj molekul, ki nastajajo z rekombinacijo atomov, adsorbiranih na
površini. Preučevali smo zadrževanje devterija v kristalnih poškodbah in njihovo
odpravljanje s pregrevanjem na visokih temperaturah. Tako smo lahko določili različne stopnje odpravljanja poškodb in temperaturna območja, pri katerih se zgodijo.
S preučevanjem bolj zahtevnih sistemov, kot je interakcija obeh izotopov H in D
v volframu, smo določili presek za izotopsko izmenjavo v obeh smereh procesa.
Zadrževanje in termodesorpcijo devterija pa smo preučevali tudi v plasteh mešanih
materialov, s čimer smo določili desorpcijske energije absorbiranega devterija za različne materiale. Opravljeno delo nam je prineslo pomembne informacije o dinamiki
procesov tako na površini kot globlje v materialu.
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