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ABSTRACT OF THE DISSERTATION

Modeling of hydrogen isotopes retention in plasma-facing components for fusion
applications

by

Jéréme Guterl

Doctor of Philosophy in Engineering Sciences (Engineering Physics)

University of California, San Diego, 2015

Professor S.I. Krashenninikov, Chair

Plasma-material interactions might strongly affect plasma performances and life-time of future
magnetic fusion devices. For example, retention and recycling of hydrogen isotopes in plasma-facing
components (PFC) may lead to dynamics plasma-material interactions and significant accumulation of
tritium in material. Understanding the multifaceted physics of hydrogen retention in PFC is thus crucial,
but remains challenging due to the wide spectrum of retention processes on PFC surface (erosion, co-
deposition, etc.) and in PFC bulk (trap sites, bubbles, etc.) induced by long-time exposure of PFC to high
flux of energy and particles.

In this context, we revisit in this work some aspects of the reaction-diffusion models used to
describe retention of hydrogen implanted in material in fusion relevant. We first focus on the analysis of

thermal desorption spectroscopy (TDS) experiments, showing that the evolution of hydrogen concentration

xiii



in material during TDS experiments is usually quasi-static. An analytic description of thermal desorption
spectra (TDSP) is then obtained in quasi-static regime and is used to highlight dependencies of TDSP on
hydrogen retention parameters. The interpretation of Arrhenius plots to characterize hydrogen retention
processes is then revisited. Moreover, it is shown that retention processes can be characterized using
the shape of desorption peaks in TDSP, and that long desorption tails in TDSP can be used to estimate
activation energy of diffusion of hydrogen in PFC.

Hydrogen retention induced by a large number of different types of traps is examined next. A
reaction-diffusion model of TDSP with a large number of types of traps is presented for the first time. The
application of this model is illustrated on several experimental TDSP available in literature, which are
consistently reproduced using several types of traps with a unique broad spectrum of detrapping energies.
The values of these detrapping energies are shown to be in agreement with values predicted by density
functional theory simulations when several hydrogen atoms are trapped in one material vacancy.

Effects of surface processes on hydrogen retention and recycling are investigated in the second
part. First, long-term outgassing of hydrogen from PFC during off-plasma events is considered. The super-
diffusive power-law decay in time of the hydrogen outgassing flux is modeled with a revisited single trap
reaction-diffusion model, showing that hydrogen outgassing is either surface-limited or diffusion-limited.
The outgassing regime is shown to be governed either by processes in the bulk or on the surface of material.
The influence of hydrogen concentration profiles in material on the power-law exponents is analyzed as
well. Finally, the different models proposed in the literature to describe power-law decays of hydrogen
outgassing flux experimentally observed during off-plasma events are reconciled.

Hydrogen recombination and desorption on tungsten surface is investigated next using molecular
dynamics (MD) and accelerated molecular dynamics simulations. Adsorption states, diffusion, hydrogen
recombination into molecules, and clustering of hydrogen on tungsten surfaces are analyzed. It is shown
that tungsten hydrogen interatomic potential, available in literature and used in MD simulations, cannot
reproduce main features of hydrogen molecular recombination on tungsten surface. Hydrogen clustering
on tungsten surface is nevertheless observed during MD simulations. Effects of hydrogen clustering
on hydrogen desorption are thus analyzed by introducing a kinetic model describing the competition
between surface diffusion, clustering and recombination. Different desorption regimes are identified, which
reproduce some aspects of desorption regimes experimentally observed when tungsten surface is saturated

with hydrogen.
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Chapter 1

Introduction

1.1 Controlled thermonuclear fusion: a path toward clean and un-
limited energy

The 1985 Geneva Summit between Gorbachev and Reagan marked the end of the Cold war era
and the subsequent race for nuclear weapons, and announced the beginning of a new era for the controlled
nuclear fusion research. Both Western and Soviet powers recognized "the potential importance of the
work aimed at utilizing controlled thermonuclear fusion for peaceful purposes" and advocated "the widest
practicable development of international cooperation in obtaining this source of energy, which is essentially
inexhaustible, for the benefit for all mankind" [1]. The International Thermonuclear Experimental Reactor
(ITER) project was born, equally supported by the United States, the Soviet Union and The European
Union, joined later by Japan, China, South Korea and India [2].

Controlled thermonuclear fusion is more than ever of prime interest in today’s world where
demand for energy continues to increase while pollution and climate changes, as well as depletion of fossil
fuel reserves, are raising strong concerns about the long-term sustainability of the human habitat [3]. In
this context, controlled thermonuclear fusion may offer a renewable and abundant source of energy with
limited environmental impacts. In contrast, the controlled nuclear fission industry can sustain a large and
reliable production of electricity but at high environmental costs, considering difficulties posed by the
storage of nuclear waste and environmental risks illustrated by the catastrophes of Chernobyl in 1986 and

of Fukushima in 2011. Controlled thermonuclear fusion projects like ITER are therefore conceived today



to pave the way toward large powerful power plants. As such, the development of a sustainable source of
thermonuclear energy is complementary with the development of other renewable sources of energy, such
as solar, photovoltaic, wind or marine energies, which are expected to form a network of local distributed
intermittent sources of energy.

Thermonuclear energy is naturally produced in the sun through a chain reaction initiated by a
proton-proton fusion reaction [4]. In civilian fusion programs, the fusion reaction (1.1) between a nucleus
of deuterium D and a nucleus of tritium T was identified in the early 50’s as the most promising fusion

reaction because of its large cross section o, at relatively low energy ~ 10 — 1000keV (fig. 1.1) [5].

iH+{H — 3He + n. (1.1)
~— =~ ~—~ ~~
D T 3.5MeV  14.1MeV

The mass-energy balance of the D-T reaction results in a gain of kinetic energy E, = 17.59 MeV carried
by a neutron (E,, = 14.1 MeV ) and by an a-particle (Eq =3.5MeV).

The mixture of deuterium and tritium in the energy range ~ 10 — 1000 keV forms a D-T plasma
where deuterium and tritium atoms are fully ionized and thermalized. The volumetric rate R, of the
fusion reaction (1.1) in hot D-T plasma is thus obtained by averaging the reaction rate over the Maxwellian

velocity distribution of D and T particles at density n, and n; contained in the plasma.
Rpr =nqny, <GD-TV> (1.2)

D-T plasma are produced with an 50:50 mixture of deuterium and tritium (n, = n; = 7) to maximize
the reaction rate R, ;. D-T fusion reactions predominantly occur in the tail of the Maxwellian velocity
distribution of plasma particles in the temperature' range 10keV < T < 100keV , where the magnitude of
(OpyV) is maximum (fig. 1.2). D-T fusion reactions which occur in thermalized plasma are then designated
by the term thermonuclear fusion, where "thermo" refers to thermalized particles.

The power produced by fusion reactions in D-T plasma per volume unit is
1,
Prusion = Zn (0p1V) Epr (1.3)

A external power Preqiing must be supplied to plasma to balance energy loss. The rate of energy loss from

plasma Pjo4s can be defined by introducing the characteristic confinement time 7g of the energy contained in

!'The Boltzmann constant k;, is omitted in this manuscript, and the temperatures are expressed indifferently in Kelvin or electronvolt.
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plasma W ~ %nT (PlosS = %) The power per volume unit Py, = %nz (0p4V) Eq carried by the o particles

is transferred by collisions to the plasma. The heating power required to balance the energy loss is thus

%nT 1,

Pheating = Ploss — Po = . 4n <GD—TV> Eq (1.4

The quality of a fusion reactor can be evaluated with the factor Q = lff“w. In the vicinity of

heating

T ~20keV where {0,,;v) is maximum, the approximation (0y,v) ~ 1.1 x 10** T>m~3s~! holds and the
factor Q can be recast considering expressions (1.3) and (1.4) into

6

3x10%0 4
nTg

Q= (1.5)

The ignition of plasma, for which plasma burning is self-sustained (Q = o), can be reached when
nT7g > 5 x 102! m—3eVs~!. This latter condition, known as the Lawson criterion, may however not be
required in industrial fusion reactors where large values of Q are sufficient to achieve electricity production.

Fusion reactors should be thus designed to operate plasma at high density, high temperature
and with long confinement time in order to maximize the triple product nT7g and thus achieve high Q

(exp. 1.5).

1.2 ITER: a project to demonstrate the feasibility of the thermonu-
clear fusion energy

Several concepts of plasma confinement have been investigated since the early 50’s to achieve

large values of Q. These concepts can be divided into two main categories:

e Inertial Confinement Fusion (ICF), which consists in heating and compressing a mixture of
deuterium and tritium using high-intensity lasers. Such concepts are investigated today in projects

like the NIF in the US or the MegaJoule Laser in France.

e Magnetic Confinement Fusion (MCF) where fusion conditions are met by confining plasma with
magnetic fields. Different magnetic configurations have been proposed and tested, such as linear

devices, magnetic bottles, stellerators or Tokamaks.

Tokamaks are the most promising concept of MCF devices to achieve large values of Q [3]. For this

reason, the ITER project is a large Tokamak designed to demonstrate the feasibility of the production of



Figure 1.3: View of ITER [6].

energy with controlled thermonuclear fusion. In Tokamaks like ITER, plasma confinement is provided
by a toroidal magnetic field created by large magnetic coils and a poloidal magnetic field created by a
toroidal current generated by induction in the plasma. Plasma in Tokamaks are then contained inside a
doughnut-shaped vacuum chamber surrounded by a series of magnetic coils (fig. 1.3).

Plasma in Tokamaks must be separated from the vacuum chamber to avoid polluting the plasma
with impurities, which may strongly degrade the energy confinement due to radiative energy losses induced
by these impurities. The separation between the plasma and the vacuum chamber in Tokamaks can be

obtained with two different configurations:

e a limiter configuration where plasma boundaries are imposed by a piece of material introduced

near inner walls of the vacuum chamber.

e a divertor configuration where plasma boundaries are imposed by close magnetic surfaces forming
a X-point configuration, which maintains the plasma core isolated from the vacuum chamber (fig. 1.4).
In this configuration, plasma particles escaping the core plasma flow along open magnetic field
lines toward material plates located at the bottom of the vacuum chamber, which form the divertor.
Plasma particles escaping the core plasma also flow across these open magnetic field lines in the

scrape-off layer toward inner walls of the vacuum chamber.

Values of Q > 1 are not achievable in current and past Tokamaks as summarized in the figure 1.5. To reach
larger values of Q, the triple product nT7g must be increased and plasma in Tokamak must be operated at
higher temperature, higher density and with a better energy confinement. However, the plasma temperature
is imposed by the D-T reaction rate which is maximum around 7 ~ 20keV and strongly diminishes when

plasma temperature is above 20keV (fig. 1.2). Moreover, the plasma density must remain lower than
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Figure 1.4: Divertor configuration in Tokamak [6].

the Greenwald density limit ng ~ 10! m~3 to avoid plasma disruptions [7]. The plasma density and the
plasma temperature being imposed, only the energy confinement can be significantly improved to operate
Tokamaks at Q > 1.

Improvements of the energy confinement have been experimentally observed in divertor configu-
ration above a certain power threshold in a confinement scenario called "H-mode’, in which strong pressure
and temperature gradients are visible in edge plasma. Because of this enhanced confinement, the divertor
configuration has been privileged in ITER to achieve better plasma confinement. Several scaling laws of
the confinement time 7z were obtained in H-mode by analyzing data collected from different Tokamaks
operating around the world [3]. These empirical scaling laws show that 7g depends on the Tokamak
minor and major radius a and R and on the magnitude of the magnetic field B through the Larmor radius

PLarmor ~ B!, in close agreement with theoretical expressions similar to the relationship (1.6) predicted

in [8].
R? 1
Tg v ——— (1.6)
LarmorB

This scaling law (1.6) indicates that the energy confinement can be improved by increasing the
magnitude of the magnetic field and the radius of the Tokamak. Generating high intensity magnetic
fields is however very costly. Increasing magnetic fields to improve energy confinement is thus excluded
due to economical considerations. A significant enhancement of the energy confinement thus requires
to operate big Tokamaks. In this context, ITER is designed to be the largest Tokamak ever built with a
major radius about 6m and a volume of plasma about 860m?> (tab. 1.1). The main goal of ITER is to
demonstrate the feasibility of thermonuclear fusion reactors by operating D-T plasma to reach Q = 10
during tpjasma ~ 400 — 5005 [9] (fig. 1.5). ITER is however not expected to produce usable energy and

the development of industrial fusion power plants is planned on long term via the DEMO project, which
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Figure 1.5: Values of Q experimentally achieved in current and past Tokamaks. Reproduced from [6].

Table 1.1: ITER specifications in baseline scenario to reach Q = 10 [9].

Major radius R=6m Plasma density n~100m-3
Minor radius a=2m Core Plasma Temperature 7 ~ 20keV
Plasma volume  840m? Confinement time TE ~4s
Magnetic field B=6T Plasma Lifetime tplasma ~ 400 — 500
Fusion power  Pgysion = 400MW | Input Power Pheating = 40MW
should follow ITER [10].

1.3 How to put the sun in a box: plasma-material interactions in
ITER and future fusion reactors

The energy confinement in ITER is expected to be increased by a factor 4 (75 ~ 4s) compared to
the energy confinement in current Tokamaks (g ~ 1s). Power and particles exhaustions during plasma
operations in ITER will also significantly increase because of the large amount of energy and particles
carried in ITER plasma. In a divertor configuration, the majority of hydrogen ? and helium particles mainly
flows along open magnetic field lines toward divertor plates. A small portion of particles however flows
radially across the open magnetic field lines toward inner walls of the vacuum chamber. Divertor plates
and inner walls of the vacuum chamber, usually referred to as Plasma-Facing Components (PFC), will be

also exposed to large heat flux, principally carried by plasma electrons. In addition, PFC will also face

hydrogen designates indifferently hydrogen, deuterium or tritium species in this work



significant flux of energetic neutrons, which can activate and damage PFC material.

Divertor plates in ITER will be exposed to large flux of hydrogen particle (I' ~ 10**m~2-s™!)
during steady-state plasma operations. Hydrogen plasma will flow toward PFC surface at plasma tem-
perature around 7Tpjasma ~ 10€V . In contrast, inner walls will face lower flux of hydrogen particles
(F ~10P%m—2. s_l) at lower plasma temperature Tpjasma ~ 1€V . Both divertor and inner walls will also
face similar flux of a-particles during plasma operations. Besides, the temperature of PFC material will
depend on the heat flux deposited on PFC surfaces during plasma operations. The temperature of divertor
plates will be thus close to T ~ 500 — 1300K during plasma operations, whereas the temperature of
inner walls will be lower T ~ 500 — 700K [11]. In addition to these steady-state heat and particles flux
summarized in the table 1.2, PFC will be also exposed to various intermittent plasma phenomenon such as
Edge-Localized Mode (ELM), disruption events or runaway electrons. Such transient events may lead to
significant depositions of heat and particles on PFC material in very short times [12].

Extreme conditions which will be encountered by PFC in ITER and in future fusion reactors will
likely lead to new regimes of plasma-material interactions, susceptible of revealing some new aspects of
material behavior in extreme environment (e.g. fuzz growth on tungsten surface exposed to large helium
flux [13]). The term Plasma-Material Interactions (PMI) designates here physical processes taking place
at the interface between "hot" plasma and "cold" material, either in plasma or in PFC material. PMI
include a broad range of physical phenomena, which combine atomic and molecular physics, collisional
and non-collisional plasma physics and materials science. As such, PMI are complex and multi-faceted
and giving an exhaustive review of PMI is difficult. Detailed discussions on the different aspects of PMI
can be however found in literature [14, 15, 16].

PMI have not been a major limiting factor for plasma operations in current and past Tokamaks, in
particular because heat and particles flux faced by PFC in plasma regimes operated in these machines are
low compared to conditions expected in ITER. However, PMI are expected to become stronger as fusion
reactors get bigger in order to reach larger values of Q. PMI will then become an inevitable issue not
only in ITER but also for any future fusion reactor, which raises concerns about the sustainability and the
lifetime of PFC material in fusion reactors [17]. These concerns could be summarized by the eloquent

statement of Sebastien Balibar in its public critics of the ITER project [18]

We say that we will put the sun into a box. The idea is pretty. The problem is, we don’t know
how to make the box.

Among critical consequences of PMI in ITER, the erosion and the melting of PFC material during steady-

state operations or intermittent events may strongly affect the lifetime of divertor and walls and produce



Table 1.2: Conditions encountered by plasma-facing components in ITER [11] and properties of beryllium
and tungsten material, which will respectively constitute inner walls of the vacuum chamber and divertor
plates in ITER [19].

Steady-state plasma Wall Divertor
Heat flux 0.2—0.5MW.m~2 20MW.m 2
Particle flux 100m=2.571 10%#m=2.57!
Plasma Temperature ~1leV ~10eV
PFC Temperature 500K — 700K 500K — 1300K
PFC Material Beryllium (Be) Tungsten (W)
Atomic Number Z=4 Z="74
Melting Temperature 1560K 3695K
Cohesion Energy 3.32eV /atom 8.90eV /atom

large quantities of impurities into the vacuum chamber. To limit these deleterious effects, divertor plates
will be built in tungsten (W), which is a hard metal with very high melting temperature (tab. 1.2). In
contrast, inner walls of ITER vacuum chamber will be made of beryllium (Be). Significant erosion and
sputtering of inner walls are expected (beryllium is a low Z element with Z = 4), although heat and particles
flux faced by inner walls will be much lower than flux faced by divertor plates. Effects of Be impurities on
plasma performances should be however limited since the intensity of radiations induced by impurities in

plasma scale as Z°.

1.3.1 Plasma-material interactions in plasma-facing components material

Investigating and understanding "how to make the box" to confine hot plasma, in which nuclear
fusion reactions take place, is extremely complex because of the microscopic, mesoscopic and macroscopic
physical processes constituting PMI in both plasma and PFC material. In view of the complexity of the
PMI, the scope of this work is thus limited to PMI taking place in bulk and on surface of PFC material
exposed to fusion relevant conditions such as described in table 1.2.

When PFC are exposed to high flux of hydrogen and helium characteristic of fusion relevant
conditions, a portion of the incoming particles is reflected or interact with material surface (physical
or chemical sputtering). Meanwhile, the other particles penetrate into the bulk of PFC material and
become implanted inside a narrow region near the material surface exposed to plasma. This region, called
the implantation layer, usually extends from some nanometers up to tens of nanometers depending on

PFC material and on the energy of incoming particles. For instance, hydrogen and helium particles at
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Ex ~1—100eV are usually implanted in tungsten in the first ten nanometers below tungsten surface
exposed to particle flux. Hydrogen and helium implanted in material either diffuse back toward material
surface and desorp into vacuum (fuel recycling), or diffuse further into material bulk where they can be
trapped in various material defects (fuel retention).

Various processes in material may result from the exposure of PFC to plasma in fusion related

conditions (fig. 1.6) [14, 20, 21]:
¢ on PFC material surface:
— desorption of adsorbed hydrogen or helium in atomic or molecular form into vacuum and
absorption into material bulk
— surface saturation with hydrogen or helium atoms
— impurities,e.g oxygen, which may for instance affect desorption process of other species
— redeposition of eroded PFC material and formation of porous codeposited layers

— erosion caused by physical or chemical sputtering and release of impurities and dusts
¢ in PFC material bulk:

— vacancies, dislocations, damages created by neutrons, grain boundaries, self-interstitial atoms,

impurities , ... which may constitute traps for hydrogen and helium particles in the material
— formation of cavities which can contain hydrogen and helium atoms
— formation of helium bubbles and helium clusters which may trap hydrogen

— stress and plastic deformation of material caused by the saturation of sub-surface regions with

hydrogen and helium

In addition to these various processes, properties and structure of PFC material can be also altered
due to the large heat flux, in particular during intermittent events such ELM [22]. These complex effects
are however out of the scope of this work and are ignored. Damages created by neutrons in material are
also ignored since significant fuel retention arise in PFC material whether material is exposed to neutrons
or not [23]. Besides, damaging of material by neutrons results anyhow in the creation of additional material
defects which are not different in their nature from other material defects naturally present in material or
induced by the exposure of material to plasma.

Fuel retention in PFC material can be also affected by interactions between helium and hydrogen

in material bulk, as illustrated in [24]. Helium retention in PFC material is however itself complex and
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Figure 1.6: Processes inducing plasma-material interactions in bulk and on surface of plasma-facing
components.

subject to numerous investigations [25], and as such is ignored here. This work therefore addresses only
hydrogen retention in plasma facing-components, which is itself a crucial issue for ITER and future fusion

reactors as described hereafter.

1.3.2 Hydrogen retention in plasma-facing components: a critical issue for ITER

Hydrogen retention in plasma-facing components is considered as one of the key issues in ITER
and future fusion reactors for both safety and operational reasons. First, tritium is a radioactive hydrogen
isotope of half-time about 12.3 years. For this reason, tritium inventory in the vacuum vessel of ITER
is limited to 700 g, which is the administrative limit imposed by the French Nuclear Safety agency to
operate ITER. ITER divertor will be exposed to a fluence around ¢ ~ 10%particles. m~2 of deuterium
and tritium during one plasma discharge. The divertor surface directly exposed to plasma in ITER will
be around 6m? and will be thus hit by a cumulated quantity of 2 — 3 g of tritium during an entire single
plasma discharge. Fortunately, most of deuterium and tritium implanted in divertor are recycled back into
the vacuum chamber, and only a tiny portion is retained in material.

The accumulation of little quantities of tritium in PFC material during each plasma discharge
may nevertheless conduct to a long-term accumulation of tritium in PFC, and thus limit the duration of

plasma operations in ITER. This issue was encountered for example in experiments performed with carbon
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PFC in several Tokamaks. The erosion rate of carbon material (graphite) in fusion relevant conditions is
large, leading to large redeposition of carbon-tritium codeposited layers on PFC surface. Because of the
considerable retention of tritium in these codeposited layers, the inventory of tritium in an ITER design
with carbon PFC would largely exceed the administrative limit of 700 g after only tens of plasma discharges
[26]. Carbon was thus discarded as PFC material and replaced by tungsten and beryllium in the current
ITER design.

Tritium retention in ITER is predicted to be mostly induced by the redeposition of beryllium-
tritium layers on PFC surface. In contrast, tritium retention is expected to be limited in tungsten divertor,
based on experimental results from current experimental Tokamaks operating with tungsten divertor such
as JET in ITER-like wall configuration [27] or Asdex-U [28]. These machines however operate in plasma
regimes where heat and particles flux hitting PFC are much lower than expected in ITER and where plasma
discharges are usually much shorter than ITER discharges in operational scenario (tplasma ~ 400 — 500s).
In this context, further investigations on long-term tritium retention in tungsten PFC are required.

Long-term exposure of PFC material to plasma may also affect plasma operations. For example,
systematic density-limit disruptions were encountered in plasma produced in the carbon-based Tokamak
ToreSupra after only 20 long plasma discharges, which corresponded to a total time of plasma operation
about ~ 200s [29]. In the machine JT-60, also operated with carbon PFC, lower values of pressure in
plasma edge were observed during plasma discharges following several long plasma discharges of ~ 30s,
and were attributed to the uncontrollable recycling of hydrogen from wall [30].

The retention of deuterium and tritium in plasma-facing components may be thus a crucial issue
in ITER and in future fusion reactors due to both safety and operational issues. In this context, this work is
centered on hydrogen retention in PFC with a particular focus on tungsten plasma-facing components. As
such, this work may be also of interest for DEMO, which is planned to be an industrial fusion reactor with

both wall and divertor in tungsten [10].



13

1.4 Understanding and predicting hydrogen retention in plasma fac-

ing components: a challenging problem

1.4.1 The complex multiscale nature of hydrogen retention in plasma facing com-

ponents

Operating a Tokamak in fusion conditions requires to understand and predict effects of dynamical
plasma-material interactions and long-term hydrogen retention in PFC on very different time and space
scales. For example, the typical time scale of intermittent edge plasma events like ELM is about tpeso =
1073 s whereas effects of fuel retention occur on longer time scales tyacro 2 tplasma ~ 400 — 500s. Besides,
hydrogen retention may take place in PFC on a a space scale as large as the PFC material thickness
Liacro ~ 1 mm when t ~ tiacro-

In contrast, elementary processes responsible for hydrogen retention and recycling in PFC are
atomic processes characterized by very short time scales (tmicro ~ 1ps) and very short space scales of
the order of several material lattices or less (Luyjcro S 10nm). These atomic processes are various and
numerous, even when effects of heat flux, of neutron irradiation, and of helium retention are ignored
(fig. 1.7). Understanding and predicting hydrogen retention and recycling in PFC thus require to reconcile
microscopic time and space scales, characteristic of atomic processes , with mesoscopic and macroscopic
time and space scales, characteristic of dynamical PMI and long-term plasma operations in fusion reactors
(fig. 1.8).

Physical processes governing hydrogen retention and recycling in carbon PFC have been largely
investigated in plenty of theoretical and experimental works, partially motivated by the various industrial
and scientific applications of carbon in other domains. By comparison, mechanisms governing hydrogen
retention and recycling in beryllium and tungsten have become intensively investigated only in the
last decade. Mechanisms governing hydrogen retention and recycling in tungsten remain however not
well understood as pointed out in several recent reviews [20, 21, 31, 32]. The comprehension of these

mechanisms is complex for at least three reasons:

e the versatility of the processes inducing hydrogen retention, which strongly depend on plasma and

material conditions ( hydrogen flux, hydrogen fluence, material temperature and crystalline structure,

).

o the variety and the number of retention processes, which can also dynamically evolve and interact
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when the material is exposed to heat and particle flux.

e the difficulty to observe these processes in material due to their microscopic nature. In general, only

mesoscopic or macroscopic effects of retention mechanisms are experimentally observable.

Hindrances in experimental analysis and characterization of hydrogen retention processes in
PFC are due to limitations in experimental methods available to examine retention processes. These

experimental methods mainly consist in:

e producing images: optical, x-ray or electron microscopy imaging which can picture material surface

morphology with a precision up to some nanometers (fig. 1.9a).

e in-situ hydrogen concentration measurements: the concentration of hydrogen isotopes in material
can be evaluated using MeV ion beams. The most common method is the Nuclear Reaction Analysis
(NRA), which consists in bombarding material containing hydrogen with highly energetic particles
(e.g. protons) and counting the number of nuclear reactions between energetic ions and hydrogen
[33]. NRA is a non destructive method which does not significantly affect material properties and
hydrogen concentration in material. The resolution of NRA is usually limited to material depths

below 10 um and to hydrogen concentrations above ~ 107 at.% ( fig. 1.9b).

e Thermal Desorption Spectroscopy(TDS): TDS, also called temperature programmed desorption,
consists in the measurement of the hydrogen outgassing flux while heating up a material sample
previously exposed to hydrogen flux. The resulting plot of the outgassing flux as a function of the
sample temperature forms a thermal desorption spectra (TDSP), which exhibits desorption peaks

similar to the one plotted in figure 1.9c.

TDSP are used to determine the activation energy E of retention processes based on the assumption
that the release of retained hydrogen in material is an activated process, which thus occurs at a rate v
described by an Arrhenius law [34]. In that case, the evolution of the concentration of hydrogen ¢ in

the material while the material temperature is increasing can be described by

c 1.7

Variations of the hydrogen concentration in the material are also proportional to the hydrogen

outgassing flux Ioy
dc

87 e (1.8)
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Figure 1.9: Example of experimental results obtained with tungsten samples implanted with deuterium
using scanning electron micrograph (a), nuclear reaction analysis (b) and thermal desorption spectroscopy
(c). Data reproduced from [35], [36] and [37], respectively.

9 Loyt
aT

When the outgassing flux is maximum at Tgeg (

— = 0), the relationship v(Tyes) = é
holds and the activation energy E can be determined. The total quantity of retained hydrogen in PFC
can be also estimated from TDSP by integrating the outgassing flux over the duration of the TDS

experiment.

The analysis and the characterization of retention mechanisms with the experimental methods
showcased above may be delicate regarding the variety and the complexity of material processes inducing
hydrogen retention. For instance, determining the activation energy of a retention process may be difficult
when a TDSP contains multiple desorption peaks induced by different material defects retaining hydrogen.
Moreover, the basic model previously introduced, which describes the evolution of hydrogen concentration
in material during TDS experiments, usually fails to capture main features of hydrogen retention in material
when surface processes or hydrogen diffusion in material affect hydrogen outgassing. Analyzing retention
mechanisms with TDS experiments may be thus not straightforward and NRA are then usually performed in
parallel to evaluate the concentration of retained hydrogen in the depth of the material. NRA however does
not provide indications on the nature and the number of defects inducing hydrogen retention. Similarly,
imaging methods only offer pictures of some visible aspects of retention processes, such as morphological
modifications of material surfaces or formation of bubbles in material bulk.

Although experimental methods can provide only partial and limited pictures of hydrogen retention
processes in tungsten, the numerous experimental results published in the literature form a large database
which portrays the effects of different experimental and material conditions on hydrogen retention. The
establishment of such a database is today supported by the International Atomic Energy Agency to identify

main processes governing hydrogen retention in fusion related conditions and to orientate technological
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developments of PFC material in ITER and DEMO [38]. However, no model of hydrogen retention in
tungsten PFC in fusion relevant conditions has emerged yet to consistently and accurately reproduce
experimental data. The development of such models is necessary to predict long-term hydrogen retention

and dynamics of PMI in tungsten PFC, but also to analyze experimental data available in literature.

1.4.2 Modeling microscopic and macroscopic aspects of hydrogen retention in

plasma facing components

Both microscopic and macroscopic aspects of hydrogen retention in PFC material must be taken
into account to model hydrogen retention in fusion relevant environment (fig. 1.8). Microscopic processes

inducing hydrogen retention are usually modeled using:

e Density Functional Theory (DFT): DFT is a quantum mechanical simulation method to model
quantum electronic structure of atomic system by solving Schroédinger equations using Hohenberg-
Kohn theorems [39]. DFT simulations are mainly used to determine properties of material defects,
such as the activation energy of detrapping of hydrogen isotopes from defects. DFT results can also
be used to build interatomic potentials used in molecular dynamics simulations (see below). DFT
simulations are usually limited to hundreds atoms and are not suitable to resolve dynamics beyond

atomic time scales.

e Molecular Dynamics (MD): MD simulations consist in solving Newton equations for each atom,
defining interactions between atoms by an interatomic potential which must be provided for each
type of atomic interactions in simulations. The quality of MD simulations principally relies on the
quality of the interatomic potentials used in simulations. The definition of these potentials can be
difficult when the electronic structure of the material is complex, e.g. tungsten. MD simulations are
usually performed to investigate dynamics and properties of atomic processes in relevant conditions
(temperature, stress, geometry, ...) in atomic systems with 1000 to millions of atoms, on time
scales which usually do not exceed typ ~ 10ns. The recent development of Accelerated Molecular
Dynamics (AMD) methods allows to extend the time scale of MD simulations of one or several

orders of magnitude in certain circumstances [40].

Mesoscopic and macroscopic evolutions of hydrogen retention in PFC can be modeled using
Kinetic Monte Carlo (KMC) simulations [41] or reaction-diffusion (R-D) equations. These both methods

require to provide rates characterizing each process involved in hydrogen retention. As such, these methods
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capture similar features of retention processes at mesoscopic and macroscopic scales. Unlike R-D models,
KMC methods do not furnish a convenient analytical background to analyze hydrogen retention and is thus
of little interest to model and predict long-term hydrogen retention and dynamics of PMI in PFC material,
which are therefore model in this work with R-D equations .

Reaction and diffusion rates characterizing retention processes in material are usually described
by an Arrhenius law (e.g the relationship 1.7), relying on the assumption that retention processes are
activated processes. As such, rates characterizing retention and diffusion processes can be generically
expressed as v ~ voe’% As previously mentioned, the activation energy E and the pre-exponential factor
Vo, also called attempt frequency, can be experimentally estimated via TDS experiments and theoretically
determined in DFT or MD simulations.

Reaction-diffusion models have been widely used in literature to describe hydrogen retention and
outgassing in metallic or carbon PFC [42, 43, 44] and to analyze TDSP resulting from TDS experiments
[45, 35, 46]. The area of PFC surface ~ llgFC exposed to plasma in fusion related experiments or in fusion
reactors is usually large in the sense that the characteristic depth of retention Aetention i small compared to
Aprc (Aretention < Appc). Consequently, the evolution of hydrogen concentration in PFC material can be

described in an 1D framework using the following R-D equations (1.9).

deilxr) (W20
: 19();[) - 3)(:26 L — Kt [crap(x) — co(x,1) ] ce(x, 1)+ Vay ci(x, 1) (1.9a)
w =K [Ctrap(JC) = ct(x,t)] ce(x,1)— Vg ci(x,1) (1.9b)

cf 1s the concentration of free (solute) hydrogen which can freely diffuse in material and ¢ is the
concentration of hydrogen trapped in material defects at the concentration cir,p. Material defects causing
hydrogen retention in the material are usually called "traps". The equations (1.9a) and (1.9b) include
only on type of traps, in which free hydrogen particles in the material are trapped at the trapping rate
Ki: and are detrapped at the detrapping rate vg. Traps are here assumed to be immobile in the material,
whether they are occupied by hydrogen or not, and only free hydrogen can diffuse in the material, hence
the diffusion term in equation (1.9a) with D the diffusion coefficient of hydrogen in material. The creation
and the evolution in time of traps are not modeled by equations (1.9). The R-D model formed by these
equations can thus only picture some aspects of hydrogen retention, e.g. hydrogen outgassing during TDS

experiments.
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Figure 1.10: Hydrogen trapping, detrapping and diffusion in material, modeled as activated processes
corresponding to transitions between microscopic states of hydrogen in material.

As mentioned earlier, trapping, detrapping and diffusion of hydrogen in material are usually
considered as activated processes and are thus described by Arrhenius laws with K;; = Ktr’oe’%, Vi =
Viroe % and D = Dye™ ETD , respectively. In the framework of the transition state theory [41], the activation
energy of trapping E\;, of detrapping Eq; and of diffusion Ep can be seen as energy barriers separating two
micro states of hydrogen in material as illustrated in figure 1.10. The pre-exponential factors Ki;o, Vir,0 and
Dy include the frequency vy, which can be interpreted as the attempt frequency of hydrogen particle to
transit from one state to another one. The exponential term ¢~ T can be then seen as the probability that
such a transition occurs in material at the temperature 7.

Boundary conditions of equations (1.9) are modeled by equations (1.10), which describe the

evolution of the hydrogen concentration cs on material surface (eq. 1.10a) and the conservation of hydrogen

particles between material surface and material bulk (eq. 1.10b).

d
Cg _ Krcg‘FKbCf(-xs;t)_KaCS (lloa)
dt ~ —— =~
Tout Iy Ty
0 t
plaxn| Kocr(xs,1) — Kacs (1.10b)
(9)( X=xs —— =~

Fb Ta

x; = 0 and x; = L are the position of the front and rear material surfaces, considering PFC material of

—E
thickness L. This surface model relies on the energy diagram in figure 1.11 proposed in [47]. Kp = KbyoeTb

—E,
is the rate of readsorption of hydrogen from the first sub-surface atomic layer onto surface, K, = K, oe T

. . . . “Er .
is the rate of absorption of hydrogen on surface into material bulk and K, = Kr,oeTr is the rate of molecular

recombination and desorption of hydrogen on tungsten surface. The flux 'y of hydrogen outgassed from
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vacuum surface bulk

Figure 1.11: Energy diagram of material surface [47] where Ey, = Ego] — Qsol> Er/2 = E; — Q¢ and
Ea = Ego) — Q.

material is then 'y = Krcg.

Hydrogen-tungsten systems have been investigated in the scientific community for long time
[48] and are used for various industrial applications, such as ionization of hydrogen gas exposed to
hot tungsten surface [49, 50, 51, 52, 53]. Consequently, thorough investigations on hydrogen-tungsten
systems have been abundantly reported since the early 40’s in a variety of papers until the late eighties
[54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64]. However, most of works available in literature mainly focus on
exposure of tungsten material to hydrogen gas or to hydrogen ions at very low energy and temperature
where hydrogen retention and recycling in tungsten are governed by surface processes.

Results and models developed in surface-dominated regimes are however not fully applicable
for exposure of tungsten to plasma in fusion relevant conditions, id est exposure of tungsten to high flux
of energetic particles, where retention and recycling of hydrogen is also governed by bulk processes.
In this context, a large number of TDS experiments have been performed since 2000’s, as outlined
previously, to investigate effects of plasma exposure and material state on hydrogen retention in tungsten.
For instance, thermal desorption spectra (TDSP) were obtained with different hydrogen flux [65, 66,
67, 68, 69], hydrogen energies [70, 71, 72], hydrogen fluences [73, 74, 75, 76, 77] and using tungsten
samples implanted at different temperatures [46, 78, 79, 80, 81], previously damaged with ions beams

[82, 83, 84, 85, 86, 87, 88, 89, 90, 91], pre-annealed [92, 35, 93], recrystallized [94, 71, 36, 95], single
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crystal and polycrystalline [96, 97, 98, 99, 100, 101, 102] or containing impurities [103, 104, 105, 106].
Effects of the storage period and the air exposure of implanted samples between the plasma exposure and
the measurement of the outgassing flux have been also investigated [107, 108], as well as surface effects
[109, 110].

Experimental TDSP were then analyzed and interpreted in literature with R-D models similar to
the one formed by equations (1.9) and (1.10) [45], using modeling softwares like TMAP [111]. Desorption
peaks in experimental TDSP were found to correspond to various traps characterized by activation energies
of detrapping varying from 0.5eV to 2.1eV [32, 20]. The nature of these traps remains however unclear,
partly because of limitations of R-D models. For instance, the number of different types of traps used
in R-D models to fit TDSP is thus usually limited to two or three, which does not allow a consistent and
accurate reproduction of experimental TDSP. Besides, no clear analytical description of retention processes
affecting hydrogen outgassing during TDS experiments is available. Large discrepancies also exist in
activation energies and pre-exponential factors characterizing surface processes which define boundary
conditions of R-D models [20, 32].

Analyzing and predicting hydrogen retention in tungsten PFC thus require further investigations
on R-D models describing hydrogen retention on macroscopic scales, in particular during TDS experiments
or when surface effects govern hydrogen outgassing. Such investigations are the main topic of this work

and are reported in this manuscript following the outline presented below.

1.5 Roadmap

In summary, plasma facing components (PFC) in future fusion devices will be exposed to various
plasma conditions, which can alter PFC material and strongly affect retention and recycling of hydrogen
isotopes during long-term plasma exposure. Understanding mechanisms involved in the long-term retention
of hydrogen isotopes in tungsten, which will be used as PFC material in future fusion devices (divertor
in ITER, divertor and walls in DEMO), is thus crucial. Mechanisms responsible of hydrogen retention
take place both on material surface (erosion, co-deposition, blistering, ...) and in material bulk (vacancies,
dislocations, voids, ...) and are the results of various atomic processes. Atomic processes inducing
hydrogen retention are difficult to observe and quantify in experiments and only macroscopic effects of
retention mechanisms can be measured. Both microscopic and macroscopic modeling of retention processes
are thus required to determine and describe processes governing hydrogen retention and recycling.

Hydrogen outgassing and retention in tungsten are macroscopically described with reaction-
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diffusion (R-D) models, which are also used to analyze and interpret thermal desorption spectra (TDSP)
resulting from thermal desorption spectroscopy (TDS) experiments performed on tungsten samples im-
planted with hydrogen. Various types of traps have been characterized in TDSP but their nature remains
unclear because of limitations in R-D models. Moreover, experimental characterizations of surface pro-
cesses forming boundary conditions in R-D models exhibit large discrepancies. In this context, this work
focuses on the analysis of R-D models describing hydrogen retention in tungsten bulk and on tungsten
surface in fusion related conditions. The first part of this manuscript formed by the chapters 2 and 3 is
devoted to the modeling and the interpretation of TDSP characteristic of hydrogen retention in tungsten.
The second part of this work, constituted by the chapters 4 and 5, is dedicated to the modeling of surface
processes affecting hydrogen outgassing from tungsten.

The desorption phase in TDS experiments performed on tungsten PFC exposed to hydrogen
isotopes in fusion relevant conditions is analyzed in the chapter 2 with a R-D model describing hydrogen
retention in PFC bulk. Two regimes of hydrogen outgassing are identified depending on whether hydrogen
trapping rate is larger than hydrogen diffusion rate in material during TDS experiments. In both regimes, a
majority of hydrogen released from material defects is immediately outgassed instead of diffusing deeply
in PFC when the evolution of hydrogen concentration in PFC is quasi-static, which is the case during TDS
experiments performed with tungsten samples exposed to a flux of hydrogen isotopes in fusion related
conditions. In this context, analytical expressions of the hydrogen outgassing flux as a function of the
material temperature are obtained with sufficient accuracy to describe main features of thermal desorption
spectra. These expressions are then used to highlight how characteristic temperatures of TDSP depend on
hydrogen retention parameters, such as trap concentration or activation energy of detrapping processes. The
use of Arrhenius plots to characterize detrapping processes is then revisited when hydrogen trapping plays
a role during TDS experiments. Retention processes are also characterized using the shape of desorption
peaks in TDSP and it is shown that diffusion of hydrogen in PFC material during TDS experiments can
induce long desorption tails visible aside desorption peaks at high temperature in TDSP. These desorption
tails can be used to estimate activation energy of diffusion of hydrogen in PFC.

TDSP reported in literature resulting from thermal desorption experiments performed on tungsten
samples exposed to deuterium at several fluences are analyzed in the chapter 3 using a reaction-diffusion
model including a large number of different types of traps. The use of a large number of types of traps
allows accurate fits of TDSP at all fluences. Fits are obtained using a unique broad spectrum of detrapping

energy. Detrapping energies found in this work are in good agreement with detrapping energies predicted
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by density functional theory when several hydrogen atoms are trapped in a single tungsten vacancy. The
comparison between distributions of deuterium concentrations in material and distributions of trapped
deuterium concentrations in TDSP suggests that traps characterized by a broad spectrum of detrapping
energy, which may correspond to tungsten vacancies, are predominantly located near material surface.

The time evolution of hydrogen outgassing flux from PFC at room temperature in Tokamaks is
investigated in the chapter 4 using R-D model with a single trap in the bulk of PFC material. The release of
hydrogen is surface-limited or diffusion-limited depending on properties of material and surface processes.
In both surface and diffusion-limited regimes, the long-term decay of the hydrogen outgassing flux follows
a power-law in time ~ ¢~ *, for which k depends on the concentration of hydrogen in the material and on
the kinetic order of surface desorption processes. In surface-limited regime, reaction-diffusion models of
hydrogen outgassing from material bulk are shown to be equivalent to models of hydrogen outgassing from
material surfaces only. Experimental results showing power-law decays of hydrogen outgassing flux from
PFC during long off-plasma events (k = 0.7 for graphite and x = 0.8 for ITER-like JET configuration)
can be then reproduced using a diffusion-reaction model in surface-limited regime.

Hydrogen recombination and desorption on tungsten surface is investigated in the chapter 5,
using molecular dynamics (MD) and accelerated molecular dynamics simulations. Adsorption states,
diffusion, hydrogen recombination into molecules, and clustering of hydrogen on tungsten surfaces are then
analyzed. The quality of the tungsten hydrogen interatomic potential used in MD simulations is discussed
regarding results of MD simulations. It is shown that that three body interactions, as parametrized in
interatomic potentials available in literature, do not allow the reproduction of main experimental features
of hydrogen molecular recombination and desorption. Hydrogen clustering on tungsten surface is also
observed during MD simulations. Effects of hydrogen clustering on hydrogen desorption are analyzed
by introducing a kinetic model describing the competition between surface diffusion, clustering and
recombination. Different desorption regimes are identified, which reproduce some aspects of desorption

regimes experimentally observed when tungsten surface is saturated with hydrogen.



Chapter 2

Revisited model of hydrogen outgassing
from tungsten plasma-facing
components during thermal desorption

spectroscopy experiments

2.1 Motivation and outline

Hydrogen-tungsten systems have been investigated in the scientific community for long time
[48] and are used for various industrial applications, such as dissociation of hydrogen under gaseous form
exposed to hot tungsten filament surfaces[51]. Consequently, thorough investigations on hydrogen-tungsten
systems have been abundantly reported since the early 40’s in a variety of papers. However, most of works
on hydrogen-tungsten reported in literature mainly focus on exposure of tungsten material to hydrogen
gas or to hydrogen ions at very low energy [112, 52]. In this context, hydrogen retention and outgassing
from tungsten material are mostly governed by surface processes. TDS experiments have been therefore
modeled focusing mainly on surface processes [113, 114].

Models developed to investigate hydrogen retention and desorption induced by surface processes

may be not suitable to analyze experiments performed in fusion relevant conditions where tungsten material
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is usually exposed to energetic hydrogen at very large fluence. In those conditions, hydrogen retention
mainly occurs in the material bulk where hydrogen can be retrapped by empty traps and can also diffuse
further into material bulk during hydrogen desorption. When these bulk processes take place during
TDS experiments, thermal desorption spectra may strongly differ from spectra obtained when hydrogen
desorption is dominated by surface processes.

TDSP obtained in TDS experiments performed on tungsten samples implanted in fusion relevant
conditions (high flux and fluence of energetic hydrogen particles) are consequently modeled in this work
taking into account diffusion and retrapping of hydrogen in material bulk. It is shown that TDSP not only
depend on detrapping processes but also on these bulk processes. In this context, dependencies of TDSP
on trapping and detrapping activation energies, on initial filling of traps with hydrogen and on shape of trap
concentration profiles are examined. Hydrogen desorption regime is shown to depend on the ratio of the
detrapping rate over the trapping rate, leading to revisited interpretations of TDSP and Arrhenius plots for
TDS experiments where hydrogen desorption is governed by bulk processes. We also demonstrate how the
skewness of desorption peaks in TDSP can be used to evaluate whether hydrogen desorption is governed
by bulk processes. Moreover, we describe how hydrogen activation energy of diffusion can be evaluated
using desorption tails in TDSP.

Hydrogen desorption from tungsten samples during TDS experiments is described in this chapter
with a reaction-diffusion (R-D) model, which is widely used in literature to describe hydrogen retention in
metallic or carbon material [45, 35, 46, 42, 43, 44]. This work being focused on hydrogen retention and
desorption induced by processes in material bulk, effects of surface processes on hydrogen desorption are
ignored. Moreover, only a single type of traps is taken into account and issues related to the existence of
several type of traps and their interactions are addressed in the chapter 3. The model and results outlined
in this chapter can be nevertheless extended to include several types of traps as long as traps do not
interact with each other (e.g. clustering of vacancies). Presented results can be naturally applied to TDS
experiments performed with material and retained species other than tungsten and hydrogen. The modeling
of the implantation of hydrogen into tungsten tungsten is not covered in this work.

The R-D model describing hydrogen desorption during TDS experiments, which was shortly
sketched in the introduction, is detailed in the first section along with assumptions and retention and
desorption parameters for hydrogen in tungsten. With these parameters, two regimes of desorption are
identified depending on whether hydrogen trapping rate is larger than hydrogen diffusion rate in the

retention region. In both regimes, we show in the third section that most of hydrogen detrapped during
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TDS experiments diffuse toward the material front surface and desorb instead of diffusing beyond the
retention region when free (solute) hydrogen concentration is in equilibrium (quasi-static desorption).

In this framework, analytical expressions of the outgassing flux as a function of the material
temperature are obtained in the next section. This analytical description of TDSP is then used to analyze
main features of TDSP, such as dependencies of desorption temperatures (characterizing desorption peaks
in TDSP) on retention and desorption parameters. In the light of these results, the use of Arrhenius plots,
generated from TDSP obtained at different heating rates, to estimate activation energy and pre-exponential
factor of detrapping rates is revisited.

In addition, desorption regimes and traps can be also characterized using the skewness and the
shape of desorption peaks in TDSP. The nature and the origin of long desorption tails observed sometimes
in TDSP are discussed as well, and we show that activation energy of hydrogen diffusion in material can

be evaluated using these desorption tails.

2.2 Reaction-diffusion model of thermal desorption spectroscopy

experiments

2.2.1 Reaction-diffusion equations

We examine in this chapter the R-D model formed by the equations (1.9a) and (1.9b), briefly
portrayed in the introduction, which describes hydrogen retention and desorption from metallic PFC during
TDS experiments and which includes only one type of traps. This R-D model relies on the following

standard assumptions:

o Traps in material are immobile, whether they are occupied by hydrogen or not. This assumption is
valid for defects with high activation energy of diffusion like vacancies(e.g. activation energy of

diffusion of tungsten vacancies is about 1.6eV [115]).

e Trap concentrations in material are constant Effects of recombination and mutation of defects

during TDS experiments are ignored.

e Only one hydrogen atom can be trapped in each trap. Although DFT simulations have shown
that a single tungsten vacancy could trap several hydrogen atoms [116, 117, 118], this assumption
is however reasonable considering that trapping of several hydrogen atoms in one defect can be

modeled with several distinct traps [119]. This specific issue is addressed in the chapter 3.
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o The temperature of the material T is uniform in material and increases at the constant heating rate o

(T = Ty + o) from room temperature Ty up to Tyax usually about 1200 K.

With these assumptions, the 1D evolution of hydrogen concentration profiles as a function of the temperature
T in a material sample of thickness L in presence of one type of traps and without any source of incoming

hydrogen is described by the following reaction-diffusion equations :

9¢(x, T 92¢¢(x, T R X A A
% = D(T)% — Vtr(T) [c[rap(x) — Ct(x7 T)} cf(x’ T) + th(T) ct(x, T) (2.1a)
% = Vie(T) [Ctrap (x) — &(x, T)] &¢(x, T) = v (T) &(x,T) (2.1b)

where we have introduced the following notations sketched in fig. 2.1 :

e x is the depth of the material

® Cuap(x) = ¢ i< the dimensionless concentration of traps, which occupy the retention region of
P <Ctrap>

depth A, and {Ciap) = fOA Ctrap (X)dx.

o &¢(x,T)= ?i(:d:; and &(x,T) = % are the dimensionless concentrations of free (solute) hydrogen

and trapped hydrogen

e D is the diffusion coefficient of free hydrogen assumed to be uniform in material and described

~Eo/T | Epy is the activation energy of diffusion and Do ~ VoAZ

by the Arrhenius law D = a~'Dge
where vj is the lattice vibration frequency approximated by the Debye frequency (vy =~ 10'3s71).

Ao is the characteristic lattice cell size.

—E/T

e Vi and Vg4 are the trapping rate and detrapping rate given by v, = (x’lv,noe and vz =

a*] vd[,() e*Edl/T

, where Ei; and Eg are the trapping and detrapping energies. Vo can be expressed
in general as Vi o & VopPyrap Where Piap = lg <cmp> is the average dimensionless concentration of

traps in material usually expressed in atomic percent (at.%). V4 o is approximated by V4 o = Vp.

As mentioned in the first chapter, the Boltzmann constant kj, is omitted in the paper. Effects of surface
retention processes on hydrogen outgassing are neglected as mentioned in the introduction, and thus

boundary conditions of equations (2.1) are

:(0,T) =0 and &(L,T) =0 (22)
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Figure 2.1: Hydrogen outgasssing from material during TDS experiments.

where x = 0 is the position of the material front surface, which was exposed to incoming hydrogen flux,
and x = L is the position of the material rear surface.
Trapped hydrogen is usually concentrated in the first micrometers near the material front surface
(A ~ 0.1 — 10 um) after implantation of material with hydrogen, whereas the material thickness is usually
around some millimeters (L ~ 1 mm). Consequently, it can be reasonably assumed that hydrogen does
not diffuse up to the material rear surface during TDS experiments (A +4/ fTZ"‘“X D(T)dT ~10~*m < L).
Hydrogen desorption flux from rear material surface is thus neglected and the outgassing flux of hydrogen
I'out from material is
dct

Low=D ——

Ep (2.3)

x=0

Material samples implanted with hydrogen are usually stored for long periods at room temperature
after implantation and before being analyzed with TDS. It is assumed here that the storage periods are
long enough such that the majority of free hydrogen remaining in material after material implantation are

outgassed from material before TDS experiments are performed.

2(x,Tp) ~ 0 (2.4)

2.2.2 Parameters of reaction-diffusion equations relevant to thermal desorption
spectroscopy experiments
TDS experiments are examined here considering hydrogen desorption and retention in tungsten

samples implanted with hydrogen in fusion relevant conditions (high flux and fluence of energetic hydrogen

particles). Typical retention and desorption parameters corresponding to this framework are outlined in
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table 2.1. In literature, hydrogen trapping in tungsten defects is usually supposed to be limited only by
diffusion without additional trapping energy barrier (Ey, = Ep [120]).

Many DFT simulations [116, 117, 118] have suggested that activation energy of detrapping of
hydrogen in tungsten vacancies decreases from 1.4eV to 0.80eV when several hydrogen atoms are
trapped in a single vacancy. However, no indication is given about corresponding values of the trapping
energy Ei.. One thus cannot exclude that E; # Ep when several hydrogen atoms occupy one tungsten
vacancy. Nevertheless, we assume in general in this work that E}, = Ep, unless otherwise mentioned.

Traps are supposed to be initially uniformly filled with hydrogen

Q) _ g 2.5)
Ctrap(x)

where &y(x) = é(x,Tp). Trapped hydrogen concentration is usually close to saturation at the end of the
implantation phase (éy ~ 1) when tungsten samples are exposed to large flux and fluence of hydrogen
typical of fusion relevant conditions. However, &, also depends on the storage time and conditions, and may
thus remain unknown. We therefore consider in this work a large range of initial trap filling (0 < & < 1).

The concentration of traps éy,p is taken uniform in the retention region when performing numerical

simulations in this work:

lifx <A
Crrap(X) = (2.6)

0 otherwise
This assumption is motivated by the weak dependency of TDSP on the shape of trap concentration profiles,
which is detailed in section 2.5.3.

The heating rate o = 1 Ks~! is used to perform calculations in this work , unless otherwise stated.

2.3 Quasi-static hydrogen thermal desorption

Retention processes are analyzed in TDS experiments based on the variations of the outgassing
flux as a function of the material temperature. In this part, we examine the R-D model to provide suitable
analytical descriptions of outgassing flux during TDS experiments with conditions and parameters specified
in tab. 2.1.

The evolution of the trapped hydrogen concentration ¢; as a function of T strongly depends on

the magnitude of the trapping process. The characteristic rate of trapping Vi, can be compared to the



30

Table 2.1: Parameters of retention and TDS experiments for tungsten samples implanted with hydrogen.

W Lattice 20 =3.16, vy = 101357

Material thickness L=0.1—1mm

Diffusion H Do =10"m2s" !, Ep = 0.40eV [59]

Trapping H Vieo =0, Eu = Ep [36]
Prap ~ 1078 — 10 at.%

Detrapping of H Va0 = Vo, Eqr = 1.00 — 1.60eV [20]

Initial trap filling 0<ép<1

Retention depth A=0.1—10um [36]

To — Tmax 300K —1200K

o 1Ks™!

characteristic rate of diffusion in the retention region % using the dimensionless parameter

Vi

étrapping = D/Ai 2.7

and two regimes of hydrogen thermal desorption can be distinguished:

e the detrapping-limited regime characterized by &irapping << 1, for which hydrogen is not trapped
in the retention region while diffusing toward material surface. Hydrogen desorption is thus limited

by hydrogen detrapping, hence the term detrapping-limited regime.

e the retrapping-limited regime characterized by &rapping > 1 and for which hydrogen is retrapped
in the retention region while diffusing toward material surface. Hydrogen desorption is thus limited

by hydrogen retrapping in the retention region, hence the term retrapping-limited regime.

We demonstrate in the following sections that the evolution of the free hydrogen concentration in
material during TDS experiments is quasi-static under certain conditions in both retrapping-limited and
detrapping-limited regimes. The term quasi-static stands here to indicate that variations of free hydrogen
concentrations are negligible compared to variations of trapped hydrogen concentrations with the material

temperature, which translates as % ~ 0 in equation (2.1a). When hydrogen outgassing is quasi-static,

R-D equations (2.1) can be approximated and analytical expressions of the outgassing flux can be obtained

in both regimes.
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2.3.1 Hydrogen desorption in detrapping-limited regime

In detrapping-limited regime, hydrogen trapping is slow compared to diffusion of hydrogen in
the retention region toward material surface, and the trapping term in R-D equations (2.1) can be ignored.
These R-D equations can be thus recast into a single standard diffusion equation with a temperature-
dependent non-uniform source. The characteristic depth of hydrogen diffusion in the material is then
8(T) =/ J# D(T)dT.

When the material temperature is large enough such that hydrogen deeply diffuses beyond the
retention region (condition 2.8) and when the variations of the detrapping rate with temperature are slow

compared to the hydrogen diffusion rate in the retention region (condition 2.9), variations of free hydrogen

concentration are quasi-static (‘ 2 alnTéf < ‘ aalnT‘?‘ in eq. 2.1a> as depicted in figure 2.2c.
o(T)>1 (2.8)
a In é[ D
~V, — 2.9
’ a T dt < A2 1) ( )

During quasi-static hydrogen desorption, the diffusion flux of hydrogen beyond the retention
region 'y =—D % A is negligible compared to the outgassing flux (I'a < I'oyt, fig. 2.2a). T'a is actually
low because of the fast diffusion of hydrogen in the retention region and beyond the retention region
(fig. 2.2b), which allows slow variations of the free hydrogen concentration in the retention region and thus
flat profiles of free hydrogen concentration

The conditions (2.8) and (2.9) correspond to the temperature range Tp < T < Ty where Tp and Ty,

D(Ty)
Az

are defined by 6 (Tp) = A and vg; (Ty) = In this temperature range, majority of hydrogen detrapped
in the retention region diffuses toward the front surface of material and desorbs. Therefore, the outgassing
flux does not depend on the spatial distribution of the trapped hydrogen concentration &y (%) ~ Cyap(X) in
the material but only on the quantity of total hydrogen retained in the material fOA éo(x)dx’.
Consequently, the concentration of traps can be conveniently assumed to be uniform in the
retention region and the initial concentration of trapped hydrogen é(x) can be replaced by the average

concentration (&y) = fOA éo(x)dx. Profiles of the free hydrogen concentration in the retention region thus

follow
R o fx X
¢e(x, T) ~ (Co) <A - 2A2> (2.10)

The diffusion operator and the outgassing flux can be then explicitly formulated as a function of
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Figure 2.2: Hydrogen desorption in detrapping-limited regime simulated with R-D equations (2.1) using
Egq=140eV,A=1um, & = 1 and pyap = 10 %at.%.

the free hydrogen concentration at the boundary of the retention region é¢(A, T') (exp. 2.11 and 2.12).

A azéf(x7 T) ~ é'\f(A7T)
) ~2D(T) 5 @2.11)
Fou(T) ~ 2D(T)M 2.12)

A

In the temperature range Tp < T < Ty, it is thus legitimate to replace the R-D equations (2.1) by

the first-order differential equations (2.13), where ¢t = ¢7(1,T), ¢, = ¢&(1,T) and vp = 2%.

de
97 = Vet — Vulr(l = &)+ Val (2.13a)
d¢
di]f == VtrC_f(l - Et) - thC_t (213b)

The outgassing flux as a function of ¢; then reads

A

Tout = VDt (2.14)

The terms % and vy¢¢(1 — &) can be ignored in equations (2.13) but are kept for the sake of generality.
An analytical expression of the outgassing flux can be obtained by solving the equations (2.13) in the

temperature range Tp < T < Ty (see sec. 2.4).
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2.3.2 Hydrogen desorption in retrapping-limited regime

In retrapping-limited regime, the trapped hydrogen concentration can be in equilibrium, id est

>

ng =~ (0 in eq. (2.1b), only when the trapping rate is larger than the detrapping rate (condition 2.15).

V,
Ege = v—d‘ <1 (2.15)

tr

The condition (2.15) is valid when T < Ty, where Ty, is defined by &y (T;;) = 1. In this temperature range,
the equation (2.1b) reads

Vie(T)é¢(x, T)
th(T) + Vtr(T)éf(X, T)

&, T) = Curap (x) (2.16)

In this work, we consider uniform trap concentration profiles in the retention region, i.e. yap = 1 if x <A
and Cyap = 0 otherwise, and effects of non-uniform trap concentrations are thus ignored. It can be shown
that these effects are however limited, and results derived below remain valid also for non-uniform trap
concentrations.

When the relationship (2.16) holds, the free hydrogen concentration ¢; can be expressed as a

function of the total hydrogen concentration ¢y = ¢+ ¢5 (eq. 2.17).
. é
G ar o 2.17)
P

The reaction-diffusion equations (2.1a) can be then recast into a single non-linear diffusion equation for ¢y

(eq. 2.18), where Degy = D‘:,—‘:r‘ is the effective diffusion coefficient.

(2.18)

o _ 9 ( D i
dT  OJx

aT (1—éy)? ox

The characteristic depth of diffusion of hydrogen in the material is thus approximated by O (7) =
J7, Dee(T")dT".

In this context, the outgassing flux reads

. déy/(1—2¢
P = Do 200/ (1=Cn) (2.19)
dx x=0
In the temperature range Teq < T < Ty, the condition (2.15) imposes ¢ < ¢; and thus a—éTf <

% , which guarantees that the evolution of ¢ is quasi-static (% ~ 0 in eq. 2.1a). We might therefore

expect that most of hydrogen desorb through the front surface of material rather than diffuse beyond the
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retention region like in detrapping-limited regime.

The inequality I'oy > ['4 cannot be analytically established in retrapping-limited regime because
of the non-linearities in equation (2.18). We however show hereafter that this inequality qualitatively holds
in the temperature range Tp < T < T;, where T is again defined by 6(7p) = A.

The characteristic temperature of desorption 7.5 can be defined by f Ldes Tou(T")dT’ ~ A. When

the characteristic depth of effective diffusion is shorter than the retention depth (e (7T) < A), in = 2 o
is a low bound for estimations of outgassing flux, and Ty can be evaluated by
T2
D=3 o A2 (2.20)
Eefr

where Eeif = Eg, — Eyr + Ep. The relationship (2.20) can be recast into Oefr(7ges) & A, which indicates that
most of hydrogen are outgassed when hydrogen atoms can effectively diffuse from the retention region

toward the front surface of material. The characteristic width 8 Tye, of the desorption peak can be estimated

2
from the relationship (2.20) to be 6 Tyes ~ ZS‘Z

Let now compare the characteristic concentration of free hydrogen in the retention region

(6¢(Tges)) ~ Fg’dt(Tdes) to the characteristic concentration of free hydrogen beyond the retention region

_ es [
C(Tyes) ~ \/D T j la \/L; = )41’ during hydrogen outgassing.

. _ 2
If A ~ Tou > sz , the free hydrogen concentration at x = A obeys ¢¢(Tyes) = %Zd%) %'
es

Since Degr = Dt—f‘, we have
T

Ef(Tdcs) > 5(Tdes) E7D
<éf(Tdes)> ~ A Eest

2.21)

Free hydrogen diffuses way beyond the retention region when Tges > Tp (0(Tges) > A). Ac-
cording to the relationship (2.21), the free hydrogen concentration would be much larger beyond the
retention region than in the retention region itself in the temperature range Tp < T < Ty, if fA ~ T ou. Such
accumulation of free hydrogen beyond the retention region contradicts the fact that a majority of hydrogen
is supposed to have desorbed when T ~ Tyes.

Therefore, the majority of hydrogen diffuses from the retention region toward the front surface of
material instead of diffusing beyond the retention region (f"A < fout) in the temperature range 7p < T < Ti;.
These qualitative results are confirmed when numerically solving equations (2.1) as illustrated in figure 2.3a
and 2.3b. We might thus expect that R-D equations can be also well approximated by equations (2.13) in

retrapping-limited regime. The outgassing flux is however underestimated when approximating aH by =% a
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Figure 2.3: Hydrogen desorption in retrapping-limited regime simulated with R-D equations (2.1) using
Eq=1.40eV,A=1um, 3 = 1 and pyap = 107> at.%.

when T < Tyes because of the slow effective diffusion of hydrogen (8es(T) < A). This approximation may
nevertheless holds when 7" > Tes.

Consequently, the first order differential equations (2.13) cannot provide a very accurate approxi-
mation of the R-D equations (2.1) but can provide reasonable upper bounded estimations of the outgassing
flux as a function of the temperature in the temperature range Tp < T < Ty, as illustrated in figure 2.7. In
particular, temperatures of desorption peaks estimated with the first order differential equations (2.13) are
close to Tges obtained with equations (2.1) (sec. 2.5.1).

Hydrogen trapped concentration have been assumed to be in equilibrium when 7' < T, (eq. 2.16).
However, equilibrium of ¢ is formally reached when T > T.q where the equilibrium temperature Teq
is defined by [, Vie(T")et(A,T') + vau(T')dT’ = 1. Noticing that [} vie(T")er(A,T") + Var(T')dT’ ~
[TTO Vai(T")dT’ and that S (T < Tges) < A, one can deduce that Toq < Tges in retrapping-limited regime
where §trapping = ﬁ > 1. Hydrogen trapped concentration is thus in equilibrium (‘ %‘ < Vd:@t) during
main part of hydrogen desorption (fig. 2.3c).

It is therefore legitimate to neglect effects of initial trap filling when qualitatively analyzing
hydrogen outgassing in the temperature range 7p < T' < Ti;. A quantitative description of these effects is
nevertheless provided in section 2.5.2.

In the region x < A/&yapping, hydrogen cannot be retrapped and immediately desorbs from
material. Hydrogen concentration in this narrow region is close to zero when Sefr(T) > A/Eirapping. In
parallel, hydrogen desorption takes place as if the retention region was semi-infinite while S(7') < A. This
= fr =55
in the temperature range A/ &rapping < Oeir(T) < A with f(0) ~ 0 and f’(4e0) — 0. This latter asymptotic

invites us to seek solutions of the diffusion equation (2.18) under a self-similar form

condition results from the limited diffusion of hydrogen beyond the retention region highlighted earlier in
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Figure 2.4: f () as a function of f"(0) for self-similar solutions of equation (2.18) obtained by shooting
method for 0 < x < ¥ = 10° with £(0)=0.

this section. The outgassing flux can be then expressed as a function of f7(0).

De (£
Tr(0) 2.22)

f‘out =
6eff

The introduction of a self-similar solution in equation (2.18) however leads to an ill-conditioned
problem since the value of éy at x = A, which determine f(+-c0), varies with temperature during hydrogen
desorption. One can nevertheless numerically show that f’(0) weakly depends on f(4o) when S(T) < A
for which f(+4o0) > 1 (fig. 2.4). The expression (2.22) thus constitutes a good approximation of the

outgassing flux and the following dependency
(2.23)

holds when A/&irapping < efi(T) < A with f(0) ~ 0. The validity of the dependency 2.23 is numerically

verified in section 2.7.3.

2.4 Retrapping-limited vs detrapping-limited thermal desorption

When hydrogen trapping is only limited by diffusion (Ey; = Ep), the dimensionless parameter

2
gtl’apping reads §trapping = (%) Prrap» Where Pyp is the atomic concentration of traps. Hydrogen desorption
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Figure 2.5: Graph of étrapping as a function of the trap concentration pyap and the retention depth A
assuming Ey, = Ep.
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Figure 2.6: Temperature T in retrapping-limited regime (b) and detrapping-limited regime (c) calculated
assuming Ey = Ep. Each color represents a range of 100K (e.g. the yellow color corresponds to
800K < T < 900K).

2
is thus retrapping-limited when either the trap concentration is large (ptrap > <%) ) or when traps

are located far in the material bulk (A > Ao \/p]Tap> On the other hand, the detrapping-limited regime
corresponds to either low trap concentration or to traps concentrated in shallow regions under material
surface. The detrapping-limited regime might then be reached in the first sub-surface atomic layers where
hydrogen implantation usually takes place (A ~ 10nm), but concentrations of traps might be very high in
this region as well. In general, A 2> 1 ym and pyrap > 1073 at.% for material samples exposed to flux and
fluence of hydrogen particles relevant to fusion conditions. Hydrogen desorption is therefore likely to be

retrapping-limited during TDS experiments performed on tungsten samples implanted with hydrogen in

fusion relevant conditions (fig. 2.5).
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Let now examine whether outgassing of hydrogen is quasi-static during TDS experiments, id est
whether hydrogen thermal desorption occurs in the temperature range Tp < T < Ty in detrapping-limited
regime and Tp < T < T in retrapping-limited regime. The upper bound temperatures Ty and 7;; are equal

to the temperature 7g.s defined by &y.(Tys) = 1, where

. th(T)
~ ve(T)+D(T)/A?

Sas(T) (2.24)

Considering the activation energy of diffusion of hydrogen in tungsten Ep = 0.39eV and typical retention
depths A ~ 1 um for samples implanted with hydrogen in fusion relevant conditions (tab. 2.1), the lower

bound temperature Tp defined by 6(7p) = A is usually close to room temperature (exp. 2.25).
Tp ~ 300K (2.25)

Assuming that trapping is only limited by diffusion (Ey = Ep), Ty.s depends either on the
retention depth A and on the activation energy of detrapping Eg; in detrapping-limited regime, or on the trap
concentration Py,p and Eg in retrapping-limited regime. Considering standard retention and desorption
parameters summarized in tab. 2.1, the temperature 7. is thus around 800 — 1000K in retrapping-limited
and detrapping-limited regimes (fig. 2.5b and fig. 2.5¢).

Experimental values of temperature of desorption peaks in TDSP reported in literature are well
above room temperature and are usually below 1000K. Since TDS experiments are expected to occur
in retrapping-limited regime, it is thus likely that hydrogen desorption occurs in the temperature range
Tp < T < T in most of TDS experiments. These conclusions do not depend on the heating rate o used
in TDS experiments.

We can therefore seek analytical descriptions of the hydrogen outgassing flux as a function of
the material temperature by substituting the R-D equations (2.1) with the first order differential equations
(2.13), although the accuracy of these latter equations to describe hydrogen outgassing during TDS
experiments is limited (but still acceptable) in retrapping-limited regime (see below). Equations (2.13)
can be analytically solved noticing that the evolution of ¢ is also quasi-static in the temperature range
Ip <T <Tys (% ~0ineq. 2.13a). The outgassing flux is then determined using the relationship (2.14)

(see appendix B).
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e in detrapping-limited regime

Fou(T) = Aéova(T)e alT) (2.26)
where Qq(T) = [7 vai(T")dT".
e in retrapping-limited regime
~ —ne—C0 o Qe o(T)
Frou(T) = 22e0) _0(Cae e ) (227)

A 1+a)(—éoe‘50e*9eff(T))

where Qe(T) = fTT) vp(T') “//‘l‘r‘g,lg dT’ and @ is the Lambert function.

Estimations of the outgassing flux with the relationship (2.26) in detrapping-limited regime are
very accurate (fig. 2.7a), as outlined in section 2.3.2.

Estimations of the outgassing flux with the expression (2.27) are less accurate in retrapping-limited
regime because of the slow effective diffusion of hydrogen in the retention region. These estimations
remain nevertheless good enough to describe main features of TDSP (fig. 2.7b-h). This point is illustrated
in the next section, where dependencies of TDSP on retention and desorption parameters are investigated

in retrapping-limited regime using expressions (2.27).

2.5 Properties of thermal desorption spectra

Properties of thermal desorption spectra are investigated in this section using typical retention
and desorption parameters detailed in section 2.2.2. It can be easily verified that hydrogen desorption
peaks in TDSP, calculated with these retention and desorption parameters, are in the temperature range

Tp < T < Ti., in which the relationships (2.26) and (2.27) can be used to calculate the outgassing flux.

2.5.1 Temperature of desorption

The temperature of desorption Tges in TDSP is the temperature at which the outgassing flux is

maximum during TDS experiment (eq. 2.28).

A

a l—‘out
a r T=Tjes

=0 (2.28)
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Figure 2.7: Comparaison between TDSP calculated with R-D equations (2.1) (red) and TDSP calculated
with the expressions (2.26) and (2.27) (black) in detrapping-limited regime (a) and retrapping-limited

regime (b-g).

Tyes can be expressed as a function of retention and desorption parameters using expressions

(2.26) and (2.27) (appendix C):

e in detrapping-limited regime, Ty is the solution of Qg (Tges) A= 1 and

Tges =

Eq4

2@(

1

VaroEat
da

(2.29)

e in retrapping-limited regime, Tyes is the solution of Qep(Tges) = O(Ep), where O is defined in

appendix C and verifies 0.46 < ® < 1. Tges then reads

Tges =

Eeff

1

zw<

Vet 0 Eetf
2000 (@0 )

Vit ,0

(2.30)

. . D
where o is the Lambert function, Eeff = Eq + Ep — Eyr and Vegrp = Viro AZO . We have used the exact
tr,

pre-exponential factors vy o and Vegr o in both expressions of Ty for the sake of generality. vqi o = Vo
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Figure 2.8: Values of Tj. from TDSP calculated using eq. (2.1) with Eq, =1.2—1.6eV,A=10"%m
and &y = 1 in detrapping-limited regime (blue dots, Ptrap = 10%at.%) and in retrapping-limited regimes
(green dots, Pirap = 1073 at.%).

2
and Vegro = (%) Y0 with the notations introduced in section 2.2.1.

Ptrap

Tyes 1s well predicted by formula (2.29) in detrapping-limited regime (fig. 2.8). In retrapping-
limited regime, predictions of Tyes with the formula (2.30) are less accurate but still reasonable considering
that the linear dependency of Tges on Ey is well reproduced and that logarithmic dependencies on Pyap
and A can be also well reproduced. The equation Qef(Tges) = @(&p) can be indeed approximated into
Oefr(Tyes) ~ A since 0.46 < ® < 1, and this latter estimation corresponds to the qualitative estimation of
Tyes in retrapping-limited regime obtained in section 2.3.2 (eq. 2.20).

Values of Ty significantly differ between detrapping-limited regime and retrapping-limited
regime (fig. 2.8) because of the different pre-exponential factors in the expressions of Tges (Vqt,0 in exp. 2.29
in detrapping-limited regime and Vegt,o in exp. 2.30 in retrapping-limited regime). Since Vefro << Vqi,0 With
typical retention and desorption parameters, Tges is larger in retrapping-limited regime than in detrapping-
limited regime. This can be seen as a consequence of the retrapping of hydrogen in the retention region,

which slows down hydrogen desorption.

2.5.2 Effects of initial filling of traps with hydrogen on thermal desorption spectra

The initial concentration of trapped hydrogen ¢ is generally unknown when modeling
The initial filling of traps with hydrogen ¢y is generally unknown when modeling TDS experi-

ments, although traps are often assumed to be initially close to saturation (&y =~ 1). It might be therefore
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useful to predict the dependency of desorption peaks on &.

I"out depends on ¢ in retrapping-limited regime but not in detrapping-limited regime according
to relationships (2.26) and (2.27) (fig. 2.9a). The dependency of Tys on ¢y is qualitatively reproduced in
retrapping-limited regime(fig. 2.9b), although the expression (2.30) does not give an precise estimation of
Ties-

The dependency of Tyes on ¢y is only significant when ¢y > 0.1. For these values of ¢y, desorption
peaks shift toward low temperature and become wider due to the quick detrapping of hydrogen from
traps filled with hydrogen when hydrogen desorption starts, which leads to a quick depletion of detrapped
hydrogen to maintain equilibrium of ¢.

Shift and widening of desorption peaks in TDSP produced when ¢\ increases may be experi-
mentally used to investigate traps mutations or recombination when a same tungsten sample is repeatedly
exposed to different hydrogen doses between TDS experiments, or when investigating the decay of retained

hydrogen during storage of samples before performing TDS experiments.

2.5.3 Effects of the shape of trap concentration profiles on thermal desorption

spectra

In this work, effects of the shape of trap concentration profiles on hydrogen desorption are ignored
by assuming that the trap concentration &, is uniform in the retention region. In detrapping-limited
regime, the outgassing flux does not depend on the shape of trap concentration profile (sec. 2.3.1). In
retrapping-limited regime, the diffusion coefficient in the equation (2.18) reads (C[mf%f;{)z when taking into
account variations of Cyap along the depth of the material. Differences in desorption peaks induced by
variations of trap concentration in material depth are thus small and fall in experimental error bars when
4 prap(x) ~ 1/A (fig. 2.10).

Effects of the non-uniformity of trap concentrations can be thus ignored when modeling and
analyzing hydrogen desorption in TDS experiments. Rough experimental estimations of the shape of
trap concentration profiles are then sufficient to examine main features of TDSP. Similar conclusions

can be made when the initial filling of traps with hydrogen &y is not uniform in material, provided that

4&(x) ~ 1/A.
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Figure 2.9: (a): TDSP calculated with Eq; = 1.40eV and A = 5 um in detrapping-limited regime (Pyrap =
1078 at.%) and in retrapping-limited regime (Otrap = 1074 at.%), and rescaled as a function of ¢y I

(b): Desorption temperature Ty obtained from TDSP calculated in retrapping-limited regime (triangle)
and Tyes evaluated with the expression (2.30)(solid line) plotted as a function of ¢&.
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Figure 2.10: TDSP in retrapping-limited regime calculated for different shapes of trap concentration
profiles assuming ¢y (x) = Cyap(x) with Eqc = 1.40eV, A =5 um and pyrp = 10~*at.%. The total quantity
of traps in material is constant.

2.5.4 Similarities of thermal desorption spectra

The diffusion equation (2.18) indicates that hydrogen outgassing in retrapping-limited regime
is only characterized by the effective diffusion coefficient Deg = D‘% when temperature varies. It thus
suggests that similar TDSP can be obtained in retrapping-limited regime either with different trapping and

detrapping energies or with different trap concentration profiles. Both cases are examined below.

Similar thermal desorption spectra induced by different trapping and detrapping energies

The dependency of [yy on Degy in retrapping-limited regime implies a dependency of I’y on the
effective detrapping activation energy E.gf = Egq — Eir + Ep. Desorption peaks in this regime can be thus
induced with different values of E; and Eg;, provided that the difference Eq4; — Ei; is constant. Consequently,
a given desorption peak may not correspond unequivocally to one type of traps, as portrayed in figure 2.11c
where TDSP in retrapping-limited regime are similar when both E4; and Ei; are increased of 0.3 eV, but
differ when only Ey; is increased of 0.3 eV .

The outgassing flux does not explicitly depend on hydrogen trapping and diffusion in detrapping-
limited regime (eq. 2.26), and therefore similar TDSP can be obtained in this regime with different values
of Ey, provided that &rapping < 1 (fig. 2.11a). In mixed regime when étrapping ~ 1, TDSP depend on both
E4 — Eyy and Ey; (fig. 2.11Db).

In general, only the difference Eq4 — Ei; can be estimated in retrapping-limited regime, and
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Figure 2.11: TDSP calculated with different set of trapping and detrapping activation energies in
detrapping-limited regime (a), mixed regime (b) and retrapping-limited regime (c) with A = 10 °m
and ¢y = 1.

thus E4 can be only estimated in this regime when trapping is only limited by diffusion (Ey = Ep).
Estimations of E; could be obtained if TDS experiments can be performed in both retrapping-limited and

detrapping-limited regimes.

Similar thermal desorption spectra induced by different trap concentration profiles

In retrapping-limited regime, desorption peaks with similar shape and position can be also
generated with different trap concentration profiles provided that ptmpA2 is constant since Dy o< Az;Tap
(fig. 2.12). The total amount of hydrogen ¢opyapA may be not constant and therefore only the shape and
the position of TDSP are comparable.

These similarities in TDSP could be advantageously exploited in TDS experiments performed
with samples pre-irradiated with energetic ion beams creating displacement damages, for which trap
concentration profiles in material can be controlled [121, 122]. Such similarities are not expected in
detrapping-limited regime since the outgassing flux does not explicitly depend on hydrogen trapping
and diffusion is this regime. Therefore, TDS experiments performed with constant value of ptrapA2 but

several values of pyp and A may give indications on whether hydrogen desorption is detrapping-limited or

retrapping-limited.
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Figure 2.12: Similar TDSP induced by different trap concentration profiles calculated using Eq; = 1.40eV ,
éo =1 and ptmpA2 / A2 = 10. TDSP are rescaled since the total quantity of hydrogen &piapA is not
constant.

2.6 Revisited interpretation of Arrhenius plots for thermal desorp-
tion spectra generated with several heating ramps

Activation energies and pre-exponential factors of detrapping rates are usually evaluated either by
fitting experimental TDSP solving equations (2.1) or by generating an Arrhenius plot for several TDSP
obtained at different heating rates . This latter method is advantageous by its simplicity and its better
accuracy due to a larger number of experimental data. However, the interpretation of Arrhenius plots
strongly depends on whether hydrogen desorption is retrapping-limited or detrapping-limited.

Activation energies are deduced in Arrhenius plots from the slope of the graph —In( o) 4 2 In(Tyes)
as a function of 1/Tyes. The logarithm of the inverse expression of the equation (2.29) and (2.30) indeed

reads

e in detrapping-limited regime
_ 1 Vdt,0
—In(a)+2In(Tges) = Egt | =— | —1In o (2.31)
dt

e in retrapping-limited regime

—In(a) +2In(Tes) = Eerr (Tl) —1In (vf“)> (2.32)

des Ectr



47

@ detrapping-limited regime
M retrapping-limited regime

16 LdeV (1/Tw)—11.9
' /
s 14} ’ n
& ; g
= ® !
N ! N
+ 12k 4 n
S : .
=
T ¢ :
10 ) "
S 14eV (1/Tye) —20.5
| | | |

1/770 1/580 1/465 1/380
1 /Tdes [ 1/K]

Figure 2.13: Arrhenius plots for TDSP calculated with several (five) heating ramps (0.1Ks™! <
a < 10Ks™!) in retrapping-limited regime (Ptrap = 10~*at.%) and detrapping-limited regime (Ptrap =
10~8at.%). Other parameters are Eg = 1.40eV, A=5um and ¢y = 0.5.

The equation (2.32) has been derived assuming that ®(&y) =~ 1 since 0.46 < ©(¢&) < 1.

Slopes of Arrhenius plots are equal to Eeff = Eg; — Eyr + Ep in retrapping-limited regime and to
E4; in detrapping-limited regime (fig. 2.13). This difference in measured activation energies is only of
interest when trapping is not limited by diffusion only (Ey; # Ep).

The pre-exponential factor of the detrapping rate is also often evaluated with offsets of curves in
Arrhenius plots [36]. This method is only valid in detrapping-limited regime where the pre-exponential

factor in expression (2.31) is indeed Vg4, 0. In retrapping-limited regime, the pre-exponential factor in

Var,0Do
Vtr,OAZ ’

expression (2.32) is Vegrp = Consequently, offsets measured in Arrhenius plots may vary from
several orders of magnitude depending on the desorption regime since Ver,o << Vqi,0. For example, the
measurement of the offset in retrapping-limited regime in figure 2.13 gives a pre-exponential factor Vg o
about 2.6 x 107s~! (Vefro = 1.7 x 10°s~! in simulations). In contrast, the measurement of the offset in
detrapping-limited regime gives a pre-exponential factor Vet about 6.22 x 102571 (vg 0 = 101357 ! in
simulations).

Knowing the desorption regime is thus crucial to correctly estimate the pre-exponential factors
from the curve offsets in Arrhenius plots. Moreover, values of pre-exponential factors vy and Vg o of

trapping and detrapping rates cannot be explicitly inferred from Arrhenius plots in retrapping-limited

regime. Only the value of Vg o can be directly estimated in this regime.
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Figure 2.14: Natural skewness of desorption peak.

2.7 Skewness, tails and slopes of desorption peaks in thermal des-
orption spectra

Besides Arrhenius plots or direct fitting of TDSP with R-D models, the shape and slopes of
desorption peaks and broad desorption tails in TDSP can also be used to characterize desorption regimes
and traps.

Desorption peaks in TDSP can be usually described in an approximated form by

A

Fou(T) ~ v(T)e™ VT (2.33)

where v(T') ~ e EIT as suggested by expressions (2.26) and (2.27). Variations of [y, with temperature
therefore depend on whether jTZ v(T)dT < 1 or fTTO v(T)dT > 1. The natural skewness of desorption
peaks is therefore non-zero and desorption peaks are naturally asymmetric (fig. 2.14). In addition, the
expression (2.33) also suggests that the slope of I’ in TDSP can be directly used to obtain estimations of
the activation energy of detrapping when fTTO v(T)dT < 1.

Another type of asymmetry can be observed in TDSP when broad desorption tails appear at
high temperature as sketched in figure 2.15. These long desorption tails are induced by the outgassing of
hydrogen which has diffused beyond the retention region during TDS experiments.

The interest of skewness, slopes and tails of desorption peaks when analyzing TDSP is discussed

and illustrated in this section with some experimental TDSP reported in literature [36].
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2.7.1 Skewness of desorption peaks

The skewness of desorption peaks can be quantified by

. 1 T +T71-
$(B) =7~ (+(ﬁ) 5 ) _ Tdes> (2.34)
des
Fout(T:t) _ .
where the temperatures T’y > Tyes and 7- < Tyes are formally defined by ﬁ =B with0<f <1
out \ Ldes

(fig. 2.14).

The skewness estimator S was used for example to analyze TDSP induced by surface processes
[123]. A negative skewness S < 0 indicates that the left shoulder of desorption peak, which stands at low
temperature (T < Tyes) is wider than the shoulder at high temperature (T > Tyes). A desorption peak with
negative skewness is then asymmetric toward low temperature as portrayed in figure 2.14.

S(B) can be estimated using the analytical expressions of the outgassing flux (2.26) and (2.27) in
detrapping-limited and retrapping-limited regimes (appendix D). In retrapping-limited regime, the accuracy
of the expression (2.27) is limited when T < Tj.s because of the slow effective hydrogen diffusion in
the retention region, as pictured in section 2.4. Desorption peaks predicted with the expression (2.27)
then stand at higher temperature than real desorption peaks (sec. 2.5.1), and slopes of desorption peaks
calculated with the expression (2.27) are more pronounced than real slopes when T < Ty (fig. 2.7).

Consequently, only lower bounds for the estimation of skewness can be obtained in retrapping-limited

regime with the expression (2.27).

The width of desorption peak |7 + T_| grows as 3 decreases, id est aa—; < 0. The sign of § is
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A A 3 f-
thus equal to the sign of the skewness Sqes in the vicinity of Ty (Sdes = Td3cs %

) . It can
T:Tdes

be analytically shown using expressions (2.26) and (2.27) that §des < 0 in both detrapping-limited and

retrapping-limited regimes. The skewness of desorption peaks is thus always negative
S(B) <0 (2.35)

Desorption peaks induced by processes which can be described with the R-D equations (2.1) thus always
exhibit negative skewness and are asymmetric toward low temperature.

As detailed in appendix D, it can be shown after some algebra that S o In 8 (fig. 2.16a) and
that the value of A = % strongly depends on whether hydrogen desorption is detrapping-limited or

retrapping-limited. A < 0.01 in detrapping-limited regime and A > 0.01 in retrapping-limited regime for

typical retention and desorption parameters (fig. 2.16b). Since aa—g < 0and § < 0, desorption regimes and

properties of experimental desorption peaks can be conveniently determined using A:

e if A > 0.01, hydrogen desorption is retrapping-limited, and the skewness of desorption peak is

negative.

e if 0.01 > A > 0, hydrogen desorption is detrapping-limited, and the skewness of desorption peak is

negative.

e if A <0, the skewness of the desorption peak is positive, id est desorption peak is asymmetric toward
high temperature, suggesting that hydrogen desorption may be governed by retention and desorption
processes which are not described in R-D equations (2.1), such as surface effects, mutating traps,

interactions between traps, ...

The threshold value A = 0.01 separating detrapping-limited and retrapping-limited regimes weakly depends
on the heating rate and can be used to analyze desorption regime with any heating rate.

The practical use of A to analyze experimental TDSP may be not straightforward when TDSP are
complex, like for instance experimental TDSP reproduced from literature [36] in figure 2.17a, where at

least two desorption peaks are visible. This issue can be overcome by estimating A with the average value

of 5255 in the range Buin < B < 0.90

. PN
A(Buin) = = 2.36)
(Piin) < dInp >ﬁmin<ﬁ<0.90 (



51

0.00 . . .
— retrapping-limited
—- detrapping-limited
002 pping
—0.04 |- Retrapping-limited | (030 |-
y=0.028In+0 | _
— £
Q _0.06 £
< N~—
A c- o /' A | Ppup | Eq < 0.02 |-
0.08 — 10/ 5um/ 0.1at%/ 1.30eV
e — 0.5/ lum/ 0.5at.%/1.40eV
- 1/10“1’1’1/ Oozdt%/16oev 001 b e
—0.10 |- == 1/ 1lum/1077at.%/ 1.40eV FaaEES EESSEsRasssnT
== 1/ 1um/1078at%/1.20eV /
(a == 1073/ 1um /1077 at.%/ 1.60eV
—0.12 | | | | 0 | | | |
-2 —-1.5 -1 -0.5 0 0.1 0.2 0.3 0.4 0.5
In(B) Brmin

Figure 2.16: (a): Skewness S as a function of In(B) for desorption peaks calculated using R-D equations
(2.1) with different set of parameters. (b): Values of skewness estimator A obtained by linear interpolation
of § in the range Bnin < B < 0.9 as a function of By;y.

Practically, A (Buin) is for instance the slope of the linear interpolation of S as a function of In()
in the range Bin < B < 0.90. The desorption regime can be then handily determined in the plot of A ( Byin)
as a function of B, (fig. 2.16b).

The plot of A (Bmin) as a function of B, for experimental TDSP displayed in figure 2.17a
provides a clear indication of the desorption regime when B, > 0.4, id est when desorption peaks are
distinguishable in TDSP. Values of A larger than 0.01 at high fluences indicate that skewness desorption
peak is negative and hydrogen desorption might be retrapping-limited. On the other hand, the negative
value of A at the lowest fluence indicates that the skewness of desorption peaks is positive, which suggests

that hydrogen desorption is governed by processes not described by the R-D model (2.1).

2.7.2 Desorption tails in thermal desorption spectra

Long desorption tails observable at T > 700K in experimental TDSP (fig. 2.17a) stand at high
temperature aside desorption peaks, which suggests that these tails correspond to desorption of hydrogen

located out of the retention region. To characterize these tails, we use the normalized estimator A, (B) =

T (B)

Toer - Large variations of A, with B indicate a long desorption tail, as illustrated in figure 2.18 where A_,
cs

suddenly increases when f3 < 0.1.

The fraction of free hydrogen which diffuses beyond the retention region during TDS experiments
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Figure 2.17: (a): Experimental TDSP reported in literature [36] for tungsten samples exposed to deuterium
at different fluences. (b): Corresponding values of the skewness estimator A as a function of Bmin. The
gray zone is the interval [—0.01;0.01]. The color chart is identical on plots (a) and (b).

has been ignored until now since the majority of hydrogen is assumed to be released through front surface of
material when hydrogen desorption is quasi-static. This fraction may be however non negligible compared
to the total quantity of retained hydrogen.

In retrapping-limited regime, free hydrogen concentration in the retention region varies as ¢f ~
‘\% lf‘ét. Hydrogen located beyond the retention region (x > A) can diffuse toward front material surface

when é¢(A,T) < é(x > A,T), which occurs when T 2 Tyes. The fraction fiy of free hydrogen located

beyond the retention region can be then roughly approximated by

_ onoéf(xa Tdcs)dx th(TdeS) S(Tdes) )
Y ~ (2.37)
fo Ct(xa Tdes)dx vtr(Tdes) A

fu

where 6 (T) is the characteristic depth of free diffusion of hydrogen in the material (5 (T)= fTTO D(T"dT’ ) .

. T2 .
Since Qefr(Tges) ~ %;::)) % ﬁ ~ 1, fyg can be approximated by

A
~ 2.38
Su 5 Tae) (2.38)

Tyes increases with py,p and A following logarithmic dependencies (exp. 2.30) and § is thus a growing
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Figure 2.18: TDSP and corresponding values of fy in retrapping-limited regime calculated with Eg =
1.10eV, A= 10um and pyap = 0.0001 at.% — 1 at.% (a) and Eqc = 1.40€V , pirap = 1075 at.% and A =
1—10um (b).

function of Ty.s. Therefore, larger values of fij and bigger tails are expected at lower trap concentrations

(fig. 2.18a) and with deeper retention regions (fig. 2.18b) since fi o< A.

Large visible desorption tails stand in TDSP at high temperature where Y,fr‘g)) > 1 (fig. 2.18a).

When this condition is satisfied, hydrogen desorption in the retention region is no more limited by hydrogen

trapping and hydrogen mainly diffuses freely toward front material surface. [,y can thus be estimated
émax(T)
6(T)

retention region. The total quantity of free hydrogen Ny retained in the material can be then estimated

by fout(T) ~ D(T) where &4y is the maximum of free hydrogen concentration beyond the

by Neot & %éma)ﬁ . The outgassing flux is thus governed by the equation % ~— Aout, which can be

. 0 InNiot
recast into 57

~ —%. The outgassing flux then varies as a function of the temperature following

f‘out o< eETD ?—2. The following relationship
A E
In (Fou) +21In(T) = TD +est (2.39)

thus holds for desorption tails in TDSP when % > 1.

Consequently, the activation energy of diffusion Ep can be estimated from slopes of long desorp-

Va(T)

. . it
tion tails when Vo(T)

2 1 in Arrhenius plots of TDSP (fig.2.19a).

For instance, the value of Ep estimated by fitting the slope of desorption tail in Arrhenius plot of
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Figure 2.19: Arrhenius plots of TDSP plotted in figure 2.18a (a) and of experimental TDSP plotted in
figure 2.17a (b).

experimental TDSP at the largest fluence is about 0.45eV (fig. 2.19b), which is in agreement with values
of Ep previously measured in Frauenfelder’s experiments [59] (Ep ~ 0.39 eV ). One notice that Ep can be

consistently measured only at the highest fluence, where the magnitude of desorption tails is large enough

at temperature where t‘:g)) > 1 holds (here T 2 850K).
When long desorption tails are visible in TDSP, it is unlikely that hydrogen will be released during
TDS experiments through fast diffusion paths (such as grain boundaries) toward front surface of material,

since desorption tails suggest that hydrogen diffuses well beyond the retention region.

2.7.3 Estimation of activation energies in Arrhenius plots of outgassing flux

The outgassing flux in retrapping-limited regime depends on the effective diffusion Deg = D“',—‘:r‘

and on the characteristic diffusion length Segr = frz Des(T")dT" according to the relationship (2.23). The

logarithmic form of this relationship reads

N E
In(fou) +1In(T) = — zi;f +ost (2.40)
The effective detrapping energy E.;f = Egq — Eir + Ep can be then directly estimated in retrapping-limited

regime from slopes at T < Tgyes in Arrhenius plots of Fout (fig. 2.19a).

A

Similarly, I'gy¢ ~ V4 in detrapping-limited regime when 7T < Ty, and thus E4; can be estimated
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from slopes in Arrhenius plots in this regime.

Slopes at T' < Tyes in Arrhenius plots can be used for example to examine whether a desorption
peak is induced by a single type of trap by comparing the value of E4; estimated from slopes in Arrhenius
plots to values of E4; estimated from the desorption temperature. If these two values of Eg; differ, desorption
is likely induced by more than one trap. This is the case for example with experimental TDSP plotted
in figure 2.17b and 2.19b where activation energy estimated from the slopes of I out at T < Tyes is about
0.90—1.10eV whereas estimated Eg; of traps forming desorption peaks is about 1.35eV (see chapter 3).
This discrepancy is due the widening of the desorption peak caused by the presence of another desorption

peak at low temperature (fig. 2.17a).

2.8 Summary

Hydrogen desorption during TDS experiments can occur in two different regimes characterized
by ‘é:trapping = %Z
e the detrapping-limited regime when g apping < 1 in which hydrogen trapping can be ignored.

e the retrapping-limited regime when &irapping >> 1 in which hydrogen trapping cannot be ignored.

With retention and desorption parameters relevant to TDS experiments performed on tungsten samples
implanted in fusion relevant conditions (tab. 2.1), hydrogen desorption is retrapping-limited during TDS
experiments.

The evolution of free hydrogen concentration in the retention region is quasi-static in the tem-
perature range Tp < T' < Ty.s when hydrogen retention and desorption processes can be described with
parameters given in tab. 2.1. When hydrogen desorption is quasi-static, the majority of free hydrogen in the
retention region diffuses to the front surface of material and does not diffuse deeper beyond the retention
region. Outgassing flux in TDS experiments can be thus analytically evaluated using the relationships
(2.26) and (2.27).

These analytical estimations of outgassing flux are accurate in detrapping-limited regime, but are
less precise in retrapping-limited regime because of the slow effective diffusion of hydrogen due to the
retrapping of hydrogen in the retention region. Predictions of the outgassing flux in retrapping-limited

regime with expression (2.27) are however accurate enough to describe main features of TDSP:

e the temperature of desorption Tges strongly depends on whether hydrogen desorption regime is
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retrapping-limited or detrapping-limited. T linearly depends on activation energies and has

logarithmic dependencies on other retention and desorption parameters.

e The shape and the position of desorption peaks depend on the initial filling of traps ¢y in retrapping-
limited regime when ¢y exceeds 10%. Desorption peaks are wider and shifted toward low temperature

as traps become saturated with hydrogen.

e Effects of the shape of trap concentration profiles in TDSP can be ignored in both retrapping-limited

and detrapping-limited regimes.
e Similar desorption peaks can be produced by different traps in retrapping-limited regime when:
— detrapping and trapping energies Ei, and Eg are different but the values of the effective
detrapping energy E.f = Eqc — Ex + Ep are the same.
— trap concentrations and depths of retention region are different but the values of ptrapA2 are the
same.
e For Arrhenius plots from several TDSP obtained at different heating rates:
— Activation energies measured from slopes of Arrhenius plots are equal to E¢ in retrapping-
limited regime and to Eg; in detrapping-limited regime.

— Pre-exponential factors measured from offsets of Arrhenius plots may vary by several orders of
magnitude depending on the desorption regime. The pre-exponential factor of the detrapping
rate can be obtained only in detrapping-limited regime. Knowing the hydrogen desorption

regime is thus crucial to interpret offset values.

e The skewness of desorption peaks in TDSP, which are induced by bulk retention processes and

which can be described with the reaction-reaction model (2.1), is always negative.
e The derivative A = a?TSﬁ of the skewness estimator S can be used to characterize desorption peaks:

— if A > 0.01, hydrogen desorption is retrapping-limited, and the skewness is negative.
— if 0.01 > A > 0, hydrogen desorption is detrapping-limited, and the skewness is negative.

- if A < 0, the skewness is positive and hydrogen desorption may be governed by retention

processes which are in the R-D model (2.1).
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e Diffusion of hydrogen beyond the retention region during TDS experiments may induce long

desorption tails in thermal desorption spectra.

e The activation energy of diffusion can be estimated using slopes of desorption tails in Arrhenius
plots of TDSP when temperature is large enough such that the detrapping rate is larger than the

trapping rate.

e The detrapping energy and the effective detrapping energy can be estimated using the slope of des-
orption peaks at low temperature 7 < Ty in respectively detrapping-limited regime and retrapping-

limited regime.

Results summarized above were obtained assuming that surface processes do not affect hydrogen
desorption, and that traps are immobile and do not recombine or mutate in the material bulk. These latter
assumptions may however not always hold in experiments. For example, effects of surface processes might
be expected when material samples are exposed to high fluences of hydrogen, as shown in the chapter
4. Additional work is therefore required to include effects of these additional processes on hydrogen
desorption during TDS experiments.

Chapter 2, in full, is a reprint of the material as it appears in J. Guterl, R.D. Smirnov, S.I.
Krasheninnikov, Revisited reaction-diffusion model of thermal desorption spectroscopy experiments on
hydrogen retention in material, accepted in Journal of Applied Physics, 2015. The dissertation author was

the primary investigator and author of this paper.



Chapter 3

Analysis of deuterium retention in
tungsten plasma-facing components
induced by various defects via thermal

desorption spectroscopy

3.1 Motivation and outline

Thermal desorption spectra (TDSP) resulting from TDS experiments are usually analyzed and
interpreted using reaction-diffusion (R-D) models [45, 111]. Analyses of TDSP reported in literature
mainly rely on R-D models including only two or three types of traps [35, 46, 124], motivated by the
presence of two desorption peaks in experimental TDSP and by limitations of modeling softwares like
TMAP [111].

Although R-D models with two or three types of traps can reproduce some aspects of TDSP such
as temperature of desorption peaks, these models fail to accurately and consistently reproduce desorption
peaks in most of experimental TDSP. Consequently, we introduce in this chapter a R-D model including a
large number of different types of traps (Nyap > 3) to describe hydrogen desorption from material during

TDS experiments and to analyze TDSP. The present work follows several previous works where effects of

58
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continuous distributions of traps on hydrogen retention and outgassing were investigated [125, 126]. This
approach has also recently attracted interest in the modeling of hydrogen retention in material damaged by
neutrons [127].

Experimental TDSP considered in this work were obtained from TDS experiments performed
by A.Manhard on tungsten samples exposed to deuterium flux at several fluences [36]. The use of a large
number of types of traps in R-D model allows to consistently and accurately fit several experimental TDSP
using the same spectrum of detrapping energy at all fluences.

The spectrum of detrapping energy obtained in the present work exhibits a broad distribution
of detrapping energy, which can be related to the distribution of detrapping energy predicted in density
functional theory (DFT) simulations when several hydrogen atoms are trapped in a single tungsten vacancy
[116, 118]. This latter trapping mechanism was identified as a potential key process in hydrogen isotopes
exchange experiments [119] but was not clearly pictured in TDS experiments yet. However, the use of
a large number of different types of traps in R-D model allows us to analyze for the first time trapping
mechanisms characterized by a broad spectrum of detrapping energy in TDSP. The comparison between
trap concentrations measured by NRA and traps concentrations used to reproduce experimental TDSP with
the R-D model indicates that traps exhibiting a broad spectrum of detrapping energy are likely located near
material surface (< 10nm).

This chapter is structured as follow. The R-D model used to fit experimental TDSP is briefly
introduced in the first part, paying special attention to boundary conditions modeling surface processes and
to the applicability of the R-D model to mutating traps, such as for instance tungsten vacancies containing
several hydrogen atoms. Experimental conditions in which TDSP were obtained are then described. In
the third part, the procedure used to fit experimental TDSP is presented and resulting trap distributions
used to reproduce experimental TDSP are showcased. Effects of surface processes and the localization of
traps in material are then discussed, as well as the nature of the traps which might induce desorption peaks

observed in TDSP.

3.2 Experimental thermal desorption spectra and concentration pro-

files

We analyze in this chapter TDSP reported in [36], which were obtained by A.Manhard in TDS

experiments performed on tungsten samples implanted with deuterium at several fluences. Tungsten
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samples were pre-annealed at 1200K before being irradiated in the PlaQ installation (IPP, Garching)
[128]. Deuterium ions (mainly D3+) with a mean energy of 38¢V /D were extracted from a remote
electron-cyclotron resonance plasma by applying a DC bias of 100 V to the sample. Irradiations were

~!and

performed at the temperature of Tj;; = 370K. The incoming ion flux was about I'j, ~ 102°m=2 - s
the exposure time varied between fex, = 10?s and fexp =3 X 10’ s, which correspond to fluence ranging
from ¢ =3 x 10”m2to ¢ =5x 10 m2,

Deuterium retention in the samples was studied using TDS in the TESS installation (IPP, Garching)
[129]. The samples were placed in a quartz tube, which was linearly heated up to a temperature T ax =
1275K with a heating rate of & = 0.05Ks~! at a background pressure of about 10~®Pa. The sample
temperature was measured in independent experiments in TESS by a thermocouple spot-welded to the
sample. The release of 10 masses was monitored by a quadrupole mass spectrometer (QMS). In order
to determine the total amount of retained deuterium, QMS signals for masses 3 (HD) and 4 (D2) were
calibrated using the NIST-traceable calibrated leaks. Resulting thermal desorption spectra are reported in
figure 3.1a.

Deuterium depth distributions in the samples were measured using nuclear reaction analysis
(NRA) in the TANDEM accelerator (IPP, Garching) up to a material depth of Axgra = 8 um (fig. 3.1b).
The D(3He,p) reaction was used, and the energy of the 3He ion beam was varied in the range of 0.5-4.5
MeV to obtain data from different sample depths [130]. Both protons and « spectra were transformed into

deuterium concentration profiles using the SIMNRA [131] and NRADC[132] programs.

3.3 Reaction-diffusion model

3.3.1 Reaction-diffusion equations

Experimental TDSP reported in figure 3.1a are fitted in this chapter with a R-D model which
includes N types of traps to describe hydrogen outgassing from material during TDS experiments. In this
R-D model, the 1D evolution of hydrogen concentration in tungsten samples during TDS experiments (i.e.
without any source of incoming hydrogen) is described as a function of the material temperature T by the

R-D equations (3.1), which are similar to R-D equations 1.9 but with several types of traps, where x is the
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Figure 3.1: Experimental thermal desorption spectra (a) and deuterium concentration profiles measured
by NRA (b) obtained by A.Manhard for tungsten samples exposed to deuterium flux at several fluences

and reported in [36].

depth of the material and o = %{ is the heating rate.

2 N
a% _ (mw + 3 (= elk ) [ewmpll ) = ko6, T)] e, T) + v (kT) (ko T)
* k=1
(3.1a)
aw = Ve (k, T) [cirap (k. x) — co(k,x, T) | e5(x, T) = v (k, T) co(k,x,T), k=1...N (3.1b)

The index k indicates the type of traps (1 < k < N) and ctrap(k,x) is the concentration of traps
of type k, which occupy the retention region of depth A(k). c¢(x,T) is the concentration of free (solute)
hydrogen and ¢;(k,x, T) is the concentration of hydrogen trapped in traps of type k.

D is the diffusion coefficient of free hydrogen, uniform in material and described by the Arrhenius
law D = Dy e /T, Ep is the activation energy of diffusion taken equal to 0.39eV [59], and Dy ~ v07LO2
where vy is the lattice vibration frequency approximated by the Debye frequency (vo = 10'3s™1). The
characteristic lattice cell size A is equal to Ay = 3.16 in tungsten.

Vi (k,T) and vgi(k,T) are the trapping and detrapping rates given by Vi (k,T) = Vir0 e Eut)/T

and vy (k) = Va0 e Ea®)/T where E (k) and Eg(k) are the trapping and detrapping energies. Vi can be

expressed in general as Vi o =~ volg and vy o is approximated by V4 o & Vo.
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In the R-D model formed by equations (3.1), traps are assumed to be immobile in material whether
they are occupied by hydrogen or not. In addition, the concentrations of traps are assumed to remain
steady during TDS experiments. Interactions between traps and trap mutations are also ignored in this R-D
model, and TDSP calculated with the R-D model thus approximatively correspond to the superposition of
desorption peaks generated by each type of traps.

Values of E;; for typical tungsten defects, such as vacancies or dislocation loops, are not available
in literature. Trapping is thus usually assumed to be limited only by hydrogen diffusion without any
additional activation energy and Ey; = Ep [120]. We thus assume in this work that Ey; (k) = Ep for all types
of traps, which also conveniently reduces the number of free parameters in the R-D model when fitting
experimental TDSP.

Deuterium concentration profiles obtained by NRA reported in figure 3.1b indicate that the
concentrations of traps Pyap = ctrap/'Lg are larger than 10~*at.% and that deuterium is retained at least
up to a retention depth A ~ 8 um. Hydrogen desorption is thus likely retrapping-limited during TDS
experiments, id est hydrogen diffusing from the retention region toward front material surface is retrapped
in the retention region (see chapter 2).

When hydrogen desorption is retrapping-limited during TDS experiments, hydrogen desorption is

Var (k. Tg-s) =1

quasi-static in the temperature range Tp < T < Ty.s, where Tp ~ 300K and Ty, is defined by Vo6 Tgs)

(see section 2.4 in chapter 2). Experimental desorption peaks stand between 350K and 800K (fig. 3.1a).
Hydrogen desorption is thus quasi-static when Eq (k) < 1.5eV and pyqp > 10~*at.% according to the chart
in figure 2.5. Most of traps used in this work to fit experimental TDSP verify these two latter conditions
(sec. 3.4.1) and hydrogen desorption is thus supposed to be quasi-static during TDS experiments modeled
in this chapter.

Depth profiles of trap concentration cyp(k,x) are assumed to be identical for each type of trap
and are taken equal to profiles of deuterium concentration measured with NRA at each fluence (fig. 3.1b).
Moreover, traps are assumed to be uniformly filled with deuterium at the beginning of TDS experiments
(relationship 3.2), regarding the consequent time of exposure of tungsten samples to deuterium flux
(texp > 100s).

ci(k,x,Ty) = cuap(k,x) o< cnra(X), k=1...N (3.2)

Tungsten samples were stored for two months after exposure to deuterium flux before being
analyzed with TDS and NRA (tsmrage ~5x10° s) . We therefore assume that the majority of free deuterium

remaining in material after implantation of tungsten samples was outgassed from material during the
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storage period.

ct(x, o) < ci(k,x,Tp), k=1...N (3.3)

The temperature of the material T is taken equal to the temperature of tungsten samples experimentally

measured during TDS experiments, which increases with a heating rate o ~ 0.05Ks™!.

3.3.2 Surface processes and boundary conditions

To describe hydrogen transport from material bulk onto material surface and hydrogen desorption

from material surface, we use the equations (1.10) outlined in the introduction

d
Da—cf = & (Kper(xs, T) — Kacs) G4
A x=x,
(9 Cg 2
* oT - _Kl‘cs + Kbcf(xsa T) - Kacs (35)

which rely on the surface model described in [47] and sketched in figure 1.11. ¢ is the concentration of
hydrogen on material surface and x; is the position of material surface (front surface at x; = 0 and rear
surface at x; = L). Ky, = vo)loe%Eb is the rate of readsorption of hydrogen from the first sub-surface atomic
layer onto surface, K, = voefTEa is the rate of absorption of hydrogen on surface into material bulk and
K = voloze%Er is the molecular recombination and desorption rate of deuterium on tungsten surface. The
outgassing flux Iy, of hydrogen from material is then I'gye = Krcf.

The description of surface processes by equations (3.5) does not include effects of saturation of
surface with hydrogen, which can drastically modify kinetic orders and rates of surface processes [64].
These saturation effects are not taken into account in this chapter because experimental outgassing flux are
lower than outgassing flux expected when surface is saturated with hydrogen.

The activation energy for chemisorption is usually negligible for hydrogen interacting with
tungsten surface [133] and the chemisorption heat Q. is then equal to half of the activation energy of
recombination and desorption (Q. = %). Several experiments adressing specifically hydrogen desorption
from tungsten surface have shown that E; ~ 1.2 — 1.6 eV for low surface coverage [112] and thus Q. ~
0.6 — 0.8 eV . Experimental measurements of the solubility heat of hydrogen in tungsten show an activation
energy of hydrogen absorption from gas phase into tungsten Qo) = E3 — Er — Q. about 1.04eV [59] such
that E, — Ep, = Qso1 + Q. ~ 1.6 —1.8eV.

Direct experimental estimations of the activation energy E, of absorption of adsorbed hydrogen
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in tungsten bulk are not available in literature. However, DFT simulations performed by Heinola [134]
suggested that £, ~ 2 eV, which thus leads to £, = 0.2 —0.4eV . Due to this large value of E,, hydrogen

absorption can be neglected compared to hydrogen readsorption during TDS experiments (condition 3.6).

Kacs < KbCf(.Xs, T) (36)

The evolution of hydrogen transport from material bulk onto surface is then independent of the evolution

of ¢. The absorption of hydrogen from material surface into bulk is therefore ignored in this work.

The hydrogen surface concentration is usually in equilibrium (?fTS ~ 0) when modeling TDSP by

numerically solving R-D equations (3.1) with boundary conditions (3.5) and values of E, and E}, introduced
above. In this context, hydrogen outgassing from material occurs as a first order kinetic process on material
surface, as suggested by some previous modeling of hydrogen desorption from tungsten and other metallic
surfaces [135].

In addition, the skewness of desorption peaks induced by second order hydrogen molecular
desorption is positive [123] whereas desorption peaks reported in figure 3.1 exhibit a negative skewness
(except at the lowest fluence), which suggests that hydrogen desorption is mainly governed by retention
processes in material bulk and is not limited by surface processes (see chapter 2). Desorption peaks
calculated with the R-D model are indeed too wide to reproduce main desorption peaks in experimental
TDSP when hydrogen outgassing is limited by second order hydrogen molecular desorption (fig. 3.2).

We therefore assumed in this chapter that hydrogen outgassing from material is limited only by
the readsorption of hydrogen from bulk onto surface and not by hydrogen recombination on tungsten

surface. Boundary conditions of equations (3.1) therefore read

0 Cf

bor

— +Kper(x,, T) 3.7

X=X

Thickness of tungsten samples used in experiments was about L ~ 0.8mm. Considering the
characteristic depth 6(7') = 4/ fTTO aD(T")dT’ of diffusion of hydrogen into material, hydrogen diffuses up
to the material rear surface when 7' > 500K (6(7 = 500K) > L). Hydrogen desorption outgassing flux is
thus formally evaluated by

Tou = KbCf(O, T) + K;,Cf(L7 T) (3.8)

Although full descriptions of surface processes provided by equations (3.5) could have been kept when
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Figure 3.2: Fitting of main desorption peak in the experimental TDSP at ¢ = 5 x 10%3 m~2 with first order
boundary conditions L'y ~ ¢f (a) and second order boundary conditions Iyt ~ (Cf)2 (b).

modeling TDS experiments, prescribing boundary conditions with the relationship (3.7) conveniently
reduces the number of uncertain parameters in the R-D model and avoids some numerical hindrances
induced by the second order kinetic of molecular desorption.

Although the values of the readsorption activation energy Ep, = 0.2 — 0.4 eV deduced previously

are in agreement with DFT predictions [134], Ey, is kept as a free parameter in this work motivated by

o the large spikes observable at low temperature in TDSP at high fluences (fig. 3.1a) attributed to blister
bursting during TDS experiments [36]. The presence of blisters suggests that surface morphology

may be strongly modified, which may affect hydrogen desorption and transport.
o the large uncertainties in modeling of surface processes [32]

o the difficulty to reproduce experimental TDSP using equations (3.1) and (3.7) when simultane-
ously keeping fixed values of Ej, and Eq, and varying only trap concentrations to fit TDSP (see

section 3.4.1).

3.3.3 Modeling of hydrogen retention induced by mutating traps

Vacancies in tungsten may be responsible for a significant retention of hydrogen isotopes in
tungsten [20]. Many DFT simulations have shown that a single tungsten vacancy may accommodate
several hydrogen atoms, leading to a reduction of the detrapping energy as the number of trapped hydrogen

increases [116, 118]. Such mutation of traps is not included in the R-D equations (3.1) but is described in
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contrast in the R-D equations (3.9).

aCf_ aZCf aS(l)

“or P2 or (3.92)
as(1

a% = Ve ewor = S(D] et — Ve Dee(1) (3.9b)
aS(j

O‘# = veei(j = Der—va(f)ef), 2<j<N (3.9¢)

where S(j) = YN jci(i) with j the number of hydrogen retained in one single trap with a maximum of
N = 6 atoms per vacancy. Trapping rate is assumed here to be the same for all traps (Vi(j) = Vir).

A previous numerical work [119] suggested that TDSP resulting from TDS experiments can be
modeled using indifferently equations (3.1) or equations (3.9). The validity of this observation can be
assessed noticing that hydrogen desorption is retrapping-limited and trapped hydrogen concentrations
are in equilibrium when hydrogen outgassing is described by equations (3.1) provided that % < Vi (see
chapter 2). This regime also takes place for hydrogen desorption described by equations (3.9) when

D dcuk)

NGE < Vir(k). When trapped hydrogen concentrations are in equilibrium, id est =55~ = 0, R-D equations

(3.1) and (3.9) are thus equivalent providing that

. . 1
Va(j) vaU+l) oy oy (3.10)

Ve(j)  Vu(j+1)

The condition (3.10) is satisfied when several hydrogen atoms are trapped in one tungsten vacancy
since the detrapping activation energy decreases as the number of hydrogen atoms sitting in the vacancy
increases. Thermal desorption spectra induced by the trapping of several hydrogen atoms in single tungsten

vacancy can be thus modeled using independent traps and R-D equations (3.1).

3.4 Analysis of deuterium retention via experimental thermal des-

orption spectra

3.4.1 Fitting of experimental thermal desorption spectra

Experimental TDSP reported in figure 3.1a have been fitted using TDSP calculated with the R-D
model formed by equations (3.1) and boundary conditions (3.7) in the framework described in section 3.3.

Trying to use a unique distribution of detrapping energy at all fluences and to keep the number of different
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types of traps N as low as possible, the fitting of experimental TDSP was performed by adjusting only
the concentrations of traps and the activation energy of readsorption Ej, at each fluence, according to the

following procedure:
1. fitting the main (largest) desorption peak at the highest fluence with traps k = 1.

2. adjusting concentrations of traps k = 1 to fit main desorption peaks at lower fluences and adjusting

E,, for each fluence if necessary.

3. fitting outgassing flux at lower temperature (left shoulder of TDSP) at the highest fluence with traps

k> 1.

4. fitting outgassing flux at lower temperature at lower fluences with traps k > 1 and adjusting E}, for

each fluence if necessary.

The step 3 and 4 were repeated until experimental TDSP were well reproduced (fig. 3.3a). Finally,
experimental TDSP have been fitted using an unique spectrum of detrapping energy and adjusted values
of Ey, which are both reported in table 3.3. The integrated concentrations of traps Ny are plotted in
figure 3.3b and correspond to trap concentrations Pyrp ~ % with A ~5um.

Desorption tails at high temperature in experimental TDSP have been also fitted for illustration
with traps k = 7 — 10 corresponding to detrapping energy 1.60eV < E4 < 2eV . Fitting of tails with
additional traps may be however not meaningful since tails are likely induced by the outgassing of

deuterium which has diffused beyond the retention region during TDS experiments (see section 2.7.2 in

chapter 2).

Table 3.1: Trapping parameters used to fit experimental TDSP plotted in figure 3.3.

k ‘ 1 ‘ 2 3 4 5 6 ‘ 7-10
Edt(k)[eV]‘l.SS‘l.ZS 1.17 1.07 0.96 0.85‘1.57—2.15

Fluence¢[m_2]‘3><1022 6x 10?2 5x 102 10** 5x10%
Ey[eV] \ 085 085 081 070 0.70

3.4.2 Trap distribution with broad spectrum of detrapping energy

Traps k = 2 — 6 reproduce left shoulders of experimental TDSP at 7 < 600K with a broad
spectrum of detrapping energy between 0.85eV and 1.25eV . The values of Eg; for traps k =2 — 6 are

in agreement with values of E4; between 0.85eV and 1.00eV used to model low temperature desorption
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Figure 3.3: Fits of experimental TDSP (a) obtained with the R-D model using traps concentrations and
trapping parameters reported in plots (b) and table 3.3.

peaks in other works [35, 77, 136]. The use of a broad spectrum of detrapping energy for traps k =2 —6
allows to well reproduce experimental TDSP at low temperature in contrast to previous works where the
low number of traps used to fit TDSP required to adjust other trap parameters such as pre-exponential
factors [36]. Traps k = 1 with E4; = 1.35eV reproduce main desorption peaks which stand between 620K
and 680K in TDSP. This value of Ey4; is also in agreement with values of E4; between 1.20eV and 1.40eV
used in other works [35, 77, 136].

The amount of retained deuterium in traps kK = 1 and in traps k = 2 — 6 increases with the fluence,
suggesting that traps are created during exposure of tungsten samples to deuterium flux assuming that traps
are completely filled with deuterium.

The spectrum of traps reported in table 3.1, used to reproduced experimental TDSP in figure 3.1a,
is in remarkable agreement with the trap spectrum found to reproduce another TDSP reported in figure 3.4,
which was obtained from a tungsten sample exposed at 300K to a deuterium flux T, = 10°°m=2.s~!
at 200eV /atom during fexp = 103 s [137]. This latter TDSP has been obtained with a heating rate about
1.3Ks~! and was modeled with the R-D model and the assumptions introduced in section 3.3, considering
flat profiles of trap concentration over the retention depth A =5 x 10~®m.

The sharp desorption peak visible at T < 400K in figure 3.4a was not well reproduced by trapped

hydrogen and was thus fitted by assuming that free hydrogen was present in the material at the beginning of



69

_1017
6 r
(@) — experimental TDSP -(b)
3 — fit with 8 traps _ i
—_ q
T4 g
~ -é 1020 F
E =
= S
Z2 g i
~ &
S L
101
0 ! ! E
400 600 800 0.8 1 1.2 1.4
T [K] Eg4 [eV]

Figure 3.4: Experimental TDSP (a) obtained from tungsten sample exposed to deuterium at 300K [137]
fitted with eight traps using trap concentrations and detrapping energies reported in plot (b).

TDS experiment and by taking an activation energy of readsorption equal to E, = 0.70eV . The desorption
peak at T < 400K thus corresponds to the outgassing of free hydrogen in material, which is limited by
surface processes. This desorption peak at 7 < 400K is not expected in figure 3.1a since the temperature

during implantation was 370K.

3.4.3 Surface effects and temperature of desorption

The values of E}, selected to reproduce experimental TDSP decrease from 0.85eV to 0.70eV
when the fluence increases (tab. 3.1). These values are higher than the value E, = 0.27eV calculated
with DFT simulations [134] but are in agreement with the value of Ey, = 0.70eV used to reproduce the
desorption peak at 7 < 400K in figure 3.4.

Hydrogen desorption is not limited by readsorption of hydrogen on surface when K,A/D > 1.
Therefore desorption peaks in TDSP are not affected by hydrogen readsorption when the temperature of
desorption is above the temperature T* which verifies K, (T*)A/D(T*) = 10. T* strongly varies with Ej,
and hydrogen desorption from material is therefore affected by readsorption of hydrogen on surface when
Ey, >0.80eV (fig. 3.5b).

Surface effects thus alter desorption peaks at low fluences ¢ < 10?* m~2 for which E;,, was chosen
above 0.80eV (tab. 3.1). In contrast, surface effects are negligible at higher fluences ¢ > 10%*m~? for
which Ey, < 0.80eV, as illustrated in figure 3.5b where we have plotted the desorption temperature corre-
sponding to desorption peaks induced by traps k = 1 calculated with the trap concentration corresponding

to the highest fluence for several value of Ey. The temperature of desorption is indeed constant when
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Figure 3.5: Plot (a): Temperature of desorption peaks induced by traps k = 1 in experimental TDSP
(triangle) and desorption temperature predicted with exp. 3.11 for several values of A (lines).
Plot (b): Temperature of desorption peak induced by traps k = 1 at ¢ = 5 x 10%> m~2 (triangle) and plot of

T* = E,—Ep )
wa(i )
E, <0.80eV.

The temperature of desorption of the main desorption peak increases with the fluence in expri-
mental TDSP (fig. 3.5a). When surface effects are negligible and when hydrogen desorption is retrapping-
limited and quasi-static, which is the case in this work, the temperature of desorption increases with the
trap concentration following the relationship (3.11), which has been derived in the chapter 2 in section 2.5
and is recalled below.

E 1
Thes = 2 (3.11)

2 2
Ao Eqg
@ ( <A> 2Oﬂptrap >

The increase of the desorption temperature in experimental TDSP at high fluences is thus likely

caused by the increase of trap concentration, as suggested by the comparison in figure 3.3a between the
evolution of experimental desorption temperature as a function of Py, and the evolution of desorption
temperature predicted by the formula (3.11).

The temperature of desorption depends on E}, at low fluences, and thus the desorption temperature
is expected to decrease as the fluence increases since the desorption temperature increases as Ey, increases
(fig. 3.5b). One can thus speculate that the increase of desorption temperature in experimental TDSP at
low fluences is due to combined effects of the increase of trap concentrations and of the decrease of Ey,. It
may then explains differences observed in figure 3.5a at low fluences between the evolution of desorption

temperature predicted with the formula (3.11) and the evolution of experimental desorption temperature.
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Figure 3.6: Comparison between deuterium retained in traps k = 1 and in traps kK =2 — 6 (a) and between
deuterium retained in the near-surface region and in the bulk region (b).

3.4.4 Profiles of trap concentrations
Two retention regions can be distinguished in concentration profiles obtained with NRA (fig. 3.1b):

e the near-surface region (0 < x < A ~ 0.1 um) where material is almost saturated with retained

deuterium (Pyap 2 1at.%)

e the bulk region (x > A;.s) where the concentration of retained deuterium is lower (pyrp < 0.5at.%)

The quantity of deuterium retained in the near-surface region is compared to the quantity of
deuterium retained in the bulk region in figure 3.6b. In parallel, the quantity of deuterium retained in traps
k =2 — 6, which form the left shoulders in experimental TDSP, is compared in figure 3.6a to the quantity
of deuterium retained in traps k = 1, which form the main desorption peaks in experimental TDSP.

The ratio of deuterium retained in near-surface region versus deuterium retained in bulk region
and the ratio of deuterium retained in traps k = 2 — 6 versus deuterium retained in traps k = 1 follow a
similar trend when fluence increases, suggesting that traps k = 2 — 6 may be predominantly located in the

near-surface region whereas traps kK = 1 may be predominantly located in the bulk region.

3.4.5 Desorption tails in thermal desorption spectra

Desorption tails visible in experimental TDSP were fitted in this work with additional traps
k =7—10 to illustrate the interest of using a large number of different types of traps to accurately fit TDSP.

However, it was shown in the chapter 2 that desorption tails are in reality induced by the diffusion of
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Figure 3.7: Desorption tails in TDSP. Plot (a): Desorption peaks with Eq; = 1.10eV and Nyot = CtrapA =
2.5 x 102m~2 calculated for A = 5um and A = 50um. Plot (b): characteristic depth of diffusion &
calculated with & = 0.05Ks ™.

hydrogen beyond the retention region at x > A and by the desorption of this hydrogen at high temperature
during TDS experiments. The magnitude of these tails can be characterized by f = ﬁ and tails are
usually visible when f 2 0.1. In this work, the characteristic depth of diffusion o (7) = 4 /[TTO D(T"dT’
is large compared to A even at low temperature due to the low heating rate o ~ 0.05Ks~! used in TDS
experiments (fig. 3.7b).

Consequently, desorption tails can be induced only by traps located in retention regions which
extend above A 2 50 um considering temperature of desorption Tyes < 650K as illustrated in figure 3.7a.
Tails visible in experimental TDSP might be thus induced by hydrogen retained in traps located far in
material well beyond the NRA information depth limited at 8 um. The concentrations of these traps
cannot be higher than Py, ~ 1073 at.% and the detrapping energy should not exceed Eg ~ 1.1eV to
allow desorption peaks to stand below 650K. Such traps may therefore correspond to natural defects
or impurities present in tungsten samples used in experiments, for which the purity is usually around
~ 99.97wt.% [36].

Desorption tails in experimental TDSP can be used to estimate the activation energy of diffusion
Ep as demonstrated in the chapter 2, where Ep was estimated to be about 0.45 eV using the desorption
tail in the TDSP at ¢ = 5 x 10 m~2, in agreement with Ep = 0.39eV found in previous permeation

experiments [59].
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3.5 Discussion

The nature of the traps which induce deuterium retention in tungsten is unclear as various crystal
defects (grain boundaries, edge dislocations, impurity atoms, vacancies, interstitial atom, cavities,...) may
be responsible for hydrogen retention.

For instance, main desorption peaks in TDSP stand at 7 ~ 800K when tungsten samples are
formed by single crystal, whereas these desorption peaks stand at T ~ 600K when samples are polycrys-
talline [46]. These experimental observations suggest that traps forming these main desorption peaks may
depend on the presence of grain boundaries. Besides, the quantity of deuterium retained in traps forming
the main desorption peaks diminishes when tungsten samples are recrystallized before implantation [95].
A. Manhard has also noticed in [36] that the concentration of dislocations decreases in material due to
the recrystallization process, suggesting that dislocations may also induce main desorption peaks. Traps
forming main desorption peaks, id est traps k = 1 with Eg = 1.35eV in this work, may thus correspond to
either trapping in grain boundaries or in dislocations.

Traps k = 1 may also correspond to voids filled with hydrogen molecules in material bulk [138].
The existence of such void-like defects in material bulk has been suggested by some authors [109, 100].
There is however no consensus about nucleation processes leading to such defects in material since
hydrogen cannot be self-trapped and form clusters in tungsten, unlike helium atoms [139]. Kong et al.[140]
have however recently suggested that impurity atoms may lead to a local accumulation of hydrogen and
to the formation of stable impurity-hydrogen-vacancy complexes, which may nucleate to form void-like
defects.

Traps kK = 1 may also correspond to tungsten vacancy since DFT simulations have shown that
detrapping energy of a single hydrogen atom in a tungsten vacancy is about 1.4eV [116, 118]. Although
the energy of incoming hydrogen ions, which is about 38 eV /ion in experiments, is much lower than the
atom displacement threshold in tungsten, which is about 800 eV /ion, other mechanisms may lead to the
formation of vacancies such as plastic deformation caused by deuterium supersaturation in near-surface
regions [96, 141].

The presence of large concentrations of vacancy in the near-surface region is supported by noticing
that traps k = 2 — 6, assumed to lie in the near-surface region (sec. 3.4.4), may correspond to vacancies
occupied by several hydrogen atoms. Indeed, many DFT simulations have shown that tungsten vacancy
can accommodate up to six hydrogen atoms and that Ey decreases as the number of trapped hydrogen

atoms increases [116, 118]. Values of E4 found in DFT simulations recalled in table 3.2 are surprisingly
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Table 3.2: Detrapping energy when several hydrogen are trapped in a single tungsten vacancy calculated
in DFT simulations [116, 118].

Number of H in 1 2 3 4 5 6 Ref.

W vacancy
EqleV] 1.41 140 1.14 1.12 091 0.79 | [116]
EqleV] 1.43 142 125 1.17 1.11 0.86 | [118]

in very good agreement with values of Eg found for traps k =2 — 6.

Similarities in spectrum of detrapping energy reported in table 3.1 and in 3.2 thus strongly suggest
that traps k = 2 — 6 correspond to trapping of several hydrogen atoms in single tungsten vacancy in the
near-surface region. Trapping of several hydrogen atoms in single vacancy, which corresponds to a trap
mutation mechanism, can be indeed modeled using R-D equations (3.1) as mentioned in section 3.3.3.

However, vacancies created in the near-surface region cannot diffuse into material bulk when

samples are implanted with deuterium at 370K, since diffusion activation energy of vacancies is large

Ep = 1.6eV [115] and thus \/D\,mncy(37OK)texp < 10~%m. It is thus unlikely that traps k = 1, which
mainly lie in material bulk, correspond only to tungsten vacancies created in the near-surface region.

The distribution of trap concentrations in figure 3.3b shows that concentrations of traps k = 1
are much larger than concentrations of traps k =2 — 6. If traps k = 1 and k = 2 — 6 were formed by
vacancies containing one or more hydrogen atoms, we may expect similar concentrations of traps k = 1
and k = 2 — 3 since deuterium cannot escape from traps when Eg > 1.16eV during the storage period at
room temperature (vdt fstorage < 1 when Eg > 1.16eV without taking into account retrapping). It is thus
possible that the trapping of single hydrogen atoms in vacancies may contribute to only a tiny portion of
main desorption peaks induced by traps k = 1.

Differences in concentrations of traps k = 2 — 6 shown in figure 3.3b cannot be due to differences
between values of Eg4; since equilibrium concentrations of trapped deuterium vary of several orders of
magnitude considering values of Ey reported in table I. These differences may be however due to hydrogen
detrapping from traps at low activation energy (Eq; < 1.16eV ) during storage period, as suggested by
Quastel’s experiments which show a decrease of the magnitude of desorption peaks at low temperature
T < 450K as the storage time increases [108].

The readsorption activation energy Ey, ~ 0.80eV decreases as the fluence increases (tab. 3.1). It
thus suggests that surface effects are stronger at low fluences, in agreement with the positive skewness of
the desorption peak observed at the lowest fluence ¢ = 3 x 10> m~2, which may indicate that hydrogen

desorption is limited by surface processes (see chapter 2). But the nature of surface processes which could
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be modeled with readsorption activation energy larger than the one predicted in DFT simulations [134]
remains unclear.

The values of E;, ~ 0.80eV found in this work at low fluences are however similar to the
detrapping activation energy Eq =~ 0.85eV attributed to the trapping of hydrogen in microstructural
defects by Ogorodnikova [110]. The presence of such microstructural defects in the near-surface region
may be explained by large stress fields caused by blistering observed on tungsten surfaces [36], which may
also directly alter diffusion of hydrogen near material surface [109]. The desorption temperature of main
desorption peaks indeed decreases from 680K to 615K when no blisters are observed on material surfaces

[95].

3.6 Summary

TDSP resulting from TDS experiments performed by A.Manhard on tungsten samples exposed to
deuterium at different fluences have been analyzed using a R-D model including a large number of types
of traps. The use of several types of traps allows accurate fitting of experimental TDSP with a unique
spectrum of detrapping energy at all fluences, provided that the activation energy of hydrogen readsorption,
which models effects of surface processes, is adjusted at low fluences.

Main desorption peaks in experimental TDSP were reproduced using traps k = 1 with Eg =
1.35eV, whereas left shoulders of TDSP were fitted with five types of traps k = 2 — 6 characterized by a
broad distribution of detrapping energy Eg = 0.85 — 1.25eV . The comparison between deuterium retained
in traps k = 1 and in traps k = 2 — 6 and the comparison between deuterium retained in the near-surface
region and in the bulk region of material suggest that traps k = 2 — 6 are predominantly located in the
near-surface region, while traps k = 1 are predominantly located in material bulk.

Desorption tails observed in TDSP cannot be reproduced considering trap concentration profiles
observed in NRA where the depth of retention is about 8 ym because of the low heating rate o ~ 0.05Ks ™!
used in TDS experiments. Tails are thus likely induced by traps at low concentration located beyond
8 um in material. Defects and impurities naturally present in material are thus good candidates to induce
desorption tails observed in TDSP.

The readsorption activation energy, which characterizes effects of surface processes on hydrogen
outgassing from material, was adjusted at each fluence to fit TDSP. At high fluences where the readsorption
activation energy is about 0.70 eV , hydrogen outgassing is limited by hydrogen diffusion in the bulk, and

surface effects are thus negligible. At low fluences, the readsorption activation energy is larger than 0.80 eV
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and is similar to detrapping energy attributed by other authors to hydrogen retained in micro-structural
defects, which may be induced by blisters experimentally observed on material surface.

The broad spectrum of detrapping energy found in this work to fit experimental TDSP is in very
good agreement with spectra of detrapping energy predicted by DFT simulations when up to six hydrogen
atoms are retained in a single tungsten vacancy. Traps k = 2 — 6, which may therefore correspond to
tungsten vacancies, are found to be located near material surface where vacancies have been experimentally
observed. Large concentrations of vacancies near material surface may be expected due to the saturation of
the near-surface region with deuterium during exposure of tungsten samples to deuterium flux.

Finally, we have illustrated in this work how a large number of types of traps in R-D model can
be used to accurately analyze experimental TDSP and to consistently characterize traps inducing hydrogen
retention. This approach offers new insights via TDS experiments on retention mechanisms such as, for
example, trapping of several hydrogen atoms in single tungsten vacancy.

Chapter 3, in full, is a reprint of the material as it appears in J. Guterl, R.D. Smirnov, S.I.
Krasheninnikov, M. Zibrov and A. Pisarev, Theoretical analysis of deuterium retention in tungsten plasma-
facing components induced by various traps via thermal desorption spectroscopy, accepted in Nuclear

Fusion, 2015. The dissertation author was the primary investigator and author of this paper.



Chapter 4

Long-term hydrogen outgassing from
plasma facing components during

off-plasma events

4.1 Introduction

Experimental measurements of the outgassing hydrogen flux during off-plasma events from
graphite PFC in ToreSupra, loaded with hydrogen during long-plasma discharges, showed that the hydrogen
outgassing flux decays in time following a power-law ~ r~07%0-1 [29 142]. Surprisingly, experiments
performed on JET in ITER-like wall configuration, with tungsten divertor and beryllium walls, indicated
that the evolution in time of hydrogen outgassing flux from PFC during off-plasma events follows a similar
power-law ~ =08 [27]. These similar power-law exponents suggest that mechanisms controlling hydrogen
outgassing from PFC during off-plasma events may be independent from PFC material, and may actually
correspond to intrinsic properties of hydrogen retention in PFC material.

Two models have been proposed to describe the power-law decay of outgassing flux during

off-plasma events:

e In [29], Grisolia et al. described hydrogen outgassing from graphite wall using a R-D model with
a single type of traps, where hydrogen atoms can diffuse in material, and reproduced a power-law

dependency ~ =073,

77
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e Andrew et al. [143] used a similar model with a single type of trap but applied to wall surface
only, i.e. without diffusion of hydrogen in material, and found that hydrogen outgassing flux decay

following a power-law ~ 1213,

Power-law exponents found in [29] and [143] are thus similar, although assumptions about hydrogen
diffusion in material are different. Ehrenberg et al. [144] have suggested that these power-law dependencies
of the outgassing flux can be obtained only when hydrogen outgassing is limited by molecular hydrogen
recombination and desorption from PFC surface.

We propose here to reconcile results obtained from Andrew’s and Grisolia’s models by revisiting
the standard reaction-diffusion model used by Grisolia in [29] to describe hydrogen retention and outgassing
in PFC. This reaction-diffusion model, which includes only a single type of traps, is formed by equations
(1.9a) and (1.9b) and is shortly discussed in the framework of long-term outgassing in the first section of
this chapter. It is then shown that trapping and detrapping processes are in equilibrium during hydrogen
outgassing. In this regime, hydrogen outgassing from the wall can be either diffusion-limited or surface-
limited, depending on hydrogen concentration in wall material. Finally, power-law exponents characterizing
the decrease in time of the outgassing flux are then identified and compared to experimental observations

mentioned above.

4.2 Model of hydrogen outgassing during off-plasma events

4.2.1 Reaction-diffusion equations

Hydrogen retention and outgassing is modeled here with the reaction-diffusion (R-D) equations
similar to the equations 1.9 given in the introduction and used in chapters 2 and 3. In contrast with R-D
equations used in the chapters 2 and 3 to model hydrogen outgassing during TDS experiments, R-D
equations used in this chapter are expressed as a function of the time only and do not explicitly include
effects of variable temperature, since hydrogen outgassing considered in this chapter occurs at room
temperature during off-plasma events. Considering immobile traps at fixed concentration during hydrogen

outgassing, the time evolution of the concentrations of free hydrogen ¢¢ and trapped hydrogen ¢ in an 1D
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wall of thickness L is described by:

é 2%¢ R R R
= tf - D—ax; —Vele(1 = &) + Vaile (4.1a)
dé . . .
a—t‘ = Vielr(1 — &) — Vaidy (4.1b)

The notations used in equations (4.1a) and (4.1b) are similar to the ones used in chapters 2 and 3.
The hydrogen concentrations ¢¢ and ¢; are normalized by the concentration of traps cip in material, which
is assumed to be uniform in the retention region of depth A. x is the material depth, D is the diffusion
coefficient of free hydrogen in the material and v, and vy, are the trapping and detrapping frequencies with

Vir = Kire trap-

4.2.2 Evolution of surface hydrogen concentration

The evolution of hydrogen surface concentrations is described here using the formalism and the
notations given in the section 1.4.2 based on the surface model introduced in [47]. The front material
surface exposed to plasma and the rear material surface stand respectively at x; = 0 and x; = L. The rear
surface of PFC material is usually in contact with the frame of the vessel, and outgassing of hydrogen from
PFC into the vacuum chamber only occurs from the front surface of PFC. Diffusion of hydrogen from
PFC to vessel frame material through the rear PFC surface is thus assumed to be limited and negligible in
comparison with diffusion of hydrogen toward front surface (D % — ~ 0). Only the evolution of the

hydrogen surface concentration c¢g on front surface of PFC material exposed to plasma is thus of interest.

The evolution of ¢y is described by

dc
ot

=Ty —Tou—Ta 4.2)

where oy = K;c? is the hydrogen desorption flux of hydrogen atoms recombining into molecules on
material surface and desorbing into vacuum, I', = K, ¢, is the absorbtion flux of hydrogen adsorded on

surface into material bulk and I', = Kycr is the readsorpion flux of hydrogen from bulk onto material
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surface with ¢ = c¢(x = 0). The balance of particles flux at the front material surfaces imposes

8Cf

D -
ox |

—T,-T 4.3)

which constitute the other boundary condition of the R-D equation (4.1a). The equation (4.2) and boundary
condition (4.3) are voluntary not expressed as a function of the normalized concentration ¢ to avoid
unnecessary additional notations.

It can be assumed that the hydrogen surface concentration is in equilibrium during long-term

hydrogen outgassing from graphite and beryllium wall at constant temperature (%C; ~(1in eq. (4.2)),
regarding the low solubility heat of hydrogen in C and Be (Qyo; < 0.2eV [20]). When hydrogen surface

concentration is in equilibrium, hydrogen outgassing can be either limited by:
e hydrogen recombination on surface (I'yy; << I'y) and the outgassing flux is thus:

K\ 2
Cou = K; <K> to (4.4)
a

e hydrogen readsorption (I'gy > I';) and the outgassing flux is thus

Lout = Ky ¢t 4.5)

Hydrogen outgassing from graphite and beryllium walls is commonly assumed to be limited by
hydrogen recombination on surface in literature [144, 29]. We however consider here both readsorption-
limited and recombination-limited regimes by introducing the kinetic order g of the process controlling
hydrogen outgassing. Besides values of g corresponding to recombination-limited and readsorption-limited
outgassing regimes (¢ = 1 and g = 2), we consider here any positive value of ¢ > 0, which may model
other complex processes affecting desorption on material surface, such as islands or impurities [114].

We thus consider in this work the following generic expressions of the outgassing flux and

diffusion flux at the front material surface

Cou = Kq [cr0]? (4.6)
D % 0" Ky [cro)?

x=
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4.2.3 Equilibrium of trapped hydrogen concentration

Trapped hydrogen concentration can be assumed to be in equilibrium (% ~0ineq. 4. lb) when
% < Vir + Vg, similar to trapped hydrogen equilibrium regime during TDS experiments (see section 2.3.2
in the chapter 2). This latter condition is usually satisfied during hydrogen outgassing from graphite and
beryllium PFC considering values of trapping and detrapping rates commonly admitted for hydrogen
in beryllium [20] and graphite [29], and retention regions which are usually much thicker than 1nm
(A>10""m).

When trapped hydrogen concentration is in equilibrium, the equation (4.1b) reads

A

R C
Cf%é'dt( -

=z .7

where &g = % as introduced in the chapter 2. Values of &y at room temperature are usually much lower
than the unity for hydrogen retention in beryllium and graphite, such that the inequality /&g < 1 also
holds. The concentration of free hydrogen ¢f in the material can be expressed as a function of the total

concentration of hydrogen in material ¢y = ¢¢ + ¢; using the expression (4.7).

N A 2
PR T (R \/ (BU8) g, 48)

2 2

F(¢y)

The reaction-diffusion (4.1a) and the boundary condition (4.6) can be thus recast as a function of

Cy into

aéH o d A (A aCAI—I
9~ ox (D"“("”) ox > @
. a¢ .
(Deff(EH) 863:) = Keirq (Cno) (4.10)
x=0

where we have introduced the effective diffusion coefficient ﬁeff(éH) = D%;H) and the effective desorp-
tion rate Kefr q(én) = Kq[F (¢n)]? using an adhoc normalization. The non-linear diffusion equation (4.9)
and the associate diffusion coefficient ﬁeff(éH) are similar to the diffusion equation (2.18) introduced in
chapter 2. Both diffusion equations describe hydrogen outgassing when trapped hdyrogen concentration is

in equilibrium. The normalized hydrogen outgasing flux is here given by ['oy = I%efﬂq (Cn).

Analytical solutions of the non-linear diffusion equation (4.9) with the boundary condition
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CH— dt

(4.10) can be derived when F(¢y) is expressed in the convoluted form F(éy) = a(bo + b1 én)*. The total
concentration of hydrogen in material may exceed the unity when traps are saturated with hydrogen and we

thus analyze the function F considering separately 0 < éy < 1 and ég 2 1. The function F can be recast

into
fg—1— fg—1—
Flen) = = S, |n . = Wy 4.11)
where € = 45‘17@'“2 is larger than the unity when ¢y_ < ég < ¢y, and smaller than the unity otherwise.

(ep—(1+&a0)
The interval ¢y < ¢y < ép, is very narrow when &g < 1, which is usually the case for hydrogen retention

in PFC (fig. 4.1). Approximations of the function F can be thus found assuming that € > 1:

e when ¢y > 1,
F(énp)~=én—1 4.12)

e whenéy~¢éy < 1, F(ly) =~ édtli—H@H which can be expressed in the convoluted form

&o 1—-26 Ho
F(ég)~Cji—— | 1+ ——(Cg—2¢ 4.13
(én) =~ Eat = ( + Zo(1—20) (Cu CO)) ( )

The exponent Ly = 171TA~0 depends on hydrogen concentration in material.

These approximations of F are used below to find time dependencies of the outgassing flux [yy.
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4.3 Surface effects on hydrogen outgassing

Hydrogen outgassing from material can be limited either by surface processes characterized by
I%efﬂq or by the hydrogen diffusion characterized by D.g. To determine the outgassing regime, we compare
the characteristic time Tp = A% /D, required by hydrogen to diffuse in material toward the front material
surface, with the characteristic time 7, = égA/ IeeffA’q, required to desorb hydrogen from material when
outgassing is limited by surface processes. Introducing the dimensionless parameter o,
% _ D éuF’ (éy

= T KA [F(En)) 19

the hydrogen outgassing is thus:
o diffusion-limited when ¢ < 1
e surface-limited when ¢ > 1

The value of o strongly depends on the temperature of the sample during hydrogen outgassing via D, K
and ;. The outgassing regime may thus change when the sample temperature is modified.

For instance, values of ¢, corresponding to hydrogen outgassing from graphite PFC at room
temperature considering diffusion, trap parameters and second-order desorption from surface (g = 2)
proposed in [29] (tab. 4.1), are plotted in figure 4.3 as a function of ¢y for different retention depth A. It

indicates that hydrogen outgassing is likely surface-limited when hydrogen is retained further than 10 nm.
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4.3.1 Surface-limited hydrogen outgassing

When the hydrogen outgassing is surface-limited (¢ > 1), hydrogen diffusion is fast and ¢y is

approximatively constant in material. The diffusion equation (4.9) can be then integrated, leading to

dén
ot

— [F(en)) (4.15)

where 7 is the normalized time = %t.

Using the approximations (4.12) and (4.13), the function F can expressed in a convoluted form
as F(¢y) =~ a(bo+ b1éy)* where =1 when ég > 1 and p = ﬁ when ¢y < 1. The evolution in time
of I'yy; can be obtained as a function of u and ¢ considering the initial concentration of trapped hydrogen

in material éy(f = 0,x) = é;:
e whengu =1,
Fou ~v e (4.16)
e whengu # 1,

Doyt ~77F (4.17)

. _ qlJ ~
with Kk = Tl for ¢ >

Values of k are plotted in figure 4.4 as a function of ¢y, showing that k decreases from oo to
0.5 when g = 1, and from 2 to 2/3 when g = 2 as hydrogen concentration ¢y increases up to 1. When the
concentration of hydrogen exceeds 1, k = 2 when hydrogen desorption is of second order (¢ = 2), whereas

the outgassing flux decays exponentially in time when g = 1.
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Numerical solutions of the diffusion equation (4.9) with the boundary conditions (4.10) have been
calculated in surface-limited regime with &g = 10~%, adhoc diffusion coefficient D, desorption rate K,y and
retention depth A such that 6(&) & 10 with ¢ = 1.2 considering respectively ¢ = 2 and g = 1. Resulting
outgassing flux reported in figures 4.5a and 4.5b follow time dependencies predicted by the relationships
(4.16) and (4.17). I out first decreases following a quadratic (resp. exponential) time dependency when
éu > 1, and then following a power-law decay with an power close to —2/3 (resp. —1/2) when ¢y ~ 1
and close to —2 (resp. —oc) when ¢y < 1. Power-law exponents k = 0.7 forg =2 and k =0.6 forg =1
obtained by fitting outgassing flux are slightly lower that the values of k expected when ¢y ~ 1 (x = 0.66
for g =2 and k¥ = 0.5 for ¢ = 1) because of the decrease of éy during outgassing, which induces smaller
values for k (fig. 4.4).

In Andrew’s model [143], hydrogen outgassing is modeled as being a surface process described by
an first-order reaction equation similar to the equation (4.15) considering F(¢éy) ~ ‘g’dtlf—*gH, and assuming
that the kinetic of the surface process is of second-order (¢ = 2). Outgassing flux calculated with Andrew’s
model exhibits a power-law decay [y ~ 1~2/3, which is in agreement with the time dependency of ['oy
outlined in the previous paragraph when hydrogen outgassing is surface limited (fig. 4.5b). The equation
(4.15) constituting the Andrew’s model thus applies here to describe hydrogen outgassing when hydrogen
diffusion in material is fast compared to surface processes (0 > 1) and when hydrogen diffusion is slow
enough to allow equilibrium of trapping and detrapping (exp. 4.7). Andrew’s model thus describe hydrogen

outgassing when the following condition holds

KEaA < D < A (Vg + V) (4.18)
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q

¢; = 1.2 in surface-limited regime (o > 1) for ¢ =1 (a) and ¢ =2 (b).

Regarding the proximity of the values of power-law exponents in figures 4.5a and 4.5b corre-
sponding to ¢ = 1 and g = 2 (respectively k¥ = 0.6 and k¥ = 0.73, ), one should not exclude that hydrogen
outgassing flux exhibiting a power-law decay close to ~ =23 may be also caused by surface processes

which do not induce second-order kinetic desorption (g # 2).

4.3.2 Diffusion-limited hydrogen outgassing

In diffusion-limited regime (o < 1), the retention region can be treated as an semi infinite
space (A — +o0) when hydrogen outgassing occurs in time inferior to the characteristic time of diffusion
t < T = A?/Degi(é;). When hydrogen outgassing is diffusion-limited, surface effects are negligible and
hydrogen concentration at the front material surface is thus low (ég(x = 0,¢) < &). The evolution of the

total hydrogen concentration in the material can be thus described by aégst(t) ~2D i;((‘;‘)) , where 8 (¢) is the

characteristic depth of hydrogen concentration profile. The evolutions of §(¢) and ["ou therefore follow
the classical time dependencies expected for a diffusion-limited process (5([) ~ Y2 and Toy ~ 171/ 2).
Numerical solutions of the diffusion equation (4.9) obtained for ¢ = 0.01 < 1 show indeed that 6 and
I"out always evolve following ¢'/2 and r~1/2 after depletion of hydrogen retained in near-surface region,

independently of the initial concentration ¢; (fig. 4.6) and of the value of q.
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outgassing flux 'yt (b) as a function of 7 calculated with v = 10~% and g =2 in diffusion-limited regime
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4.4 Hydrogen desorption from material surface vs hydrogen des-
orption from material bulk

In Grisolia’s work [29], hydrogen outgassing from graphite wall was modeled using the R-

D model formed by equations 4.1a, 4.1b and 4.6 assuming no hydrogen loss at the rear surface of

the PFC ((D a;;_, )sz = O) and second-order surface process (¢ = 2). Two experimental frameworks
corresponding to hydrogen outgassing from PFC material during helium glow discharges (HeGD) and
hydrogen outgassing from PFC material after plasma discharges (PD) were considered.

Using parameters of hydrogen diffusion, retention and desorption reported in table 4.1, experimen-
tal observations showing that ['gy ~ #~%- for long time during HeGD and that [oy ~ #~%73 for long time
after PD were reproduced with the R-D model in [29]. In this model, trapping and detrapping processes
are in equilibrium (% <L Vg + v[r) , considering retention parameters reported in table 4.1. The R-D model
describing hydrogen outgassing formed by equations 4.1 with boundary conditions 4.6 is thus equivalent
to equations (4.9) and (4.10), and results derived in the section 4.3 apply.

As noticed by Grisolia in [29], detrapping induced by He atoms diffusing in the material is
negligible compared to thermal detrapping. The difference observed in the power-law exponents (~ ¢~
during HeGD and ~ =7 after PD) are thus only caused by the differences between initial hydrogen

concentration profile in PFC material. The initial concentration profile considered for HeGD in [29]

is constant in the PFC (A > 100nm) with & = 1.04, leading to 6 = KDIQ'CE_C}Z) - =02 < 1 during HeGD.

Hydrogen outgassing is thus diffusion-limited during HeGD and Ioy ~ r~'/2, in agreement with the results
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Table 4.1: Parameters used in [29] to model hydrogen outgassing from graphite PFC.

D K; Vdt Vir \4 A
75%x107Pm3s ! | 2x108ms™! | 5x1072s71 | 100s7! | 5x107% | >10"m

of the section 4.3.2.
Profiles of hydrogen concentration after PD and before the outgassing phase were predicted in

[29] and show that trapped and free hydrogen are concentrated in a near-surface region (A ~ 10~8 m) with

DF'(¢y)

Al ~ DF(ey)
¢y 2 1 such that o K Feg) A

~ 5 > 1. The outgassing of hydrogen retained in the sub-surface region
(A ~ 108 m) is thus surface-limited.

However, a background concentration profile of retained hydrogen increasing from & = 0.65
at the surface to & = 1 beyond x = 1077 m was also predicted in [29] and may affect outgassing flux
and modify observed power-law exponents. Effects of retained hydrogen background concentration
profiles on hydrogen outgassing is illustrated in figure 4.7, where evolutions of the hydrogen outgassing
flux were calculated using equations (4.9) with different initial hydrogen concentration profiles. The
hydrogen background profile calculated in [29] is shown in figure 4.7c and leads to a time dependency
~ 17979 This power-law dependency is observed later (t ~ 10°s) than in Grisolia’s work (t ~ 10s)
because of a volumetric recombination term introduced in equation (4.1a) in [29]. Nevertheless, power-law
dependencies experimentally observed between plasma discharges occur at similar time ¢ ~ 103 s [142].

When hydrogen background concentration is higher (fig. 4.7d), I’y tends to follow a diffusion-
limited power-law decay (I ~ #~'/?). Without hydrogen background profile (fig. 4.7a), the power-law
exponent becomes larger (~ t~08%) due the faster reduction of hydrogen concentration near surface (k
increases when ¢y decreases as indicated by the figure 4.4). Similarly, the power-law exponent remains
larger when no hydrogen diffusion is permitted beyond A = 10~ m (fig. 4.5b). The power-law exponents
may thus vary between 0.5 and 0.9 as a function of the hydrogen background, which can slow down the
decrease of hydrogren concentration near the surface.

The fast decay of the calculated outgassing flux observed at short time (~ #~2) in figure 4.5a is
due to the release of the excess of free hydrogen near the surface, and has been experimentally observed in

graphite [142, 29].
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Figure 4.7: Outgassing flux calculated with equations (4.9) and (4.10) for different initial concentrations
of hydrogen. The profile (c) is the one corresponding to retained hydrogen profile in ToreSupra PFC after
PD calculated in [29]. Hydrogen diffusion in material is limited to A = 10~8 m for the profile (b).

4.5 Summary

When the diffusion of hydrogen in wall is slow enough to allow equilibrium between trapping and
detrapping processes, and fast enough to not limit outgassing of hydrogen from material (surface-limited
regime), the outgassing model taking into account the diffusion of hydrogen in wall proposed by Grisolia
et al. in [29] is equivalent to the model of hydrogen outgassing from wall surfaces proposed by Andrew et
al. [143]. In surface-limited regime, these two models can predict a power-law decrease of the outgassing
flux with an exponent x ~ 0.7 in agreement with experimental observations in Tore Supra and JET.

Such power-law decays of outgassing flux may also exist with a kinetic order of surface processes
different from 2 (for example, when g = 1, power-law exponents are about k == 0.6, close to experimental
values of 0.7). This result suggests that complex surface processes with ¢ # 2 may also induce power-law
decay. In addition, hydrogen retained deeper in material may also affect power-law exponents and further
investigations are thus required to model such effects. Additional information on outgassing regime and
surface processes may be provided by investigating long-term hydrogen outgassing at higher temperature.

Chapter 4, in full, is a reprint of the material as it appears in J. Guterl, R.D. Smirnov, S.I.
Krasheninnikov, Long-Term Hydrogen Outgassing from Plasma Facing Components in Contributions to

Plasma Physics 54 (4-6), 415-420 (2013). The dissertation author was the primary investigator and author
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Chapter 5

Atomic modeling of hydrogen

desorption from tungsten surface

5.1 Motivation and outline

Large time and space scales relevant for hydrogen retention in PFC of fusion reactors impose to
model hydrogen retention in PFC using the reaction-diffusion equations (1.9). The boundary conditions of
these R-D equations are determined by surface processes modeled by the equations (1.10), which rely on
the energy diagram reported in figure 1.11 in the introduction. Hydrogen desorption from tungsten surface
is usually described as a two-steps process where hydrogen molecules are first formed by recombination
of two adsorbed hydrogen atoms on surface before desorbing. The flux I'y of hydrogen desorbing from
tungsten surface (and thus outgassed from material) is then described as corresponding to a second-order
kinetic process (5.1), where cg is the concentration of adsorbed hydrogen on surface and K; is the desorption
rate.

Ex

o =Kipe T [Cs]z 5.1
———
K;
However, experimental data show large discrepancies in estimations of K; o and E; and contradic-
tory temperature dependencies for K; [32]. In addition, several binding states for adsorbed hydrogen on

tungsten surface were observed in thermodesorption experiments, and the kinetic order of the desorption

91



92

— 10¥
T
| T
g 1022 -
‘g‘ Y¥srrrrrs
t ;555555’ TDS (implantation phase)
5 1019 2727 72727,
=
o0 v/7/777/
£ v/777 TDS (desorption phase)
2 g0 (402
&
=]
=}
T 1013 - saturated surface —— I,
\ \ \ \ \ \

400 600 800 1000 1200 1400
PFC Temperature [K]

Figure 5.1: Maximum hydrogen outgassing flux from non-saturated tungsten surface as a function of
the PFC temperature (black), calculated with 8 = 1/2 and with desorption parameters for non-saturated
surface reported in [145]. Hydrogen outgassing regimes for TDS experiments and divertor in ITER are
indicated assuming full recycling of particles hitting PFC or implanted in PFC.

process g may be different from two [112, 145]. The desorption parameters E; and K; ¢ also significantly
vary when the hydrogen surface coverage 6 = csloz exceeds 0.5 [64] (Ag is the lattice cell size of tungsten.
See table 2.1 in chapter 2).

These experimental results suggest that hydrogen desorption processes might be not well described
by the expression (5.1). These surface processes may however play an important role in hydrogen
outgassing when hydrogen coverage of tungsten surface is high, which is expected for long term exposure
of tungsten components to high flux of hydrogen (e.g. in ITER or in TDS experiments, see fig. 5.1).
Accurate modeling of hydrogen desorption mechanisms is thus required to predict hydrogen retention in
tungsten exposed to high doses of hydrogen. Analyzing hydrogen desorption from tungsten surface using
macroscopic models with reaction-diffusion equations is difficult, as indicated by the large discrepancies
in experimental estimations of surface processes parameters E;, K; o and g. Atomic processes governing
hydrogen desorption from tungsten surface are thus investigated here using molecular dynamics simulations
(MD) and accelerated molecular dynamics simulations (AMD) [40].

MD simulations were performed using a W-H Tersoff interatomic potential proposed in [146]
and revisited in [147]. Due to high computational costs induced by Tersoff interatomic potentials, only
temperature accelerated dynamics (TAD) was used as AMD method [148, 149]. Hydrogen desorption
is considered here to occur from clean and flat tungsten (100) and (110) surfaces. In the first section,

hydrogen adsorption sites on (100) tungsten surfaces are characterized and TAD is used to analyze
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hydrogen diffusion on surface. Hydrogen desorption from tungsten surfaces is then investigated at high
temperature and analysis of interatomic potential parameters affecting desorption is provided. In the last
section, we examine diffusion of hydrogen on tungsten surfaces at high coverage and low temperature,
for which hydrogen clustering is observed on tungsten surfaces. Hydrogen clustering is modeled and its

effects on desorption are discussed.

5.2 Hydrogen adsorption states and diffusion paths on tungsten sur-
faces

In MD and AMD simulations, tungsten surfaces were normal to the z-direction and the simulation
box was periodic in the x and y directions. Upper surfaces at z = 0 were kept as free surface, while the
four last layers forming the opposite surface were frozen. The time step in MD simulations was set to
0.1 fs. Hydrogen adsorption sites on tungsten surface were analyzed by sampling the potential energy of
interaction Up.w < 0 between a single hydrogen atom and tungsten surface at z = z9. One hydrogen atom
was slowly moved toward W surface in the z-direction for several x and y positions (fig. 5.2). Tungsten
surface was maintained at temperature lower than 0.1 K by an external viscous force. The map of the
binding energy Ey.w(x,y) = 0 max (—Un.w) of hydrogen adsorbed on (100) W surface shows several
adsorption sites with different adsorption energy E,gs = Eg.-w (fig. 5.2): the bridge site (B) (E,qs =2.39¢eV),
the three-fold hollow site (T) (E,gs = 2.35 eV ), the orthohedral site (O) (E,qs = 2.4 eV ) and several narrow
sites (D) (E,gs = 1.9eV). Similar adsorption sites are also present on (110) tungsten surface (fig. 5.2).

E,q4s for (B) sites on (100) surface is close to E,gs found with LEPS potential (2.40eV ) [150],
and in relatively good agreement with experimental values of the activation energy Egesn of hydrogen
desorption as single atom from polycrystalline tungsten (Eges i =~ 2.91 eV [52]). Moreover, dissociation of
H; molecules have been experimentally observed on tungsten surface in bridge sites [52], and is known to
be exothermic, which is satisfied by adsorption energies found on (100) surface (EadS < E% ~2.26eV )

Activation energies of hydrogen transition (migration) between adsorption sites are needed to
characterize hydrogen diffusion on tungsten surface. But these activation energies cannot be determined
with the map of the binding energy Ey.w in figure 5.2 because free hydrogen motion in x and y directions
is necessary to characterize transition paths between adsorption sites. TAD simulations with one hydrogen

atom on tungsten surface were then used to analyze hydrogen transitions between adsorption sites, and to

estimate activation energy of these transitions with the nudged elastic band (NEB) method [151]. Using
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Figure 5.2: Hydrogen binding energy Ep.w(x,y) on (100) and (110) tungsten surfaces. Several adsorption
sites can be identified (B,T,0,D). Beige circles represent tungsten surface atoms at rest.

low temperature equal to 500K and high temperature equal to 1200K, TAD simulations were performed
on (100) surface, revealing one additional adsorption site (T2) with E,q5 =~ 2.15 eV, in addition to other
adsorption sites previously found (fig. 5.3).

Activation energies of hydrogen transition between adsorption sites estimated with NEB method
are plotted in figure 5.3. The transition (T) — (B) has the highest activation energy (E1)_, ) ~ 0.55eV ),
whereas the reciprocal transition shows E) —, 1y =~ 0.35eV . Activation energies for other transitions do
not exceed 0.35 eV and are weak for (D) — (T2) (Ep)— 12y < 0.1eV). Transitions between adsorption
sites occur only between spatially adjacent states, and hydrogen atoms can thus only migrate from one
lattice cell to an adjacent one through (B) sites. It suggests that the diffusion of hydrogen on (100) surface
is limited by hydrogen migration from (T) to (B) sites, and that the activation energy for diffusion Ep is
determined by Ep = E1)_, 8) ~ 0.55¢V.

However, transition barriers between adsorption sites other than (B) sites are lower than barriers
for transitions toward (B) sites. Hydrogen atoms therefore mostly explore the adsorption sites (T), (T2)
,(O) and (D) before exploring the (B) site. Since transition barriers toward (D) sites are low, hydrogen
easily migrates from (T) to (D), which tends to complicate effective adsorption potential structure in lattice
cells, and eventually affect hydrogen migration between lattice cells. The quantitative estimation of the
residency time of hydrogen atom in each adsorption site during TAD simulations is plotted in figure 5.4
and shows that hydrogen atoms mostly occupy the sites (T), (T2) and (D) (tmm)'“”) ~ 1077 s), and rarely

residency
~107%s).

These observations suggest that the diffusion of hydrogen atoms on (100) tungsten surface

.. . ®
visits the site (B) (tresidency

might be more complex than diffusion modeled as single hops of hydrogen from one lattice cell to
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Figure 5.3: Activation energy Ej) _, (j of transition between adsorption states (i) and (j) on (100) tungsten
surface estimated with NEB method. E.g. transition (a) corresponds to the transition Ey _, (1) with
E(B) —(T) = 0.48eV.

another one. In particular, the dependency of hydrogen diffusion coefficient on temperature may be more
complex than predicted by an Arrhenius law with pre-exponential factor and activation energy independent
of the temperature. Statistical estimations of the diffusion coefficient of hydrogen on (100) surface
(D = zEToo <Z>) performed with MD simulations in the range of temperature 1000K < 7" < 1500K
show that Ep strongly depends on temperature.

Experimental measurements of hydrogen diffusion coefficient on (100) tungsten surface for
T > 220K indicate that Ep ~ 0.30eV [152]. This experimental value of Ep is in reasonable agreement
with transition barriers found for (B) and (T) sites (Esile 5@ ~035eV,Eqr @ ~0.55 eV), and is
lower than E(r) _, 8y , Which is expected if hydrogen diffusion is not limited by the transition (T) — (B).
No further quantitative analysis of adsorption sites and diffusion process can however be reasonably
performed without better validation of the W-H interatomic potential. For instance, the existence of the
(D) sites is questionable regarding their narrowness, and may be due to cut-off effects in the interatomic
potential. Despite uncertainties in the interatomic potential, the relative good agreement between adsorption
energies found in MD simulations and adsorption energies measured in experiments suggests that the W-H
interatomic potential given in [146, 147] and used in MD simulation may still well describe main features
of hydrogen adsorption on W surfaces, in particular effects of multiple neighboring adsorption sites on

hydrogen diffusion.



96

1070
3 i
E
z 1077 ¢
=] -
Q) |-
:-9 |
3 i
(5]
2 1078 ¢
s o
'5‘ -
£ C
=}
U |

107° :

© ® @O (@T2) @O

Adsorption site

Figure 5.4: Cumulative residency time of hydrogen in the different adsorption sites of (100) tungsten
surface calculated in TAD simulations.

5.3 Hydrogen molecular desorption from tungsten surfaces

The desorption of molecular hydrogen from tungsten surface is the result of the recombination of
hydrogen atoms into H, molecules on tungsten surface followed by the desorption of Hy molecules from
tungsten surface. Experimental observations of H, dissociation on tungsten surface suggest that hydrogen
recombination into Hj is the process governing hydrogen molecular desorption [52]. In this section, we
analyze hydrogen recombination and desorption on tungsten surface by performing MD simulations at high
temperature (7 > 2000K) on (100) surfaces. High temperatures in MD simulations are required due to the
large activation energy E; ~ 1.4 — 1.6 eV experimentally measured for hydrogen molecular desorption
[112, 145], which leads to a low frequency of desorption events fges ~ 10'3e*% s~!. TAD simulations
cannot be used to investigate hydrogen recombination because of the dramatic decrease of TAD efficiency
with more than one hydrogen atom on tungsten surface.

High hydrogen surface coverage is required to induce a large desorption rate. Therefore, hydrogen
atoms were injected during MD simulations at the constant volumetric rate Sy = 1073 altoms.;\_s.ps’1
into bottom layers of tungsten samples to balance hydrogen atoms lost by desorption, and thus maintain
high hydrogen surface coverage 6 > 0.1. Results of MD simulations at 7 = 2500 K performed with the
W-H interatomic potential given in [146] and [147] show that no molecular desorption occurs during 5ns
simulations, which is unexpected since fyes (T = 2500K) ~ 100 ps, leading to the saturation of tungsten
sample with hydrogen. Similar observations were made for (110) surfaces.

To determine why no hydrogen molecular desorption occurs at high temperature during long MD
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simulations, we forced recombination of hydrogen atoms on a frozen (100) tungsten surface by moving
the two hydrogen atoms toward each other along the same axis in the plan of the surface layer (z = 0)
as sketched in the figure 5.5a. The potential energy of this W-H-H system is plotted as a function of
the distance between the two hydrogen atoms in the figure 5.5, showing a large and sharp energy barrier
~ 7eV for hydrogen recombination when hydrogen distance is about 1.6A. To examine the origin of this
barrier, all three-body interactions (TBI) involving hydrogen in the W-H Tersoff potential were turned
off by setting their amplitude ¥ to zero, leading to the disappearance of the large energy barrier (fig. 5.5).
Among TBI involving hydrogen, the magnitude of H-H-H and H-W-H interactions reported in [146] and
[147] (y = 12.33) is much larger than the magnitude of other TBI (y < 0.1). Since H-H-H interactions is
not relevant for the recombination of two hydrogen, only the amplitude Yyw.iz of the H-W-H interactions
was tuned. The sharp recombination barrier diminishes as yy.w.pg decreases (fig. 5.5), suggesting that the
activation energy E; of hydrogen recombination into H strongly depends on Yy.w.g.

Estimating E; as a function of Yy w.y for realistic recombination process is difficult due to
numerous paths available for recombination of two hydrogen on tungsten surface. MD simulations were
then performed at 7 = 2500 K using the setup described above to estimate the rate of molecular desorption
as a function of Y w.p. When Y.w.g vanishes, the rate of molecular desorption decreases due to the
binding of hydrogen molecules on surface, which should be rather weak since Hj dissociates on tungsten
surface. A non-zero H-W-H TBI is thus required to avoid strong binding of hydrogen molecules onto
tungsten surface, and thus ¥.w.i cannot vanish. On the other hand, the desorption rate is very low when
Ya-w-g > 1 due to high values of E;. > 2 eV . To estimate values of E; corresponding to 0 < Yyw.g < 1, MD
simulations were performed at several temperature (2300K < T < 2800K) for several values of Yy.w.n.
Arrhenius plots giving estimations of E; was obtained for each value of yy.w.p, showing that E. ~ 1.5eV
when y.w.u = 0.55, in good agreement with experimental values of E; ~ 1.4 —1.6eV [112, 145]. The
value of yr.w.g = 0.55 reported above does not take into account effects of high hydrogen coverage in MD
simulations, which may strongly affect molecular recombination [64].

We therefore conclude that the W-H interatomic potential proposed in [146] and revisited in [147]
does not qualitatively describe hydrogen recombination into H, on tungsten surface. The parameterization
of the H-W-H TBI given in [146, 147] does not well model short range hydrogen-hydrogen interactions
in tungsten environment, which are essential in the recombination of hydrogen atoms into molecules
on tungsten surface. The amplitude Y.w.g of these TBI should be adjust to Yg.w.g ~ 0.55 in the W-H

interatomic potential to simulate processes involving molecular recombination or short range hydrogen-
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Figure 5.5: Potential energy Epq as a function of the distance between hydrogen atoms when hydrogen
atoms (red) are moving toward each other in the plan z = 0 of a frozen (100) tungsten surface (grey
and black atoms in picture (a)) . Epo is calculated for different magnitudes Yy-w.y of the three body
interaction H-W-H in the Tersoff W-H interatomic potential given in [146]. The red curve corresponds to
Y1-w-H = 12.33, which is the original value given in [146].

hydrogen interactions in MD simulations.

5.4 Hydrogen clustering on tungsten surface

In this section, we investigate effects of high hydrogen surface coverage on hydrogen recombina-
tion process, neglected for the sake of simplicity in the previous section, but which may be important as
suggested by experimental data [64]. To explore collective effects of hydrogen clustering on hydrogen
desorption, MD simulations were performed with hydrogen atoms deposited on (110) and (100) tungsten
surfaces with a coverage 0 ~ 0.1 during 10ns at 7 = 1500K, such that hydrogen atoms remain on tungsten
surface. Indeed, characteristic times of absorption of adsorbed atom from surface into bulk and of molec-
ular hydrogen desorption are larger than 10ns when 7 < 1500K. MD simulations show that hydrogen
atoms form stable elongated surface clusters after ~ 10ps on (100) and (110) surfaces (fig. 5.6). Because
interatomic distances between hydrogen atoms forming clusters are larger than 1.5A, hydrogen-hydrogen

interactions in clusters are weak (< 0.05 eV ) and hydrogen clustering does not depend on Yiy.w-u.

Introducing the average binding energy Eyy.w = Ekg'w, where Eyyw is the binding energy of
a k-atoms cluster to tungsten surface (Exg.w > 0), MD simulations show that Eyyw ~ 3.1eV for large

clusters (k > 3) and Exp.w < 0.1eV for small clusters (k < 3). Moreover, Ex.w weakly depends on the
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cluster size for large clusters. According to results in section 5.2, E,qs =~ 2.4eV, and thus the binding
energy of hydrogen atom to tungsten surface in large clusters increases of AEp.w = Exw — Eags ~ 0.7eV .
This increase is due to the trapping of hydrogen atoms into sub-surface sites, which can be reached by
hydrogen atoms nearby other hydrogen, which induce slight reorganization of tungsten surface lattices
(fig. 5.6b). Sub-surface trapping sites induce stronger binding of hydrogen atoms to tungsten surface due to
the presence of rows of tungsten atoms above hydrogen atoms. However, such reorganization only occurs
when k > 3, justifying that AEy.w ~ 0 for small clusters (k < 3).

The effects of hydrogen clustering on hydrogen desorption cannot be observed during MD
simulations due to the low simulation temperature T = 1500K, which implies that fye, ~ 1077571

Nevertheless, we can speculate that hydrogen clustering may affect hydrogen desorption by:
e increasing the residency time of hydrogen in the vicinity of other hydrogen atoms

e reducing the amount of isolated hydrogen atoms which can recombine in small clusters (two or three

atoms)
e affecting the recombination path for two adjacent hydrogen atoms in clusters.

The formation and the dissolution of k-atoms clusters on tungsten surface can be modeled as trapping/de-

trapping processes defined by:
e the trapping rate Ky (k) = Ko f.(k) e Ev®)/T
e the detrapping rate Ky (k) = Ky o f (k) e Ea /T
e the desorption rate K;(k) = K, o f-(k) e” E;(k)/T where f.(k) ~ k (elongated cluster).

Since AEy.w weakly varies with the size of large clusters, we can assume for large clusters that £ (k) ~
E; +AE, (k) and Ey (k) ~ Ep +AEg k), where Ep is the activation energy of diffusion of isolated hydrogen
on tungsten surface and E; is the activation energy of recombination and desorption of two isolated
hydrogen atoms into H, (see energy diagram in figure 1.11). AE; = 0eV by definition for clusters of two
atoms and we assume that AE, ~ 0eV for clusters of three atoms.

Using the NEB method, the binding energy AEy of hydrogen atom to cluster can be estimated
to be AEg(k > 3) < AEpw = 0.7eV for large clusters and AEy(k < 3) < 0.1eV for small clusters.
Although effects of clustering on recombination are unclear (AE; may be positive or negative), we can
assume that K, < Ky regarding experimental values of E; (E; ~ 1.6eV [112, 145]). When the total surface

concentration of hydrogen ¢t is small enough to avoid cluster percolation (LC (k)y/Csrot < 1 where
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L. (k) is the characteristic size of k-atoms clusters) and when the diffusion is fast compared to cluster
dissolution ( ¢ otD > Kq4)), cluster formation can be supposed to be limited by diffusion of hydrogen
atoms (E (k) ~ Ep), assuming that there is no significant activation energy for trapping of hydrogen in
clusters. Assuming that neither small nor large clusters diffuse on surface and recalling that K; >> Ky, the
equilibrium of cluster surface concentrations ¢s(k) is determined by the balance between the formation
and the dissolution of clusters on tungsten surface. Within these assumptions, the coexistence of large
and small clusters is only possible in a very narrow range of temperature and hydrogen concentration.
Hydrogen surface coverage is thus dominated either by small clusters (small clusters regime where
cs(1,2,3) > cs(k > 3)) or by large clusters (large clusters regime where cs(kmax) > ¢s(k < kmax)).
Cluster growth is limited by hydrogen desorption and thus kny,x may vary during hydrogen outgassing.

The regime of surface coverage is determined by the nucleation process of small clusters. Large

clusters dominate when the nucleation process of small clusters is fast (PC = Ku(23)6

luster = g 53 > 1). In contrast,

small clusters dominate when the nucleation process is slow (Pejusier < 1). Since AEg < 0.1eV for small
clusters, Pepyster = Co0 with Cy ~ O(1). Formation of large clusters is thus expected to weakly depend on
the surface temperature and to occur only at high coverage (6 > 0.1).

To evaluate effects of clustering on hydrogen desorption, we introduce the ratio Ry.s defined as the
rate of desorption from k-atoms clusters over the rate of desorption from small clusters (3-atoms clusters

are neglected):

[ Relk—1)8(k—1)6(1) x R(k)O (k) Ra(2)0(12 x Ro(2)6(2)
Raes = < Ra(k)6 (k) )/ ( ) )

O(k—1) _Mk-aky
Cr, k————— T
Res 9 ( 1) e

Q

(5.2)

where Cg,, ~ O(1) and (k) = cs(k)AZ. The time evolution of 8 = c;A3 = fo:‘i‘ 0(i) is then described

by the equation (5.3), where Iy, is the desorption (outgassing) flux.

00 - _Er 0(k _ AE—AE
5 = —Toum —2Kipe T 0(1)>2 1+CRdeskmaxé(“ia)")e —r (5.3)
Res

In large cluster regime (Pejyster > 1), 0 & kmax 0 (kmax ) With 0 (kmax ) > 0(k < kmax) and we can

show that 8 (kpax) ~ 6(1)" with m ~ k;;}. < 1. Consequently, if R4es > 1, hydrogen desorption is
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Figure 5.6: Top view of tungsten surface with hydrogen coverage 6 = 0.1 during MD simulations at
T = 1500K. Hydrogen atoms (red) form elongated clusters on tungsten surface (gray).

dominated by recombination occurring in large clusters and 'y ~ 6. In this cluster-controlled desorption
regime, the effective desorption energy is E, = E +AE. —AE4. If Rges < 1, hydrogen desorption is
dominated by hydrogen recombination occurring in small clusters and T'oy ~ 62 in small clusters regime.

Experimental measurements have shown that E; sharply decreases from 1.6eV to 1eV, and that
the effective pre-exponential factor Ko diminishes of eight orders of magnitude when 6 > 0.5 [64]. Sudden
variations of desorption parameters when hydrogen surface coverage increases might be qualitatively
described with the cluster model introduced above, since the transition from the small clusters regime to
the large clusters regime is sharp and occur at large coverage. In large clusters regime, desorption is cluster-

controlled (Rdes > 1 due to eg((“f‘)") > 1). Assuming that large clusters are indeed formed in experiments

at @ ~ 0.5 and induce cluster-controlled desorption, it can be estimated that AE, — AEy ~ —0.6eV and
thus AE; ~ 0.1 eV . This latter value suggests that direct effects of clustering on recombination of hydrogen
are weak. The sudden strong decrease of Ki;o when the surface coverage increases above 0.5 may also be
qualitatively explained within the cluster model considering that in cluster-controlled desorption regime,

Kuo , 6(1)
i(tr,O 0 <<1
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5.5 Summary

Using MD simulations, several hydrogen adsorption sites were found on tungsten surface and
main features of bridge sites and activation energies for migration of hydrogen through adsorption sites are
in qualitative agreement with experimental observations. The existence of several adsorption sites may
lead to complex diffusion process for hydrogen on tungsten surface. Hydrogen molecular desorption is not
well described by the W-H Tersoff interatomic potential proposed in [146], and three-body interactions
parameters of this potential, which describe effects of tungsten environment on hydrogen recombination,
should be adjusted to qualitatively reproduce main features of hydrogen recombination into H,. When
tungsten surface coverage is high, hydrogen clustering is observed on surface and a kinetic model was
proposed to qualitatively describe effects of clustering on molecular desorption. This model shows the
existence of a large clusters regime, where surface coverage is dominated by large hydrogen clusters. In
this regime, sudden variations of desorption parameters as a function of the hydrogen surface coverage,
experimentally reported in [64], can be qualitatively described by the clustering model, suggesting that
the kinetic of hydrogen desorption from tungsten surface may be not always second-order. Quantitative
descriptions of adsorption, diffusion and clustering of hydrogen on tungsten surface however strongly
depend on W-H interatomic potential. Therefore, a better assessment of W-H interatomic potential is
required for studying W-H interactions on W surface, e.g. with DFT.

Chapter 5, in part, is a reprint of the material as it appears in J. Guterl, R.D. Smirnov, S.I.
Krasheninnikov, B. Uberuaga, A.F. Voter, D. Perez, Modeling of hydrogen desorption from tungsten
surface published in Journal of Nuclear Materials, 2014. The dissertation author was the primary

investigator and author of this paper.



Conclusions

Plasma-material interactions may strongly influence plasma performance and life-time of future
magnetic fusion devices. Retention and recycling of hydrogen isotopes in plasma-facing components may
lead to dynamics plasma-material interactions and significant accumulation of tritium in material. Under-
standing the multifaceted physics of hydrogen retention in PFC is thus crucial, but remains challenging
due to the wide spectrum of retention processes on PFC surface (erosion, co-deposition, etc.) and in PFC
bulk (trap sites, bubbles, etc.) induced by long-time exposure of PFC to high flux of energy and particles.

In this context, we revisited in this work some aspects of the reaction-diffusion models used to
describe hydrogen retention in metallic PFC as well as some aspects of the atomic modeling of hydrogen
desorption from PFC surface, focusing on tungsten PFC which has been chosen as divertor material in ITER
and in future fusion reactors (DEMO). We first focused on analysis of thermal desorption spectroscopy
considering only one type of traps in material and neglecting surface effects. We showed that solute
hydrogen concentration in retention region usually remains in equilibrium during TDS experiments. In this
regime, analytic description of thermal desorption spectra indicates that trapping of solute hydrogen during
TDS experiments cannot be ignored. Main features of thermal desorption spectra were then analytically
described and a refined interpretation of Arrhenius plots was proposed. We also highlighted the use of tails
and skewness of thermal desorption spectra to estimate activation energy of diffusion and to determine
whether surface effects affect hydrogen release or not during TDS.

Hydrogen retention induced by large number of traps was addressed next. Modeling of TDS
experiments with a large number of different traps was presented for the first time, and was illustrated with
several experimental thermal desorption spectra, which were consistently reproduced using several traps
with a fixed broad spectrum of detrapping energies. Values of detrapping energies were shown to be in
agreement with values predicted by DFT models when several hydrogen atoms are trapped in one material

vacancy.
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Long-term outgassing of hydrogen from PFC during off-plasma events was then examined,
focusing on the superdiffusive power-law decay in time of the hydrogen outgassing flux . Hydrogen
outgassing was modeled with a revisited single trap model, showing the existence of different regimes
of hydrogen outgassing as a function of the characteristics of processes governing hydrogen retention
(surface conditions, material depth, trapping/detrapping rates). We identified two regimes of hydrogen
outgassing, depending on whether the hydrogen release is surface-limited or diffusion-limited. We also
analyzed the influence of the thickness of the material on the power-law exponents. Finally, our results
reconciled different models proposed in the literature to describe power law decays of the outgassing flux
experimentally observed.

Hydrogen desorption from tungsten surface was investigated in the last part using molecular
dynamics simulations, motivated by the large discrepancy in experimental measurements of hydrogen
desorption parameters from tungsten surface in fusion-related conditions. Using MD simulations, several
hydrogen adsorptions sites were found on tungsten surface. Main features of bridge sites and activation
energies for migration of hydrogen through adsorptions sites are in qualitative agreement with experimental
observations. The existence of several adsorptions sites may lead to complex diffusion process for hydrogen
on tungsten surface. MD simulations indicated that molecular hydrogen desorption is not well described
by the W-H Tersoff interatomic potential proposed in the literature. Three-body interactions parameters
of this potential, which describe effects of tungsten environment on hydrogen recombination, should be
adjusted to qualitatively reproduce main features of molecular hydrogen recombination. When tungsten
surface coverage is high, hydrogen clustering was observed on surface and a kinetic model was proposed
to qualitatively describe effects of clustering on molecular desorption. This model shows the existence of
a large clusters regime where surface coverage is dominated by large hydrogen clusters. In this regime,
experimentally observed sudden variations of desorption characteristics as a function of the hydrogen
surface coverage can be qualitatively described by the model, suggesting that the kinetic of hydrogen
desorption from tungsten surface may be not always of second-order.

R-D models of hydrogen retention were examined in this work assuming that surface processes do
not affect hydrogen retention and outgassing and that traps are immobile and do not recombine or mutate
in the bulk of PFC material. These latter assumptions may however not always hold in fusion related
conditions. For example, effects of surface processes might be expected when PFC are repetitively exposed
to high flux of hydrogen as shown by the analysis of long-term hydrogen outgassing from PFC during

off-plasma events. Including effects of these processes on hydrogen retention and outgassing thus requires
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additional work to extend current R-D models and to characterize these processes. Atomic description of
these processes may be thus necessary, as illustrated in this work with the modeling of hydrogen desorption
from PFC surface with MD simulations. In this context, quantum modeling of hydrogen retention processes
in tungsten is necessary because of existing limitations in interatomic potentials available to describe

hydrogen tungsten interactions, especially on tungsten surface.



Appendices

A The Lambert function

The Lambert function @ is implicitly defined by @({)e®¢) = ¢ for { > —e~! (fig. 5.7). The

first-order derivative of @ is

do(f) 0]

¢ L(1+w(0)

and the second-order derivative is

Io(g) _do(f) o()*+20(f)

92 90 ((1+0(0))?
1 .
| y=¢
- : 7() ] "”
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e —%
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Figure 5.7: Graph of branches 0 and -1 of the Lambert function.
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B Analytic solution of quasi-static reaction-diffusion equations

When free hydrogen concentration is in equilibrium (% ~ 0), the equation (2.13a) reads

% = —Vpcr. The combination of equations (2.13a) and (2.13b) thus gives

¢ [Ve+Vp

— | ——=—1| = —vgV 5.6
37 { Vil atVD (5.6)
Vi

Assuming that variations of |
D

with temperature are negligible, the differential equation (5.6) can be

integrated to give

(1+ VD(T))ln(a(T)/eo)(a(T)e-o) =- /T Var(T")vp (T")dT’ 5D

Qeff(T)

A formal expression of ¢; can be deduced from equation (5.7) by introducing the Lambert function

&(T) =9 (T @ (QO(T)eQ"(T>_Q°ff(T)) (5.8)

Vtréo

here Q) = — ————
where Q DJA + vy

C Derivation of the expression of desorption temperature

Tyes 1s defined by % = 0 and using expressions of the outgassing flux (2.26) and (2.27):

des

e in detrapping-limited regime, the outgassing flux is given by (2.26) and the equation % =0

becomes
d th(Tdes) : _ 82-th(Tdes) (5 9)
oT 2T? '
which can be recast into Qg (Tyes) = 1. Using the Lambert function ®, Ty is then given by
E 1
Tgos = —2 (5.10)

e in retrapping-limited regime, the outgassing flux is given by (2.27) and the equation % =0
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becomes after some algebra

2 9% Qi
@lo)taole) _ o (5.11)
(1+o(e)) <3Qeff)
oT

where @ = Qe The expression (5.11) can be then recast into

9 Qerr(Taes) \* 202 Qefr(Taes)
(2250} = 1+ oo ) 5.12)

Since Qe (T) ~ De%?) 1;% and usually % > 1, the previous equation (5.12) can be simplified into

Qefi (Taes) ~ [1 +o (QerU’Qeff(TdeQ)] 2 (5.13)

0(¢o)

. N2
The implicit function ®(¢&) defined by ©(éy) = {1 +w (—éoe’coe’@("(’))} decreases as function

of ¢y in the interval 0.46 < ® < 1 (fig. 5.8).

The temperature Ty is then finally given by

(5.14)

Var0Do o
thOAz €

205@(60)
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D Analytical estimation of skewness of desorption peak

T
The temperatures 7. > T, and T_ < T, are formally defined by ?”((i(ﬁ))) =B withO< B <1.
out

The skewness estimator § = T;; - _ 1 canbe analytically expressed using expressions of out-
gassing flux (2.26) and (2.27):
5 o(u) | u 1 u
S(B) = o — |t — || -1 (5.15)
2 so(B) s-1(B)
E4qVao EcttVefr o

in detrapping-limited regime and u =

where u = 100 W(@O).
The functions so and s_ follow the dependencies so(8) ~ @wo(Be~!) ands_(B) ~ —w_1(—Be™!)
in both regimes. @y and ®_ are respectively here the 0 and -1 branches for the Lambert function. Noticing

that # > 1, it can be shown after some algebra with a good approximation that
§(p)~ <-mB (5.16)

2 Inu

The magnitude of the estimator A = aln B 21nu thus depends on the value of # which varies of several
orders of magnitude between detrapping-limited regime and retrapping-limited regime since Vefro << Vat,0-
There is therefore a clear difference between lower values of A in detrapping-limited regime and
higher values of A in retrapping-limited regime. Considering typical retention and desorption parameters,

A < 0.01 in detrapping-limited regime and A > 0.01 in retrapping-limited regime.
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