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Core excitation of molecules by soft x-rays creates core holes with lifetimes of a few femtoseconds, which is a sufficient duration for light nuclei/atoms to move from their equilibrium geometry when the core-excited molecule is dissociative. This results in a competition between two dynamic processes: relaxation of the excited system and its nuclear dynamics.

Ultrafast dissociation (UFD) is an extreme example of such a competition, where Auger electronic decay occurs after dissociation, observed for the first time in HBr about 35 years ago. Observing traces of ultrafast nuclear dynamics requires time-resolved experiments. Alternatively, high-resolution electron spectroscopy can be used to imprint signatures of nuclear dynamics, such as UFD, into Auger decay spectra. More complete information on molecular dynamics is obtained by performing electron-ion coincidence measurements, where the correlation of emitted electrons with ionic fragments allows disentangling dissociation mechanisms. Initially, UFD in H 2 O and NH 3 was observed and studied using single-channel high-resolution electron spectroscopy. This thesis applies a more complex technique using Auger electron-ion coincidence to get deeper insights into UFD. Two different Auger electron-ion coincidence setups were used for comparison: EPICEA at the synchrotron SOLEIL in France, which is based on the home-built double-toroidal electron analyzer, and the newly built GPES setup at MAX-IV in Sweden, which is based on a commercial hemispherical electron analyzer. This thesis shows that UFD, following N 1s core excitation in NH 3 , contributes more to the formation of Auger decay spectra than previously estimated. This is deduced from observing additional higher-lying cationic final states reached in resonant Auger decay. Furthermore, the Auger-Doppler effect is found in water and ammonia systems. These findings demonstrate that state-of-the-art coincidence measurements reveal information otherwise hidden and undetectable in single-channel electron spectroscopy. 3.3.1 EPICEA coincidence measurements . . . . . . . . . .

Chapter 1 Introduction

In our everyday experiences, we all have almost a common understanding of what it means to "see" a thing or an event. This observation eventually leads to a perception or understanding of what happens during a phenomenon. We see a bird flying or the sun rising from one side of the horizon and setting on the opposite side. Seeing and observing the world made Homo sapiens or perhaps other living species react, in some sense, to this observation as an attempt to discover and understand the phenomena or reconstruct or create a new thing. Today, these reactions can be categorized as science or art. Observing a bird or the sun inspires poets to paint an oil on canvas -painting called later "Impression, soleil levant" which started the impressionist movement in the history of art. A sunrise and a sunset also inspired Anaximander (c.610c.546 BC), a Greek philosopher, to propose the first mechanical model of the world in which the Earth floats free without any need to be supported or rested on anything else in an infinite space. The fact that the sun sets from one side and rises on the other side means it must pass underneath the Earth or goes around it thus he came up with this idea of the floating Earth.

It is considered by many as the first cosmological model and the initial point of scientific thinking [START_REF] Rovelli | The First Scientist: Anaximander and His Legacy[END_REF].

Today we know that in the process of seeing, the light enters the eye and transports a kind of information of its source which is interpreted later in the brain and finally leads to perception. We also know that (visible) light is a range of electromagnetic spectrum or pockets of energy called photons as quantum theory described in the 20 th century. The eye is a light detector in the first place working in a certain range of the electromagnetic spectrum, i.e. photons within a limited range of energies. Observing and obtaining information about the world is not only done by "seeing". Other forms of observation exist like hearing, smelling, tasting, etc. possible through other types of detectors we have as humans.

The concept of "seeing" as a means of obtaining information in the microscopic world can be compared to what we know in our everyday macroscopic world. However, observations of the microscopic world of atoms and molecules are not always direct, like "seeing". It can be done indirectly. Even in our macroscopic world, we can get information about what has happened without directly seeing it. You step out of your place in the morning after it snowed all night and you immediately find out about the presence of a crow where you are standing just by seeing its footprints on the fresh snow. However, you came to this conclusion not only by looking at its footprints but also because of the previous knowledge you had of the prints that crow's feet mark on a surface. In the microscopic world, we also get information about a phenomenon by observing the final detected products. For example, in the case of x-ray interaction with a sample of molecules, we could observe molecular fragments in our detector which inform us of the dissociation that happened before the detection. The byproducts of matter and light interactions such as electrons, ions, and photons keep the information about the phenomena occurring during and after an interaction. Thus they provide different detection methods and each demands a specific detector designed in a sophisticated fashion to reveal the characteristics of these particles such as their energy, electric charge, or emission angle compared to the incoming x-rays with the highest possible precision needed and the latest technology. Spectroscopy is the term used for studying the interaction of electromagnetic radiation or any other forms of radiative energy, such as acoustic energy or even gravitational energy, with the matter. In the case of this thesis, I deal with different types of electron and ion spectroscopy described in detail in the first chapter. This introductory chapter starts by describing the atoms and molecules and their electronic structures. Light-matter interactions result in processes such as ionization and excitation which could lead to molecular dynamics, including dissociation described in the following sections, as well as other relaxation mechanisms in response to those processes. Various spectroscopic methods are presented to study these responses. This thesis is focused on studying two molecular systems, H 2 O and NH 3 , for their response to x-ray-induced core-shell electron excitation leading to molecular dynamics such as ultrafast dissociation (UFD), described later in this chapter, occurring on a femtosecond (10 -15 s) timescale. The aim of this introductory chapter 1 is to provide the fundamental concepts necessary to explain the results obtained and discussed in detail in chapters 3 and 4 for NH 3 and H 2 O molecules, respectively. The experiments were performed with high-resolution experimental setups installed at two different light sources explained in detail in chapter 2.

Atoms and molecules

In this work, I explore the interactions of matter and light. Here, the matter is small molecules, which are chosen as example systems to study and disentangle in most detail the mechanisms of their disintegrating upon irradiation with x-ray light. Therefore, we need to understand what the light and the matter are in the first place.

Near the end of the nineteenth century, James Clerk Maxwell (1831Maxwell ( -1879) ) showed that (visible) light is electromagnetic radiation. Electromagnetic radiation is a wave consisting of a synchronized electric and magnetic fields, see Fig. 1.1. His work was based on what is known as Faraday rotation which was the first experimental effect showing that light and electromagnetism are related. Michael Faraday (1791 -1867) discovered that the polarization 1 of light is altered when it travels along a magnetic field. This inspired Maxwell to Introduction study simultaneously light and electromagnetic radiation. He found out that electromagnetic radiation travels through space with a constant speed whose magnitude coincides with the previously measured speed of light. Therefore, he concluded that light is a form of electromagnetic radiation. Later, Maxwell wrote a mathematical description of electromagnetism in his book "A Treatise on Electricity and Magnetism" [START_REF] Maxwell | A Treatise on Electricity and Magnetism. Number v. 1 in A Treatise on Electricity and Magnetism[END_REF] published in 1873. Afterward, Heinrich Hertz (1857 -1894) put Maxwell's theory into an experiment and confirmed that various forms of electromagnetic radiation, such as radio waves, behave exactly as visible light and they share the same characteristics such as reflection or interference.

At the beginning of the twentieth century, quantum theory was established from which we understood another aspect of light. Max Planck (1858 -1947) suggested that even though the light is a wave but it can gain or lose only finite amounts of energy which is related to its frequency. He was able to calculate the proportionality constant which is known as Planck constant 2 and is denoted by h. This is known as Planck's energy-frequency relation.

E = hν (1.1)
He coined the name "quanta" for the discrete energy value of electromagnetic waves. The discovery of energy quanta won him the Nobel Prize in Physics in 1918. When electromagnetic radiation such as light hits a material, electrons are emitted. A mathematical description of this phenomenon was the subject of one of the four 3 1905 papers by Albert Einstein (1879 -1955) [START_REF] Einstein | Über einen die erzeugung und verwandlung des lichtes betreffenden heuristischen gesichtspunkt[END_REF]. Einstein explains, inspired by Planck's energy quanta, according to the following relation, that the energy of the ejected electrons is a function of light frequency (photon energy).

E k = hν -W (1.2)
In this relation the E k is the kinetic energy of the ejected electron, the hν is the photon energy and W is the work function, or the minimum energy needed to remove an electron (binding energy of the emitted electron) from the system. The Nobel prize in physics in 1921 was bestowed to Einstein for his work on the photoelectric effect. This showed the particle-like behavior of light and is the base of photoelectron spectroscopy (PES) in which photo-induced emitted electrons are studied, see section 1.4. Later, in 1923, Arthur Compton (1892 -1962) discovered that x-ray wavelength is shifted when scattered from electrons.

This is explicable only with the "particle" nature of light. The particle-like momentum of light is transferred to the electron which results in an energy decrease of the electromagnetic radiation. The inverse effect can also happen when the light acquires some momentum from an electron. This effect is known today as Compton scattering for which he was awarded the Nobel prize in 1927.

∆λ = h m e c (1 -cos θ ) (1.3) 
The Compton relation 1.3 shows a shift of the wavelength which depends on h, m e (electron rest mass), c (the speed of light), and the scattering angle θ .

In 1926, Gilbert Lewis (1875 -1946) popularized the term "photon" for the smallest unit of electromagnetic radiation energy.

The matter is made of atoms. The idea in which matter is composed of discrete and inseparable entities comes from Ancient Greek philosophy. Thus, the name atom has its root in the Greek word "atomos" meaning indivisible. In today's atomic theory we still call atoms the discrete entity from which the matter is made up. However, nowadays we know that atoms are composite and are, themselves, made of other particles like electrons, protons, and neutrons. Today we call an indivisible particle an "elementary particle". Fig. 1.2 shows an overview of all types of elementary particles known in our universe according to the Standard Model of particle physics. According to this model, the universe can be described by fundamental forces and quantum fields which represent themselves as elementary particles.

This model describes three out of four fundamental forces, electromagnetic, weak, and strong particles. This model was developed all through the 20th century and found its latest formulation in the 1970s. Its credibility increased as it predicted some of the elementary particles way before they are discovered in particle accelerators. The last piece of the puzzle was completed in 2012 by discovering the Higgs boson [START_REF] Aad | Observation of a new particle in the search for the standard model higgs boson with the atlas detector at the lhc[END_REF]. The discovery of this particle named after Peter Higgs (b. 1929), predicted in 1964, was particularly important as it confirms the existence of the Higgs field which answers the crucial question of why particles have mass. The matter acquires mass when it interacts with the Higgs field.

An atom is made of a nucleus composed of protons and neutrons, centered in the middle of the atom, and electrons that are in perpetual motion around the nucleus. Electron is one of the elementary particles, but proton and neutron are not and they are not shown in Fig. 1.2. Proton and neutron are composed of other elementary particles, as of now, called quarks.

As it is shown in Fig. 1.2 there are six types of them. However, only up quark and down quark form the protons (two up quarks, one down quark) and the neutrons (two down quarks, one up quark) from which nuclei of atoms are made. According to this model, the ordinary matter found around us is made only from three elementary particles, the electron, the up quark, and the down quark. Light or photon, previously mentioned, is another elementary particle described in this model. Thus from the 17 types of elementary particles we know from the Standard Model of elementary particles, we only need 4 of them to talk about all matter and light we know around us -ordinary matter. An atom can have one or more protons in its nucleus. Atoms with a given number of protons in their nucleus make what we call chemical elements which are classified in the periodic table of the chemical elements by increasing the number of protons (called the atomic number) they have. Two or more atoms can be grouped by chemical bonds which is the result of an electromagnetic force, one of the four fundamental forces of nature mentioned above, between their electrons and their

nuclei. An electrically neutral group of combined atoms is called a molecule; and when it is not electrically neutral, we call it an ion. Many identical molecules are held together and form a substance that is known as a "chemical compound". Pure water (H 2 O) and ammonia (NH 3 ) are two examples of chemical compounds which are our example systems to study.

These investigated systems (H 2 O and NH 3 ) are small molecules with a few atoms each and they are studied in a dilute gas phase. In a dilute gas phase, the pressure is low enough to provide isolated molecules without the influence of the intermolecular interactions. Studying the small molecules in a dilute gas phase provides an opportunity to investigate molecular structures and molecular dynamics at a fundamental quantum level.

Electronic structures

The distribution of electrons in an atom or a molecule is called the electron configuration or electronic structure of atoms or molecules. An atom or a molecule is a quantum mechanical system that is spatially confined thus has certain internal energy. Quantum theory has also taught us that this energy cannot have just any value and can only take discrete values called energy levels. Energy level refers to the energy of electrons bound to the nucleus of an atom, isolated or in a molecule, because of the electromagnetic force between them. It can also refer to the vibrational or rotational energy levels in molecules. In a simplistic view, the energy levels in an atom can be thought of as orbits or electron shells around the nucleus holding one or more electrons. In IUPAC (International Union of Pure and Applied Chemistry) notation, known also as x-ray notation, these energy levels are noted K, L, M . . . where K is the closest shell to the nucleus. These energy levels are more precisely defined by atomic orbitals in quantum theory. An atomic orbital is a mathematical function that describes the wave-like behavior of an electron in an atom. It calculates the probability of finding an electron in a region around the nucleus of the atom.

The molecules are formed by bonding two or more atoms. A molecular orbital, like an atomic orbital, represents the likelihood of finding the electrons in a region of a molecule.

Molecular orbitals can be obtained by the combination of atomic orbitals. In a very approximate way, they are described by the linear combination of atomic orbitals (LCAO). A molecular orbital diagram is based on this method which is valid to some extent for small molecules in describing some characteristics of chemical bonds in molecules such as the bond strength. respectively. However, in the present day, the electronic structure of molecules is calculated more accurately in computational chemistry by methods like, e.g., density functional theory (DFT) or Hartree-Fock (HF) models. Chemical bonds are formed because the sum of energy levels of atoms in a molecule is lower than the energy of individual atoms. However, considering each orbital separately, this is not always the case. It means the energy of a molecular orbital can be lower, equal, or higher than the energy of the atomic orbital combined to form it. This leads to different types of molecular orbitals. There are three main types of molecular orbitals based on a comparison between their energy and the energy of their constituent atomic orbitals according to the LCAO model -bonding, antibonding and non-binding molecular orbitals. The energy of a bonding molecular orbital is lower than the atomic orbitals from which it is combined.

This type of molecular orbital is the most stabilized as it is the result of the constructive, or in-phase, interference of the atomic orbitals (waves) and the electron density is concentrated in the region between the nuclei of atoms involved in this molecular orbital. The energy of an anti-bonding molecular orbital is higher than its atomic orbitals combined to form it. The destructive, or out-of-phase, interference of atomic orbitals (waves) results in an unstabilized type of orbital and the electron density is concentrated outside the bonding region between the nuclei of atoms. This causes repulsion between the nuclei and leads to the weakening of the chemical bond. The energy of a non-bonding molecular orbital is equal to the sum of the energy of atomic orbitals combined to produce it. When this type of orbital is occupied, the stability of the molecule is neither increased nor decreased. A pair of electrons that are not shared between the atoms in a molecule, i.e. not used in chemical bonding, are referred to as "lone electron pairs" and can be considered as non-bonding orbitals. For example,

the ammonia molecule has one, and the water molecule has two electron lone pairs in their molecular electronic structures, see Fig. 1.5.

The word valence in English means strength and capacity from the Latin word "valentina".

In chemistry, valency is referred to the capacity of atoms to bond together to form molecules and chemical compounds. More specifically valence electrons are referred to electrons that participate in chemical bonds and are shared between atoms. Accordingly, valence shells or valence orbitals are the ones that are available for chemical bonding. The energy of a non-bonding orbital is between the bonding valence orbital and the anti-bonding orbital in a molecule. Therefore, a non-bonding or lone-pair orbital is usually the highest occupied molecular orbital, or so-called HOMO orbital. LUMO (lowest unoccupied molecular orbital)

is the unoccupied lowest energy region available to accommodate an electron, which can be either excited from lower energy levels or an external electron attached from the surrounding media. Core electrons are the electrons occupying the lowest energy level and are strongly bound to the nucleus and do not participate in chemical bonding.

Molecular symmetry

Molecular orbitals can also be categorized by their symmetries. There are sigma (σ ), pi (π), delta (δ ), etc. A σ molecular orbital is symmetric around the internuclear axis. A π orbital is symmetric around the molecular plane. Their corresponding anti-bonding orbitals are accompanied by an asterisk, σ * , π * , respectively.

The molecules, themselves, can also be classified according to their symmetries. Concerning group theory, molecules studied in this thesis, NH 3 and H 2 O, belong to C 3v and C 2v symmetry point groups, respectively. The name of point groups is expressed with the Schoenflies notation system commonly used in naming point groups in three dimensions named after A. M. Schoenflies (1853 -1928). In classifying the molecules according to their symmetries, all symmetry operations (such as rotation, reflection, etc.) applicable to the molecule are considered to define its point group. A "point" group is a term applied in classifying molecules and is distinguished from a "space" group. In a point group, all symmetry operations applied on a molecule do not change a "point" which is the intersection in all those operations. It means that the point is not moved by any operation. A "space" group is used in classifying the crystals where the translational symmetry operation is needed [START_REF] Atkins | Molecular Quantum Mechanics[END_REF]. C 3v and C 2v are two examples of the C nv point group which is a combination of C n symmetry and n vertical reflections (σ v symmetry). C n symmetry operation is an n-fold rotation by 2π/n around an axis of symmetry. σ symmetry is a reflection operation symmetry in a mirror plane. If this plane includes the principle symmetry axis, it is called a vertical plane and symbolized as v. Therefore, in our case, the ammonia molecule, classified as a C 3v point group, does not change under a 120°rotation around the principal axis of symmetry and contains 3 vertical reflection planes. The water molecule does not change under a 180°r otation around the principal axis of symmetry and contains 2 vertical reflection planes.

The group theory has numerous applications in physical science. From particle physics, where elementary particles are categorized and even predicted before they were discovered as they were organized by their symmetries, to atomic and molecular physics, where atomic and molecular structures and orbitals result from their group symmetries.

Electronic structures and energy levels (orbitals) of ammonia and water molecules are predicted by their point groups mentioned above and result in the following electronic configurations in their ground states. H 2 O and NH 3 are isoelectronic species, i.e. both have a total of 10 electrons, being one of the reasons that these systems are studied together throughout this thesis project. The previously shown molecular diagrams for H 2 O and NH 3 , Figs. 1.4 and 1.3, show the resulting molecular orbitals from combination of atomic ones and the orbital order with respect to their energies for the ground states:

H 2 O : 1 a 2 1 2 a 2 1 1 b 2 2 3 a 2 1 1 b 2 1 (HOMO)4 a 1 (LUMO)2 b 2 (LUMO + 1)2 b 1 (LUMO + 2) NH 3 : 1 a 2 1 2 a 2 1 1 e 4 3 a 2 1 (HOMO)4 a 1 (LUMO)2 e(LUMO + 1)5 a 1 (LUMO + 2)
1 a 1 is the core orbital and 4 a 1 is the LUMO, i.e. an anti-bonding orbital, in both molecules.

The electron configuration of a system can be altered under processes called electronic processes which is the subject of the next section. This can be made by transferring the incident photon energy into an electronic transition leading to a different electronic configuration and may induce a change in geometry of the system from its ground or any other state it was in before receiving the photon energy.

Molecular geometry

Molecular geometry is defined by the position of atoms (atomic nuclei) with each other, characterized by several parameters such as bond length (internuclear distance), bond angle, etc. Different types of molecular geometry exist depending on the number of atoms in a molecule as well as the presence of unshared electrons (lone pairs). A "linear" diatomic molecule such as H 2 is the simplest molecular structure. The arrangement of three atoms can also be linear like in CO 2 but it can be bent as in H 2 O due to two lone pairs on the central atom giving an "angular" structure. Four atoms might be arranged all in a plane forming a "trigonal planar" such as BF 3 and consequently having an angle bond of 120°. The presence of a lone pair can give rise to a "trigonal pyramidal" structure in an arrangement of four atoms as in NH 3 .

The internal energy of the system depends on parameters such as bond length and bond angle by which the geometry of a molecule is defined. It means the energy of the system is a function of these parameters. A graphical energy representation as a function of one geometrical parameter of the system is known as the potential energy curve (PEC). However, for molecules constituting of more than two atoms, there are more than one coordinate to describe molecular geometry hence the energy can be represented as a function of several parameters which is known as potential energy surface (PES). An electronic configuration with the lowest energy is called the ground state of the molecule.

For example, a simple molecule such as H 2 has only one coordinate -internuclear bond distance. The PEC of this system along internuclear coordinate has a minimum at which the energy of the molecule is minimum. The minimum shows which geometry corresponds to the ground state. As it is mentioned above, for describing systems with more than two parameters, we need the potential energy surface (PES The absorption of a photon can induce a change in the geometry of a system. A core excitation of a molecular system results in nuclear motion thus the geometry changes and the potential energy surface (PES) of the system in the excited state can be different from its initial state/ground state. A minimum in PES of a molecular system defines the equilibrium geometry in its ground/excited state in terms of geometrical parameters (bond lengths, angles, etc.).

Electronic processes

The processes by which we change the energy level of the electrons in a system are known as electronic processes. An electron would be detached from the system upon absorbing an amount of energy greater than its binding energy. The energy can be transferred through light absorption or the impact of incident particles (electrons, ions). In this thesis, we focus on processes induced by photons in the soft x-ray regime (10 to 1000 eV). In this photon energy range, we can promote a core electron of a molecule such as H 2 O and NH 3 with binding energies of a few hundreds of eV to unoccupied orbitals resulting in core-excited molecules, and study their relaxation processes, including photo-induced molecular dynamics. The light (x-ray photon beam) is produced by light sources such as synchrotrons and free-electron lasers (FELs) and then guided through the beamlines to experimental set-up chambers containing samples, see chapter 2, sections 2.1 and 2.2.

Ionization and excitation

Atomic or molecular ionization is the process in which one electron is detached from the system. Ionization energy is referred to a minimum amount of energy needed for the removal of the most loosely bound electron of an atomic or molecular system. The electron enters the continuum and the excess energy can be partially or totally transferred to its kinetic energy. Therefore, the system is left with one electron less thus an ion is created. In general, ionization, or in our case photoionization (ionization induced by photoabsorption), is the process in which photons interact with atoms or molecules to produce ions and emitted electrons. A photoionization cross-section can be defined as the probability of the ionization which depends on the energy of the incident photon as well as the energy level of the electron, i.e. its electronic shell, in an atom or a molecule among other factors. As such, an ionization threshold is also defined which is the minimum photon energy needed for ionization to occur.

After ionization, the system becomes excited hence undergoes relaxation (decays). Decay mechanisms are described in the following section. It is also possible to have single-photon multiple ionization processes. These processes can be direct, i.e. the simultaneous emission of two (or more) electrons from the system leading to doubly (or multiply) ionized species or they can be indirect, i.e. doubly (or multiply) ionized system is reached via an intermediate singly charged state which decays subsequently via the emission of a second electron called Auger electron. The Auger process is discussed further during this section.

When a photon interacts with a quantum system (atom or molecule) without having enough energy to ionize the system, it may resonantly excite it. Excitation in atoms and molecules means promoting an electron to an unoccupied higher energy level leading to a metastable state with a finite lifetime. The excited system is unstable and decays to a lower energy state via electron or light emission.

An excitation to an unoccupied orbital occurs when the frequency of an incident electromagnetic field (photon energy) nearly equals an intrinsic electronic transition (the difference in energy between a lower and a higher quantum energy level). Because of this energy matching and its absorption we call it a resonant excitation.

Resonance in a physical phenomenon, in an overly broad definition, refers to an increase of amplitude occurring in the vibration of an object when it is exposed to an external frequency matching the natural frequency of that object. A glass of wine can be broken by a human voice if the sound wave comes with a frequency equal to nearly the natural Introduction frequency of the glass. This is an example of an acoustic resonance phenomenon resulting in breaking the glass. The notion of "energy matching" exists also in quantum mechanics.

The term resonance in atomic and molecular electronic transitions refers to matching photon energy with electronic transition energy (the energy difference between two levels in a quantum system). In this case, an incident photon is absorbed by the system giving its energy to promoting an electron to a higher energy level. This manifests itself in an absorption spectrum. An absorption spectrum corresponds to the probability of photon absorption by matter. A chemical compound radiated by an energy-varying photon beam absorbs it with the highest probability (highest cross-section) wherever the photon energy matches a difference in energy of two quantum states of that compound. This is particularly important because it can give information on unoccupied orbitals (energy levels) in a molecule. When you ionize a molecule, you obtain information about the orbitals previously occupied by the emitted electrons. However, when you resonantly excite your system, you promote an electron to an unoccupied orbital. The relaxation mechanism due to this resonant excitation provides insight into unoccupied orbitals as well as on resulting dynamical processes.

An excited state is usually unstable and has a short lifetime and will de-excite to the ground state or lower energy excited states. The excitation can target a valence electron, or a core electron called valence excitation or core excitation, respectively. As discussed in the previous section, core electrons do not participate in chemical bonding, unlike valence electrons. Therefore, we need to understand how core ionization or core excitation, which is the subject of this thesis, can affect the chemical bonding and molecular geometry change. We leave this discussion for section 1.4 where we discuss the nuclear dynamics in core-excited molecules.

The differential cross-section of photoionization, for a linearly polarized light wave, is written in the form of the Cooper-Zare equation [START_REF] Cooper | Angular distribution of photoelectrons[END_REF]:

dσ (hν, θ ) dΩ = σ (hν) 4π [1 + β (hν)P 2 (cosθ )] (1.4)
where σ (hν) is the total cross-section of the photoionization, θ defines the angle between the electric field of the incident photon beam and the emission direction of the electron, and the β is called the anisotropy parameter. P 2 is the second Legendre polynomial, P 2 = (3x 2 -1)/2, which gives zero for the θ = 54.74°. This is the so-called magic angle. β is the parameter that characterizes the angular distribution of photoelectrons and its value is limited in a range between -1 and 2 in which the differential cross-section in Eq. 1.4 remains positive. Fig. 1.6 shows angular distribution of photoelectrons for different β parameter:

-1, 0, 1 and 2. From this plot we can also note that for all β values at the magic angle, the cross-section is the same, i.e. the intensity of emitted electrons is independent of the angular distribution of the electrons. Angles are in respect to the light's polarization plane; the figure is from [START_REF] Hjelte | Temporal Studies of Molecular Processes using Resonant Spectroscopy : Femtosecond experiments with synchrotron radiation and pulsed lasers[END_REF].

Both ionization and excitation lead to excited states in atoms and molecules. The de-excitation (relaxation) processes, known also as decay mechanisms, as well as several spectroscopic techniques useful to study the atomic and molecular systems during electronic processes are discussed in the following sections. Along with experimental techniques, computational techniques are also developed to study the behavior of core-excited molecules.

Z+1 approximation

The equivalent core approximation which is known as the " Z+1 " approximation is a useful model in describing qualitatively the core-excited systems. When an electron leaves a core orbital, the valence electrons in the system feel the increase of a positive charge because of this missing core electron. One added positive charge near the nucleus of the atom can be similar or equivalent to a nucleus with one more charge which means the next element in the periodic table -where the name "Z+1" comes from, Z being the atomic number of the atom losing its core electron [START_REF] Plashkevych | On the validity of the equivalent cores approximation for computing x-ray photoemission and photoabsorption spectral bands[END_REF][START_REF] Johansson | Core-level binding-energy shifts for the metallic elements[END_REF]. Various characteristics of core-excited species can be compared to their core-equivalent elements such as the geometry of the system in the equilibrium or the nature of repulsive or bound core excited states. An example can be the halogen atom excitation in a hydrogen halide which leads to a core-excited molecule with repulsive characteristic and diminished binding capacity as the next atom to a halogen in the periodic table is a rare gas and it is known that the chemical bond between a rare gas and hydrogen is dissociative.

Decay mechanism

An excited quantum system (an atom or a molecule) will decay to a lower energy excited state or to its ground state where it has its minimum internal energy. This process occurs by releasing the energy. The energy released can be in the form of a photon emission -thus called radiative decay, or can be non-radiative and, depending on the medium, it can take various forms, for example, emitted electrons -known as Auger electrons.

Radiative deacy

Radiative decay takes place when a photon is emitted from a quantum system as a response to ionization or excitation of that system under the conservation of energy. This emission of light is known as fluorescence. If the system relaxes through an x-ray emission after a resonant excitation, we have a resonant radiative decay, known as resonant inelastic x-ray scattering (RIXS). Competition exists between radiative and non-radiative decay and the ratio of their relative cross-section strongly depends on the mass of the nucleus, i.e. atomic number (Z) of the atom as well as the energy level from which the electron was initially ionized/excited. A brief discussion on this competition is presented at the end of the next section on Auger decay.

Auger deacy

A non-radiative decay takes place when an electron is emitted from a quantum system to the continuum as a response to the ionization or excitation of that system. When a core electron is removed from the system or excited to a higher unoccupied energy level, an electron from a lower energy level will fill the core hole. Then the system can eject another electron to compensate for the excess energy. This electron is called Auger electron and the process is known as Auger decay. This phenomenon was first observed by Lise Meitner in 1922 [START_REF] Meitner | Entstehung der strahl-spektren radioaktiver substanzen[END_REF].

Afterward, Pierre Auger also discovered this process independently of Meitner. However, in today's scientific community it is widely known as the Auger process rather than the Meitner process.

If the Auger decay occurs after a core-hole ionization, we call it a normal Auger decay and if it takes place after a core-hole excitation, we name it a resonant Auger decay. In a normal Auger decay, first, the core orbital is left with a hole after the ionization then this vacancy is filled with a valence electron and another valence electron will leave the system as an Auger electron. Therefore, the final state is produced with two holes in its valence orbitals. On the other hand, in a resonant Auger decay, the core electron, initially excited to an unoccupied orbital, can participate or not in the following Auger decay process which makes two distinguishable decay mechanisms. In the first one, the core vacancy is filled by a valence electron and another valence electron is emitted as an Auger electron. Therefore, the system is left with two holes in its valence orbitals and one excited electron that does not participate in the Auger decay process (2 hole-1e) -thus, it is called spectator Auger decay.

Introduction

In the second one, the core hole is filled by a valence electron and the electron which was initially excited from the core to an unoccupied orbital will be ejected as an Auger electron.

Therefore, the system is left with one hole in its valence orbitals and the excited electron participates in the Auger process (1h) -thus, it is called a participator Auger decay, see Fig. A hole in an energy level has a finite lifetime which is inversely related to the natural width (Γ) of that level by the uncertainty principle.

τΓ = ℏ (1.5)
The total width of the energy level consists of a radiative and a non-radiative part.

Γ = Γ f + Γ A (1.6)
Where f and A denote fluorescence (radiative) and Auger (non-radiative) decay mechanisms, respectively. The yields for these processes are defined as follows:

ω f = Γ f Γ (1.7) ω A = Γ A Γ (1.8)
The total emission yield is a sum of fluorescence yield, ω f , (photon emission) and Auger yield, ω A , (electron emission), which is unity: As previously mentioned, there is competition between these two processes. Considering only the mass of the nucleus, for lighter elements, the non-radiative decay (Auger decay) dominates while for atoms with higher atomic numbers (Z), the radiative decay dominates.

ω A + ω f = 1 (1.9)
However, the emission yield also depends on the energy level involved in an electronic transition. For a K-shell transition, the elements with a Z number around 30 have both decay processes at almost the same probability while this value for an L-shell transition is around atomic number 90. Therefore, for a K-level transition Auger decay dominates (at least by one order of magnitude) for Z < 18 and for L levels it dominates for Z < 56, see Fig. 1.8 [START_REF] Krause | Atomic radiative and radiationless yields for k and l shells[END_REF].

The subject of this thesis is to study the dynamics of core-excited small molecules having light elements like N and O for which emission ratio is two orders of magnitude higher for Auger decay than radiative process.

Spectroscopy

The word spectroscopy has its root in Latin words "spectrum", meaning an appearance or an image, and "scopium", meaning observing and examining. In physical science, the word "spectrum" was first coined by Isaac Newton for describing the range of colors resulting from the white light passing through a prism. Later, the term has been used more broadly for recording the intensity of a signal (photon, electron, ion, etc.) as a function of another variable.

In a broad definition, spectroscopic studies are based on the interaction of energy with matter. The energy can be in a form of electromagnetic energy (photons) which is the base of spectroscopic methods, which we are mostly interested in the atomic and molecular domain, particularly in the subject of this thesis. However, acoustic waves, mechanical waves, or even gravitational waves (the vibration in the fabric of spacetime itself) are other forms of radiative energy. The interactions of these forms of energy with matter are also considered spectroscopic methods.

Here we focus on electromagnetic energy (photons) -matter interaction spectroscopic methods. This interaction can be elastic -that is the photon is scattered after encountering the matter without changing its energy. Rayleigh scattering, named after Lord Rayleigh (1842 -1919), is the elastic interaction of photons with particles. The blue color of the sky during the daytime is the consequence of the sunlight Rayleigh scattering with molecules or particles in the air -as Rayleigh scattering cross-section depends strongly on light frequency (∼ ν4 ), blue light is scattered more than red light.

The interaction can be inelastic -that is the photon is scattered with a change in energy like in Raman spectroscopy, named after C. V. Raman (1888 -1970) for which he was awarded Nobel prize in 1930. In Raman scattering, the photon energy is usually transferred to the vibrational energy of molecules thus the scattered photon is shifted in energy. Raman spectroscopy is a method that can give information on the vibrational energy levels of molecules.

In an inelastic interaction, the photon energy can be absorbed by the system as well.

The photon absorption can cause resonant excitation to bound states or quasi-bound states like shape resonances 4 or non-resonant excitation to continuum states (ionization). It is noticeable that ionization is not the only form of non-resonant excitation. A counterexample is Raman spectroscopy in which an absorbed incident photon excites the system to a virtual energy level before relaxation leading to the emission of a photon with an energy shift. Hence it is non-resonant spectroscopy as the initial photon energy does not coincide (resonate) with electronic transition energy. The resonant/non-resonant nature of excitations is one of the factors which defines an aspect of spectroscopic methods.

An absorption spectrum shows the variation of the signal intensity as a function of photon energy which gives information about the atomic and molecular structure of the sample. More precisely, in an absorption spectrum of a system, whenever the photon energy is matched with an electronic transition of the system, the intensity of absorption is increased thus a resonance is observed as a peak in the spectrum. Accordingly, in resonant spectroscopy methods, recording an absorption spectrum is an initial crucial step for finding the exact position of resonances.

Introduction

In absorption spectroscopy, in practice, a sample can be irradiated by a photon beam in a specific energy range with an incremental change in photon energy made over this range. However, incrementing is a practical way to obtain such a spectrum and is not a rule. A broad energy photon beam absorption could give the same result when its transmission is measured.

When recording a true photon absorption spectrum is technically difficult or impossible, because of experimental constraints, a similar spectrum can be obtained by looking at the products resulting from photon absorption, it means analyzing electrons, ions, or emitted photons as a function of photon energy to obtain similar spectra to photoabsorption spectrum which are known as electron yield, ion or fluorescence yield spectra, respectively.

Collecting electrons/ions/photons at a selected kinetic energy regions produces a partial electron/ion/fluorescence yield spectrum (PEY/PIY/PFY). However, if the recorded energy region is relatively large, one can obtain total electron/ion/fluorescence yield (TEY/TIY/TFY), where recorded spectra resemble more closely true photoabsorption spectra.

Another factor on which spectroscopic methods differ is the energy range of incident photons. Different types of spectroscopies can be performed using infrared, ultraviolet-visible (UV-Vis), UV, x-ray (soft, tender, and hard regions) energy ranges of photons. Spectroscopy methods can be categorized from the perspective of ingoing/outgoing particles. The particles can be photons, electrons, or ions. Spectroscopy methods applied in experiments performed during this thesis are photonin/electron-out, ion-out spectroscopies as well as their correlation known as electron-ion coincidence spectroscopy methods discussed in section 1.4.7.

Photoemission/photoelectron spectroscopy (PES) is a general term for all types of photonin/electron-out spectroscopies. They are based on the photoelectric effect, see the relation 1.2, where the electrons are ejected from materials when they are hit by light (photons). In PES, ejected electrons from the materials (solid, liquid, or gas) are recorded and their various properties such as energy, angular distribution, etc. are examined. The ejected electrons are called photoelectrons. A photoelectron spectrum is the intensity (number) of emitted photoelectrons versus their kinetic energy.

The PES is a broad term including incident photons with all ranges of energy such as ultraviolet or x-ray photons. Using various photon energy in spectroscopy has different purposes. In a very general way, the photons with lower energy such as ultraviolet and photons with higher energy in the x-ray range are applied for outer electron shell and inner electron shell spectroscopies, respectively. Therefore, for core ionization/excitation, we need to use x-ray photons thus applying the x-ray photoelectron spectroscopy (XPS) method, described in the following section, while Ultraviolet photoelectron spectroscopy (UPS) is applied for valence ionization/excitation.

x-ray Photo Electron Spectroscopy (XPS)

XPS is a PES in which the sample is irradiated with photons in the x-ray energy range. A full energy range of x-rays includes 1 eV to 50 keV, comprising soft x-rays with energies up to 2 keV, tender x-rays -from about 2 to 10 keV, and hard x-rays with energies above 10 keV. XPS was first introduced by Kai Siegbahn and he coined the term ESCA (electron spectroscopy for chemical analysis). Siegbahn and his colleagues worked not only on atoms but on molecules which allowed them to observe chemical shifts in core-level energy of an atom in a molecule depending on its chemical environment, that is its position in the molecule related to other atoms and characteristics of the neighboring atoms and/or groups of atoms, called ligands. Chemical binding energy shifts in XPS provide information about the chemical composition as well as the chemical environment of atoms in a compound.

XPS was first applied to study solids rather than free molecules in the gas phase. However, today XPS has expanded extensively in all domains of physics, chemistry, biology, etc. The soft x-ray energy range is suitable for the core excitation of small atoms such as nitrogen in ammonia and oxygen in water molecules. Ionization threshold for N 1s in NH 3 and O 1s H 2 O is 405.5 eV and 539.9 eV, respectively [START_REF] Schirmer | K-shell excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption spectroscopy[END_REF].

Ultraviolet Photo Electron Spectroscopy (UPS)

Ultraviolet photoelectron spectroscopy was developed in the 1960s shortly after XPS by two groups independently -F. Vilesov (1925 -1978) in St. Petersburg and D.W. Turner (b 1927) in London. The range of photon energies in the ultraviolet (a few eV up to 100 eV) allows reaching energy levels of valence electrons. Einstein relation in the case of atoms would be as Eq.1.2 where W is the ionization energy of a specific electron in an orbital (I j ). In the case of molecules, this relation becomes as follows [START_REF] Eland | Photoelectron Spectroscopy: An Introduction to Ultraviolet Photoelectron Spectroscopy in the Gas Phase[END_REF]:

E k = hν -I j -E rot,vib (1.10) 
In molecules, a part of the kinetic energy of emitted electrons can be lost due to possible excitation to vibrational or rotational levels which is also valid in the case of XPS. According to Koopmans' theorem named after T.C Koopmans (1910 -1985), the energy for removal of one electron from an orbital is equal to the energy of that orbital (Ej).

I j = -E j (1.11)
Because of this theorem and two other following rules, the photoelectron spectrum of a molecule can be related to its electronic structure:

• Each band in a spectrum is the result of ionization from a single molecular orbital

• Each occupied orbital with energy less than the photon energy (hν) will be represented by a single band in the spectrum.

Consequently, a photoelectron spectrum of a molecule mimics the molecular diagram of that system. However, these are only simplified rules and several bands in a spectrum can differ from the number of valence orbitals because of various reasons such as two-electron processes when ionization is accompanied by a second electron excitation to an unoccupied band or a degeneracy-removal mechanism like spin-orbit coupling or Jahn-Teller effect.

Spin-orbit coupling is the interaction of two magnetic moments, the spin of an electron with its motion in the orbital which results in an energy shift in electron energy level i.e.

removing the degeneracy. Jahn-Teller effect is a mechanism that also removes the degeneracy in degenerate electronic states by geometrical distortion. It involves the vibrionic coupling between two or more potential energy surfaces (PES) [START_REF] Atkins | Molecular Quantum Mechanics[END_REF].

Resonant Auger spectroscopy (RAS)

The core-ionized and core-excited states produced by photoionization or photoexcitation are highly unstable and would decay via radiative and/or Auger decay. As mentioned before, the dominant channel for lighter elements such as N and O is Auger decay. In the case of photoionization, the kinetic energy of Auger electrons is independent of photon energy variation as they are related to the difference in electron energy levels involved in the decay process. For obtaining information on occupied orbitals we can use non-resonant spectroscopic methods where electrons from occupied orbitals are ionized into a continuum.

For reaching the information on unoccupied orbitals, resonant methods must be applied. A resonant core excitation occurs when the photon energy is matched exactly with the difference in the energy of a core level and an unoccupied level to which it is promoted. In RAS, two relaxation pathways can take place -participator or spectator Auger decay. Final states, reached after a participator decay, can be also reached by direct valence photoionization, see In RAS, we can consider three states: the "ground state", from which a core electron is promoted to an empty orbital; an "intermediate state", which is unstable and undergoes electronic relaxation to a "final state". That is to say that an intermediate state has a short lifetime. According to Heisenberg uncertainty principle, there is a minimum for the product of the uncertainties of the time and the energy as follows:

∆E∆t > ℏ 2 (1.12)
This uncertainty comes from the wave-like properties of the quantum mechanical description of nature. This principle is used to characterize the finite lifetime of quantum states for which there is uncertainty in the measured energy. The width at half-maximum of the distribution of this energy is labeled Γ. Therefore, the uncertainty in energy can be written as follows:

∆E = Γ 2 = ℏ 2τ (1.13)
In this equation, τ is the lifetime of the quantum state and is equal to the uncertainty in time (∆t). This equation leads to equation 1.5 introduced in section 1.3.2. Γ is referred to as the "natural linewidth". The finite lifetime of the intermediate core-excited state is reflected as a broadening of the corresponding resonance peak in an absorption spectrum.

This broadening is called "core-hole lifetime broadening". This intrinsic broadening in energy distribution is not the only reason for spectral broadening in general. The width of a spectral line also depends on instrumental broadening as well as vibrations, rotations, interference effects in the system. At the end of this chapter, the "Auger-Doppler effect", another phenomenon also contributing to broadening and changing the shape of the spectral line, is presented.

Excitation of a core electron into unoccupied orbitals requires monochromatized photons with an energy bandwidth comparable to or narrower than the natural lifetime broadening of excited states. The results obtained from resonant Auger spectroscopy have shown the importance of the tunability of x-ray light sources and their impact on the studies of nuclear dynamics in core-excited intermediate states [START_REF] Piancastelli | Auger resonant raman studies of atoms and molecules[END_REF][START_REF] Bradley Armen | Resonant auger effect[END_REF][START_REF] Sorensen | Resonant photoemission and auger emission from molecules[END_REF]. Using the photon bandwidth narrower than the natural linewidth of the intermediate state, produced by narrow bandwidth x-ray sources, we can observe phenomena in decay (radiative or non-radiative) spectra hidden by the lifetime broadening. This is the so-called Auger resonant Raman (ARR) conditions.

Moreover, the 2-step picture of Auger decay, i.e. first excitation followed by Auger decay, is no more valid in the ARR conditions. While in the case of the normal Auger decay, the whole process can still be considered as a 2-step mechanism, in the resonant Auger decay, it can not be the case. based on the uncertainty principle, because of the narrower bandwidth of the incident photon beam compared to the natural lifetime broadening of the intermediate core-excited state, the duration of the excitation is longer than the decay time. It means that the system goes through relaxation while it still interacts with the electromagnetic field of the exciting radiation. Therefore, the whole process should be viewed as a single scattering process.

The very first finding using ARR conditions was an observation of a linear dispersion of Auger decay peaks as a function of the photon energy. This was observed for L 2,3 M 4,5 M 4,5

Auger decay spectra of Xe in the proximity of the L 3 edge where the 3d -2 ( 1 G 4 )5d final state, reached by decay of the 2p -1 3/2 5d intermediate state, manifested a linear dispersion with photon energy [START_REF] Bradley Armen | Threshold excitation of short-lived atomic innershell hole states with synchrotron radiation[END_REF].

Another important historical observation under ARR conditions was the so-called line narrowing. This narrowing of the peaks was observed for the first time in non-radiative decay for Xe N 5 O 2,3 O 2,3 and Kr M 5 N 2,3 N 2,3 resonant Auger spectra. It was previously observed in Cu metal in the case of the x-ray resonant Raman scattering in the vicinity of the K absorption edge [START_REF] Kivimäki | Subnatural linewidths in the kr m5n2,3n2,3 and xe n5o2,3o2,3 resonant auger spectra[END_REF].

Core-hole clock method

Soft x-ray core excitation may induce nuclear dynamics on the femtosecond timescale which is on the same timescale of a subsequent Auger decay. Consequently, a competition between two ultrafast temporal processes takes place. Nuclear dynamics occurring on such a short timescale can be studied in two ways. The first possibility is directly probing the system in real-time with time-resolved experiments using sources, like HHG or x-ray FEL, presented in chapter 2. The second possibility is using a so-called "internal clock" [START_REF] Novella Piancastelli | Core-hole-clock spectroscopies in the tender x-ray domain[END_REF]. Here we discuss this second approach, the so-called "core-hole clock" method.

Introduction

The key idea of this method is to use the decay time of a core-excitation system as a reference clock for other processes occurring in the system. A signature from these processes would be reflected in the recorded decay spectrum if they occur on the same timescale as the lifetime of the core-excited state. This lifetime can be considered as the exposure time in an imaginary ultra-fast camera. It means that the dynamic processes that happen during this exposure time can be "captured" on the spectrum. This allows one to obtain information about femtosecond dynamical processes such as charge transfer and ultrafast dissociation -dissociation before electronic relaxation of the intermediate state, which is described in section 1.4.6. In our imaginary camera, the "shutter speed", i.e. the exposure time during which the dynamical processes are "recorded", can be varied. This is introduced through the concept of "duration time" or "effective scattering time" presented in the following section.

Detuning and effective duration time concept

Fast dynamics, occurring on the same timescale as the core-hole lifetime of an excited state, leave traces in the resonant Auger electron spectra. Varying (tuning) the photon energy around the top of the resonance is known as "detuning". Changing the energy around the top of resonance affects the resonant scattering time, or the so-called "effective duration time".

The effective duration time is introduced as follows:

τ d = h √ Γ 2 + Ω 2 (1.14)
In which Γ is a natural lifetime width, Ω is the detuning from the top of the resonance, and "h" is the Planck constant. Γ is an intrinsic property of the system, which is independent of photon energy. The effective duration time (τ d ) has its maximum value when Ω is zero, i.e. photon energy corresponds to the maximum of the photoabsorption cross-section. The effective duration time decreases with detuning, thus less time is available for the wave packet to evolve on the potential energy surface of the core-excited state. This may lead to reduced or suppressed dynamics in the intermediate core-hole state.

Ultrafast dissociation (UFD)

The geometry of a core-excited state can be different compared to the geometry of its ground state. A core-excited state is highly unstable and decays with a lifetime typically of a few femtoseconds (10 -15 s) in the soft x-ray energy range. On the other hand, nuclear dynamics induced by core excitation may also take place on the same timescale. The unoccupied molecular orbitals can be antibonding, hence promoting a core electron to this type of orbital can evoke a fast motion of nuclei leading to dissociation of the molecule. The temporal competition between these two processes has the following scenarios: either the Auger decay occurs fast (before a significant molecular bond elongation) in the unfragmented molecule,

or the excited molecule first dissociates and then the Auger decay occurs in a fragment. The latter process is called "ultrafast dissociation" (UFD) which was first described in the HBr molecule in 1986 [START_REF] Morin | Atomic autoionization following very fast dissociation of core-excited HBr[END_REF] and was referred to as "atomic autoionization (Br * => Br + ) following very fast dissociation". The excitation in HBr involved promoting one electron from Br 3d orbital to the anti-bonding σ * orbital.

HBr + hν --→ HBr* (x-ray photo-induced core excitation)

HBr* --→ H + Br* (ultrafast dissociation)

Br* --→ Br + (Auger decay in a core-excited fragment)

The discovery of the UFD phenomenon was not the main idea behind the first experiment.

The initial purpose of the experiment was to compare the decay mechanism in an atomic core excitation such as Kr with Z = 36 and in its isoelectronic molecule, HBr [START_REF] Morin | Ultrafast dissociation: An unexpected tool for probing molecular dynamics[END_REF]. The expectation was to observe a broad feature in the decay spectrum following Br 3d → σ * excitation in HBr in comparison to Kr 3d → 4p excitation, which was known to be dominated by Auger spectator decay. Surprisingly, sharp peaks appeared in the spectrum. According to the authors, at first, they assumed the origins of these sharp lines as an artifact of their experiment. In reproducing the first spectrum for a second test, they could not reposition the monochromator as before, and consequently, the photon beam was shifted in energy about 0.6 eV. The sharp peaks were still there and a comparison between the resulting spectra produced with two different photon energies allowed them to observe that these sharp peaks Therefore, the idea of the previously mentioned two-step mechanism was developed as an explanation for this observation. In this model, when the photon energy is changed (detuned, see section 1.4.5) across the 3d → σ * resonance, the excess energy is transferred to the kinetic energy of fragments (known as kinetic energy release (KER) of involved fragments)

and not to the Auger electrons. An analysis of the time scale has also confirmed the UFD model in attributing the sharps lines to fragments: knowing the kinetic energy of fragments (2.47 eV) and the lifetime of Br 3d core-excited state (∼7 fs) one can estimate a distance that a fragment travels before decaying, which is about 3 Å and is large enough, compared to the H -Br ground state bond length of 1.41 Å [START_REF] Lovas | Diatomic spectral database[END_REF], to be matched with the UFD two-step model [START_REF] Morin | Ultrafast dissociation: An unexpected tool for probing molecular dynamics[END_REF]. Ultrafast dissociation can be considered as an example of serendipity in scientific discoveries. An early Auger decay gives rise to molecular decay before a significant bond elongation (blue arrows). This relaxation from nonparallel PESs of core-excites sate to ionic final states is seen as a broad molecular feature in the RPE spectrum. At longer interatomic distances, where the Auger decay occurs in an already dissociated fragment (pink arrow), the sharp atomic peaks would be observed in the RPE spectrum as the relaxation takes place in parallel PESs from core-excited fragment to ionic final states (Schematics is from Travnikova et al. [START_REF] Travnikova | On routes to ultrafast dissociation of polyatomic molecules[END_REF]).

This study was expanded, soon after the experiment on HBr, to other molecular systems like CH 3 Br, HI and CH 3 I by the same authors [START_REF] Morin | Photoionization decay of core excited molecules[END_REF]. Later other groups investigated the UFD mechanism on other molecules like HCl [START_REF] Aksela | Decay channels of core-excited hcl[END_REF][START_REF] Menzel | Competition between direct dissociation and resonant auger decay: A quasi-classical model applied to the 2p-1 and z.ast; states of hcl, dcl and cl2[END_REF][START_REF] Kukk | Auger decay of the dissociating core-excited states in the hcl and dcl molecules[END_REF][START_REF] Björneholm | Femtosecond dissociation of core-excited hcl monitored by frequency detuning[END_REF][START_REF] Stolte | Photofragmentation of hcl near the chlorine l2,3 ionization threshold: New evidence of a strong ultrafast dissociation channel[END_REF] and HF [START_REF] Salek | Dynamical suppression of atomic peaks in resonant dissociative photoemission[END_REF][START_REF] Pahl | Controlled interplay between decay and fragmentation in resonant auger processes[END_REF][START_REF] Wiesner | The dynamic auger-doppler effect in hf and df: Control of fragment velocities in femtosecond dissociation through photon energy detuning[END_REF].

1.4.6.1 UFD probed by high-resolution Auger spectroscopy

Auger decay from dissociated UFD fragments gives rise to sharp lines in RAS as discussed previously. High-resolution spectroscopy allows resolving these features and distinguishing them from molecular states. High-resolution spectroscopy is necessary for observing the Doppler-like line shifts due to UFD in resonant Auger spectra, which was observed for small molecules such as O 2 [START_REF] Björneholm | Doppler splitting of in-flight auger decay of dissociating oxygen molecules: The localization of delocalized core holes[END_REF], O 3 [START_REF] Rosenqvist | Femtosecond dissociation of ozone studied by the auger doppler effect[END_REF] and CF 4 [START_REF] Ueda | Anisotropic ultrafast dissociation probed by the doppler effect in resonant photoemission from cf4[END_REF]. The Auger-Doppler effect is discussed later in section 1.4.8.

Evidence of the ultrafast dissociation (UFD) in ammonia (NH 3 ) was first observed by resonant Auger electron spectroscopy in 2003 by Hjelte et al [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. In this study, the N 1s core electron is excited to the LUMO 4a 1 antibonding molecular orbital,which leads to ultrafast dissociation across the N -H chemical bond. The experiment was performed using a Scienta SES-200 electron analyzer at the I411 beamline at MAX lab in Lund, Sweden. A photon energy resolution of about 70 meV at the N 1s edge and an electron kinetic energy resolution of about 80 meV for the kinetic energy around 400 eV are reported. The measurements were made at the so-called magic angle (54.7°) relative to the electric field vector of the photon beam for canceling out the angular distribution effects in the first order.

The UFD verification was based on analyzing the resonant Auger spectra with qualitative arguments on the photon energy dependence of Auger structures as well as Z+1 calculations of the excited states of the NH 3 molecule. The spectral lines assigned to the fragments showed a non-dispersive behavior as a function of the photon energy. It means that the kinetic energy of Auger electrons coming from the fragments is constant while the photon energy is tuned across the N1s → 4a 1 resonance. This behavior could be explained by late Auger decay occurring in the fragment after dissociation compared to early Auger decay, a molecular decay, occurring in the core-excited molecule before any significant bond elongation. The Auger decay in the fragment is from the dissociated part of the PES to the bound final cationic state. The constant difference in energy between these states results in Auger electrons with constant kinetic energies. The difference in energy of photons is transferred to kinetic energy release (KER), the sum of the kinetic energy of dissociated ion fragments.

Apart from showing the first evidence of UFD in free core-excited ammonia molecules, they concluded that the most probable dissociation channel for this core-excited state is as follows:

NH 3 + hν --→ NH * 3 NH * 3 --→ H °+ NH * 2
This conclusion is based on ruling out other possible channels including NH * /N * excited fragments and neutral H 2 /H as well as a comparison with coincidence measurements they referred to but did not show. Those Auger-ion coincidence measurements were performed at LURE, see section 2.2.1, with a former version of EPICEA setup, see section 2.4, at the end of the nineties and revealed that the Auger electron fragment lines were in coincidence with the NH + 2 fragment ion [38]. Fig. 1.11 shows resonant Auger decay spectra from [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. These spectra were recorded at several photon energies around the N 1s -1 → 4a 1 1 resonance, where the photon energy is detuned by a few hundreds of meV above and below the top of resonance. They reveal several structures at high kinetic energies corresponding to participator decays. The spectra also contain broad structures at lower kinetic energies corresponding to spectator Auger decays. In between, there are sharp features, clearly visible, which are attributed to Auger decay in a fragment. These peaks appear as a vibrational progression with a spacing of about 390 meV indicating that they represent a bound final state. To verify the origin of the sharp features, their dispersion as a function of the photon energy is studied. Molecular structures, which originate from a resonant Auger decay, should typically show linear dispersion with photon energy. As it can be seen in Fig. 1.11 the sharp structures remain constant on a kinetic energy scale. This is because the de-excitation in the fragment is from the dissociated part of the potential energy surface to a bound final state. The energy difference between these two states is constant in the region of late Auger decay, causing the emitted electron to have [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] constant kinetic energy. However, it cannot be understood from these spectra whether these structures originate from NH 2 + or NH + fragments.

The position of the N 1s -1 → 4a 1 1 resonance is determined by recording an ion yield as a function of the photon energy just below the N 1s ionization threshold, see Fig. 3.3. Detuning the excitation photon energy results in excitation to different parts of the potential-energy surface (PES) of the core-excited state. As it can be seen in Fig. 3.3 (iii) on the PES of the NH 3 core-excited state, a potential barrier of around 170 meV exists [START_REF] Walsh | Molecular dynamics of nh3 induced by core-electron excitation[END_REF]. It is expected that detuning the photon energy around the resonance affects the efficiency of the ultrafast fragmentation. Their results will be discussed later in more detail throughout chapter 3 whenever they are compared with our results.

The goal of this work is to apply the electron-ion coincidence technique, described in the following section 1.4.7, in studying ultrafast dynamics of NH 3 molecule where N 1s electron is excited to a 4a 1 antibonding molecular orbital. This can be done by correlating resonant Auger final states to the energies of the fragment ions which are expected to be formed by UFD. Their behavior can also be tracked as a function of photon energy.

Nuclear motion in the N 1s -1 4a 1 1 core-excited state of ammonia was later investigated by Walsh et al in 2015 [START_REF] Walsh | Molecular dynamics of nh3 induced by core-electron excitation[END_REF] in a multi-coincidence ion imaging experiment performed at the I411 beamline at MAX II Laboratory in Lund, Sweden. They determined the angular anisotropy of the photo-induced dissociated ion fragments and discussed the energy sharing between the fragments. Evidence of the UFD had been also demonstrated by RAS on water molecules by Hjlete et al [START_REF] Hjelte | Evidence for ultra-fast dissociation of molecular water from resonant auger spectroscopy[END_REF]. The H 2 O molecules are core-excited by an O 1s -1 → 4a 1 1 transition, followed by ultrafast dissociation to core-excited O*H and neutral H occurring on the same time scale as the core-hole lifetime, which is approximately 3 fs for O 1s. The 4a 1 is the LUMO which has the mixed Rydberg-antibonding molecular orbital character, see Fig. 4.1. The broad appearance of this state in the absorption spectrum is owing to its dissociative character [START_REF] Schirmer | K-shell excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption spectroscopy[END_REF][START_REF] Piancastelli | Resonant photofragmentation of water at the oxygen k edge by high-resolution ionyield spectroscopy[END_REF].

This experiment was performed at I411 at MAX II in Lund, Sweden. A high-resolution Scienta SES-200 electron analyzer was used. The photon energy resolution at the O 1s edge and the kinetic energy resolution for electrons were reported to be about 90 meV and 140 meV, respectively. The experiment was performed at the magic angle (54.7°) to eliminate the angular distribution effects. Early Auger decay takes place in the Franck-Condon region and late one in a core-excited O*H fragment where neutral H and O*H are substantially independent. This separation provides an intuitive sketch to have a picture of the whole dissociation mechanism. However, it was already shown that it is only an approximation, and interference effects can happen between molecular and fragment contributions [START_REF] Feifel | Observation of a continuum-continuum interference hole in ultrafast dissociating core-excited molecules[END_REF] which are however weak making it a reasonable approximation.

The decay spectra, shown in Fig. 4.4, manifest two distinctive types of features. The narrow atomic-like peaks resulting from the decay in fragments and broad structures resulting from molecular decay near the ground state equilibrium geometry. Several decay spectra were taken around the O 1s -1 4a 1 1 resonance with the maximum at 533.96 eV. The three spectral features at higher kinetic energies correspond to participator Auger decay to molecular final states. At lower kinetic energies, spectator Auger decays to different final states are observed.

On the top of these broad structures, some sharp peaks around 510 eV kinetic energy are seen which correspond to fragment lines that show non-dispersive behavior with photon energy, i.e. kept at constant kinetic energy, while the energy positions of molecular features follow linearly the photon energy change.

Based on these three arguments they concluded that the process responsible for constantkinetic-energy peaks is as follows:

H 2 O + hν --→ HO*H HO*H --→ H °+ HO* HO* --→ e -+ HO +
First, the sharp structures do not relate to Auger decay of the O atom according to the previous studies [START_REF] Schaphorst | Evidence for atomic features in the decay of resonantly excited molecular oxygen[END_REF][START_REF] Caldwell | Photoexcited k auger spectra of atomic and molecular oxygen[END_REF]. Second, The energy separation of fragment lines within each group is typical for a vibrational progression. Third, the core-excited HO*H state can be described by the Z+1 approximation as HFH, see section 1.3.1.1, which is unstable and quickly dissociates to HF and H.

As the features in the Auger decay spectra appear as a mixture due to their origin from both unfragmented water molecule and core-excited HO* fragments, theoretical support was provided -ab initio calculation of a resonant Auger decay spectrum for the O 1s -1 1π 1 excited state of the OH molecule. The theoretical spectrum is in very good agreement with the experiment allowing assignment of UFD contributions in the resonant Auger decay. Four final states coming from the OH fragment could be visible in the experimental spectra. Two of them manifest vibrational fine structures. The vibrational spacings, calculated in their work as well as in the previous work [START_REF] Hirst | An ab initio study of the excited states of oh+[END_REF], are in agreement with experimental results. The other state at around 507 eV kinetic energy shows a bump that does not disperse with photon energy but the shape of the peak changes accordingly. The fourth state is too weak to be observed in the experimental spectra.

Additionally, D 2 O, where deuterium is replaced by a hydrogen atom, was measured in the same experimental conditions. The recorded Auger decay spectra do not show visible fragment peaks and vibrational spacing for the participator decay is lower than in H 2 O. This is explained as the D is almost twice heavier than H thus nuclear dynamics are suppressed and dissociation is considerably slower. Therefore, electronic decay occurs predominantly in the molecule in the Franck-Condon zone.

More details on their experimental parameters as well as on their results are presented in chapter 4, where we discuss our H 2 O results in comparison to the previous studies, including this one where UFD was observed for the first time in the water molecule.

It is even more advantageous to use coincidence methods, described briefly in the following section with examples of previous studies with a focus on UFD, to have a more complete picture of the photo-induced processes, especially in studying femtosecond nuclear dynamics. High-resolution electron spectroscopy combined with ion mass spectroscopy, known as electron-ion coincidence spectroscopy is a powerful tool for probing complex dynamics induced by inner-shell ionization/excitation. Core-excited molecular relaxations lead to several Auger decay pathways. High-resolution coincidence measurements allow unraveling these pathways and enable the correlation between final Auger states and ion fragments.

Coincidence techniques

Recording photoelectron and Auger electrons in coincidence with ions are called PEPICO (photoelectron photoion coincidence) and AEPICO (Auger electron photoion coincidence) spectroscopy methods, respectively. This allows investigating molecular dynamics, such as dissociation, induced by the core excitation of molecules. Coincidence measurements are not only purposed for electron-ion detections. An electron-electron coincidence can provide information, for example, on the correlation between an upcoming photoelectron from a core ionization and the subsequent Auger electron due to electronic relaxation.

Coincidence measurements between two ion fragments (PIPICO) are performed to investigate the molecular dynamics of multiply charged molecules such as core-excitation-induced dissociation.

As mentioned previously, ultrafast dissociation in several core-excited molecules was investigated following the groundbreaking work of Morin and Nenner on HBr [START_REF] Morin | Atomic autoionization following very fast dissociation of core-excited HBr[END_REF], mostly with high-resolution resonant Auger spectroscopy. Coincidence techniques were used later to explore such molecular dynamics. In 2002 Le Guen et al studied the UFD of the H 2 S molecule across the S 2p 3/2 → 6a 1 resonance [START_REF] Le Guen | H2 s ultrafast dissociation probed by energy-selected resonant auger electron-ion coincidence measurements[END_REF][START_REF] Le | Dynamique de relaxation de molécules excitées en couche interne par rayonnement synchrotron[END_REF]. They combined the photon high-resolution RAS with energy-selected Auger electron-ion coincidence measurements (EA-AEPICO) to correlate Auger final states to different dissociation pathways. The electron positions on the position-sensitive detector (PSD) were recorded simultaneously with the corresponding ion time-of-flight in an old version of EPICEA setup, see section 2.4, at LURE, the predecessor of SOLEIL synchrotron, see section 2.2.1. The coincidence measurements conducted during this thesis project on core-excited NH 3 and H 2 O molecules are similar to those performed in [START_REF] Le Guen | H2 s ultrafast dissociation probed by energy-selected resonant auger electron-ion coincidence measurements[END_REF][START_REF] Le | Dynamique de relaxation de molécules excitées en couche interne par rayonnement synchrotron[END_REF].

In 2016 Sann et al. [START_REF] Sann | Imaging the temporal evolution of molecular orbitals during ultrafast dissociation[END_REF] investigated the molecular orbital evolution in HCl through a UFD of the H-Cl bond in a single-photon resonant excitation. Their experiment involved studying UFD using coincidence measurements where the kinetic energy of the ionic fragments and Auger electrons were recorded as well as Auger electron angular distribution in the molecular frame as a fingerprint of the orbital structure. The mapping of the angular distribution of Auger electrons shows a transition from a molecular σ -type orbital to an atomic p orbital as the molecule breaks into two separate atoms.

This interesting study reminds one in a certain sense of the aforementioned initial purpose of Morin and Nenner's experiment on HBr [START_REF] Morin | Atomic autoionization following very fast dissociation of core-excited HBr[END_REF] which was to compare relaxation processes of electronic transitions in two isoelectronic species, atomic Kr and HBr molecule. Excitation from a core orbital (3d) to the first empty atomic orbital (4p) in the Kr-atom and from a core orbital (3d) to LUMO, σ * molecular orbital, in HBr molecule. This led finally to discover the UFD mechanism which is used later as a tool in the HCl molecule in the Sann et al. study to map orbital evolution from a molecular one to an atomic one during dissociation of a chemical bond within a unique molecular system.

Methyl chloride (CH 3 Cl) was one of the first polyatomic molecules probed by electronion coincidence combining angle and energy measurements to study relaxation processes at atomic and molecular levels by Miron et al in 2008 [START_REF] Miron | Multipathway dissociation dynamics of core-excited methyl chloride probed by high resolution electron spectroscopy and auger-electron-ion coincidences[END_REF]. The molecular system was excited across the dissociative Cl 2p → σ * resonance. High-resolution RAS recorded at the top/left/right and off-resonance show constant-kinetic-energy sharp peaks assigned to Auger decay in a fragment Cl-atom after UFD and other features manifesting complex behaviors with photon energy change which were attributed to molecular decays. The atomic origin of non-dispersive peaks was confirmed to come from Auger decay in the core-excited Cl * after the following process:

CH 3 Cl + hν --→ Cl*CH 3 --→ CH * 3 + Cl* --→ e -+ Cl + + CH * 3
The positions of these lines were in agreement with atomic Cl + lines ( 1 S, 1 D, 1 P) from the previous study on HCl by Björneholm et al. in 1997 [29]. The other decay channel happens in the molecular regime resulting in electronically and possibly vibrationally excited CH 3 Cl * + which may undergo further relaxations by ionic dissociation or formation of a new chemical bond reported in their work as the observed HCl + ion fragment.

Coincidence measurements allow correlation of Auger electrons with ionic fragments as can be seen in Fig. 1.13. Cl + mass-selected partial electron spectrum clearly shows previously mentioned 3 atomic states. These lines come from late Auger decay in dissociated fragments and their spectral width (1.24 eV) shows a broadening greatly outrunning the expected width for a frozen atom convoluted by the instrumental resolution (around 200 meV). This is explained by nuclear dynamics in core-excited and final states including the so-called Auger-Doppler effect. This was made possible because of the electron emission angle-resolved character of the experiment. The Auger-Doppler effect is presented along

with some examples including this one in the following section.

Other fragments, CH 2 + , CH 3 + and CH i Cl + (i=1-3) can be attributed to molecular decay.

Apart from mass-selected Auger electron spectra, the fragment kinetic energy correlation with Auger electron kinetic energy provides insights into nuclear dynamics. Kinetic energy of UFD in diatomic molecules is usually described by a two-body dissociation model.

In light molecules with more than two atoms, a simple pseudo-diatomic description of UFD is also possible. In this case, the fragments are considered as point masses and the dissociation occurs along one coordinate. This is possible in small molecules as the light mass of the fragments allows enough elongation of the chemical bond to reach the complete breakage during the very short core-hole lifetime. However, for more complex polyatomic molecules, the two-body dissociation model breaks down. Travnikova et al showed that the dissociation pathway for such molecules with a multitude of degrees of freedom needs a multimode dynamical mechanism to explain the observed UFD on such a short core-hole lifetime [START_REF] Travnikova | On routes to ultrafast dissociation of polyatomic molecules[END_REF]. The mechanism is explained for the case of UFD in 1-Bromo-2-chloroethane (BCE, Br(CH 2 ) 2 Cl) molecule. They showed that dissociation does not take place only in the direction of the C-Cl or C-Br bond but the rotation of the C 2 H 2 -moiety plays a crucial role in the UFD of the system. First, the evidence for UFD in BCE was shown by recording resonant Auger electron spectra on top and across the Cl 2p → σ * and Br 3d → σ * resonances.

Typical broad and sharp features are observed in Auger decay spectra corresponding to electronic decays in un-dissociated molecule and fragments, respectively, as in previous studies mentioned above. Non-dispersing sharp features are in agreement with the atomic line positions previously observed for HBr [START_REF] Morin | Ultrafast dissociation: An unexpected tool for probing molecular dynamics[END_REF] and HCl [START_REF] Kivimäki | Angular distribution of electronic decay following molecular and rydberg excitations at the cl [formula presented] edge of hcl[END_REF]. Moreover, the AEPICO measurements allowed mass-selected Auger decay spectra. Cl + is only in coincidence with

Cl + 1 D, 3 P lines from HCl resonant Auger spectrum which confirms undoubtedly the UFD in BCE. Second, nuclear relaxation simulations were performed to understand the mechanism of UFD in BCE as it can not be explained by a simple pseudo-diatomic model. As it was mentioned previously for the case of H 2 O and D 2 O, replacing H with its heavier version D reduces the probability of UFD. The rate of UFD and the fraction of atomic decay decrease by increasing the reduced mass which was also shown in the case of HCl and DCl where it causes a 30% decrease in atomic decay comparing to molecular decay and no atomic peaks were observed in the case of Cl 2 [START_REF] Kukk | Auger decay of the dissociating core-excited states in the hcl and dcl molecules[END_REF][START_REF] Menzel | Competition between direct dissociation and resonant auger decay: A quasi-classical model applied to the 2p-1 and z.ast; states of hcl, dcl and cl2[END_REF][START_REF] Kukk | Nuclear dynamics and electronic structure of molecules by resonant auger spectroscopy[END_REF]. However, as it was mentioned above, UFD was observed in CH 3 Cl [START_REF] Miron | Multipathway dissociation dynamics of core-excited methyl chloride probed by high resolution electron spectroscopy and auger-electron-ion coincidences[END_REF] and other chlorinated hydrocarbons such as C 2 H 2 Cl 2 [START_REF] Céolin | Effect of the cl2p core orbital excitation on the nuclear dynamics of the three dichloroethylene isomers[END_REF] and in BCE where the dissociation is expected to be even slower than in Cl Moreover three dimensional PES of the Cl2p -1 σ * and Br3d -1 σ * presented thereby shows that the dissociation can be reached either by the displacement of the halogen atom or the rotation of the C 2 H 4 group. PES shows that the slope is steeper along the path including rotation which makes it the main dissociation mechanism for this system. It was proposed that this mechanism could generally take place in the case of photodissociation in complex systems and more particularly for systems with (CH 2 ) x groups. This makes possible the fragments from UFD (Area A) and molecular dissociation (Area B). The direction of -→ E vector is indicated and is the same in both figures [START_REF] Iwayama | Different time scales in the dissociation dynamics of core-excited cf4 by two internal clocks[END_REF]. two different processes, B 1 and B 2 . B 1 is a fast Auger decay (<9 fs) from the core-excited state to the 3t -1 2 state. This state is split into two electronic components each with potential energy wells having 6 vibrational states which may dissociate through tunneling with lifetimes way longer than the rotation period of the molecule (evaluated about 300 fs) [START_REF] Léonard | Theoretical study of the predissociation of the a 2 state of znf including quasi-diabatisation of the spin-orbit coupling[END_REF] giving rise to the isotropic part of area B. To explain the small anisotropy in this area, another dissociative process (B 2 ) is needed faster than the rotation period. The PES calculations helped to understand the origin of the transition responsible (B 2 ) for this anisotropy in area B. This happens when the Auger decay targets CF 3 + ( 1,3 E) + F where the decay occurs at longer nuclear distances and the dissociation takes place faster than B 1 so that the "memory" is still kept from the excitation process thus resulting in the slight isotropic part of area B.

This study shows the power of coincidence measurements as a tool for understanding the complex nuclear dynamics such as dissociation with very different time scales leading to different angular distributions of final ionic fragments.

Auger-Doppler effect

Doppler effect is a difference in the frequency of waves such as sound, light, etc. as the source and the observer move towards or away from each other. A change in pitch in a passing siren and the redshift in celestial objects seen by astronomers are two examples of this effect.

When the source of the wave comes toward us or moves away from us, the frequency of the waves shifts to higher or lower, respectively. Similarly, when an excited fragment (the source) decays by emitting an Auger, electron (the wave) moves in the same direction as the emitted electron or the opposite way, the energy of the electron would shift to higher (blueshifted) or lower (redshifted) energies, respectively. This Doppler-like electron kinetic energy shift is known as the Auger-Doppler effect and was first observed in dissociating oxygen molecules by Björneholm et al in 2000 [START_REF] Björneholm | Doppler splitting of in-flight auger decay of dissociating oxygen molecules: The localization of delocalized core holes[END_REF]. The energy shift to lower and higher energies results in two separated peaks in the electron kinetic energy spectrum, provided sufficient kinetic energy resolution.

The direction, in which we observe (detect) the electrons, is particularly important to observe this effect. Up to now, we assumed that the detection direction is the same as the Fig. 1.17 A schematic representation showing the Auger electron spectra for the 0°and 90°e lectron detection angle in respect to the dissociation axe, from [START_REF] Björneholm | Doppler splitting of in-flight auger decay of dissociating oxygen molecules: The localization of delocalized core holes[END_REF].

traveling direction of the fragments (0°), see Fig. 1.17. If we observe the emitted electrons from the same system but perpendicular to the traveling direction of fragments (90°), all electrons will have similar energies. Therefore, only one peak will appear in the electron spectrum instead of two separate peaks, which were split due to the Auger-Doppler effect in the previous scenario.

The maximum Auger-Doppler energy shift (at 0°) is derived from following formula [START_REF] Björneholm | Doppler splitting of in-flight auger decay of dissociating oxygen molecules: The localization of delocalized core holes[END_REF]: Chapter 2

∆E max = 4(E Auger E KER m e /[m A (1 + m A /m B )])

Experimental Techniques and instrumentation

This chapter presents a brief description of the instruments that are commonly used for atomic and molecular physics experiments and is followed by an illustration of the experimental techniques and instrumentation in which we were interested specifically in performing the measurements for this thesis project.

Light sources

A light source is based on a natural or human-made process causing the emission of light (photons). For natural light emission, we can think of astronomical objects such as stars emitting light as they are extremely hot due to nuclear reactions. Some living organisms can also emit light as a result of a chemical reaction in a process known as bioluminescence.

On the other hand, an incandescent light bulb is an example of a human-made light source in which a wire filament is heated until it shines. However here by light sources, we are interested in processes leading to the emission of light by the instruments constructed for this purpose in high energy particle physics and atomic and molecular physics. These are accelerator-based light sources. They use a fundamental property in laws of nature that is the acceleration of an electrically charged massive particle leading to the emission of light (photons). The idea behind using these machines is to probe and understand the microscopic structure of matters and dynamical processes via interaction of matter and light.

We will focus especially on two types of light sources, synchrotrons (storage rings) and

Free electron lasers (FELs). More focus will be put on synchrotrons as the physics and the results of the experiments discussed in this thesis are obtained at two different synchrotrons.

There are other types of light sources such as laser and High Harmonic Generators (HHG) which are beyond the scope of this thesis and will not be presented. Emittance is another property of a particle accelerator which is useful to mention to follow our discussion about the properties of light sources. The emittance is defined as the spread of the particle beam, in our case an electrons beam, in phase space (position and in more brightness in photons produced by this beam. Having the beam with low emittance of ≤ 0.5 nm rad in advanced storage rings can provide high spectral brightness [START_REF] Piancastelli | Present trends and future perspectives for atomic and molecular physics at the new x-ray light sources[END_REF].

It is important to note that a synchrotron has in most cases only one storage ring but can provide the possibility of having various light characteristics with different energy ranges by insertion of undulators. This allows having many beamlines at one storage ring that can serve a large user community for performing simultaneously experiments in various fields from fundamental atomic and molecular physics to biology or crystallography.

Synchrotrons

A synchrotron is a particle accelerator in a cyclic form where electrons are accelerated to the speed approaching the speed of light causing them to emit light when their trajectories are bent by magnetic fields. The idea behind the name of this type of accelerator is rooted in its predecessor, the cyclotron. In a cyclotron, the particles were accelerated and maintained into a fixed pathway by going through the magnetic fields that needed to be increased and synchronized to cope with the increasing relativistic mass (i.e. energy) of particles. The name "synchrotron" comes from this synchronization concept. However, in the storage ring which is one of the main parts of a synchrotron and is considered as the light source, the electrons are kept at constant energy. At today's synchrotron facilities, the booster ring is a true synchrotron. A synchrotron facility has five main parts, see Fig. 2.2. They are described briefly as follows: devices. These components will be presented in more detail in the beamline section of this chapter.

SOLEIL and MAX IV synchrotrons

The experiments done for this project are performed at two different synchrotrons. First, we collected data at SOLEIL, the French national synchrotron facility. Later, we did our experiment at MAX IV laboratory which is the Swedish national laboratory hosting the first 4 th generation synchrotron in operation.

SOLEIL is the word for sun in the French language, an interesting word choice for a Synchrotron as it is a light source like the Sun and its beamlines can be thought of as sunrays. x-ray beamline with a range of energy from 10 to 1000 eV. This beamline will be discussed in a dedicated section, see section 2.3.1. SOLEIL is not the only synchrotron facility in France.

ESRF (European Synchrotron Radiation Facility) is located in Grenoble, near the Alpes. It is an international cooperation between 22 partner countries.

MAX IV synchrotron followed MAX I-III facilities, its predecessors. It was inaugurated in 2016 and provided the brightest x-ray source at its time. The MAX IV laboratory has two storage rings, a 3 GeV and a 1.5 GeV. It has one LINAC with an overall length of 300 m which is a continuous top-up injector to both storage rings, and it has no booster contrary to SOLEIL.

The 3 GeV storage ring with a circumference of 528 m serves the users for hard x-rays.

The ultra-bright hard x-ray coming from this storage ring is based on a novel technology of multi-bend achromat (MBA) lattice which provides a strong focusing leading to an ultra-low emittance electron beam at the diffraction limit. This storage ring is the first multi-bend achromat lattice light source in the world, thus the first 4 th generation synchrotron. The use of multi-bend achromat lattice is what defines a 4 th generation synchrotron. One of the main reasons for increased emittance in storage rings is the spread that is induced at bending achromat. The idea of a multi-bend achromat is to increase the number of dipoles in the bending section from 2 to M, where "M" comes from "multi-bend", which could help decrease the emittance [START_REF] Willmott | An Introduction to Synchrotron Radiation: Techniques and Applications[END_REF]. Several 

Free electron lasers (FELs)

X-ray free-electron laser (XFEL) is an accelerator of particles like a synchrotron. The apparent difference is that contrary to a synchrotron, it is a linear accelerator thus it has a different mechanism to produce light. However, there were two main ideas behind the invention of FELs to respond to the need that existed in the user community of x-ray light sources. The first one is to improve the coherence of produced light. Even in the 4 th generation of synchrotrons, despite an improvement compared to the 3 rd -generation sources, we gain in coherence only about a few percents. In the case of laser-like light produced by XFELs, the light is quasi-coherent. The second idea is to produce a light with shorter pulse duration. In synchrotrons, the shortest pulse duration is about a few tens of picoseconds (10 -12 s). FELs can provide short pulse duration in the order of femtoseconds (10 -15 s) [START_REF] Willmott | An Introduction to Synchrotron Radiation: Techniques and Applications[END_REF].

This property is remarkably interesting as it allows studying the phenomena occurring on this time scale like the atomic and molecular dynamics. As it is described in chapter 1, the physics, in which this thesis is interested, is ultrafast dissociation in small molecules which takes place in an order of a few femtoseconds. For studying such phenomena, we can mainly think of two ways. The first is what was discussed in the first chapter, using methods such as core-hole clock to look for an impact of dynamics such as femtosecond dissociation on the electron spectra. The second is to investigate such fast phenomena by using time-resolved light sources in that time regime, i.e. the machines like FELs having the pulse duration of several femtoseconds.

Beamlines

A beamline of a light source is a set of instruments that brings the produced photons in the storage ring into the samples being studied. It consists of various components that are briefly presented in the following sections dedicated to the two beamlines at SOLEIL and MAXIV synchrotrons.

The closest part to the storage ring is an enclosure usually called the optical hutch (cabin).

It is always shielded because of the radiation and is forbidden to be entered when the radiation beam is being used. Next to the optical hutch, the experimental devices are installed that can be shielded as well as in a hutch depending on the photon energy range of the beamline. In soft x-ray beamlines, this part is not shielded but in tender and hard x-ray beamlines, there is a shielded experimental hutch hosting experimental devices including the end-station set-ups and is also forbidden to be entered during the experiment.

The photon beam is guided through a transport tube from one hutch to other beamline components and between devices installed along its path to the end of the beamline where permanent end-stations are installed or an empty slot exists for set-ups to be installed temporarily by users during their beamtime. Beamtime is a term to refer to the time allocated to users during which they could perform their experiments on the beamline which is conventionally about a week. The main elements on the photon beam path from the storage ring to the end station are diaphragms, vertical and horizontal slits that control physically the width of the beam thus its flux, focusing mirrors that collimate the beam, a monochromator that selects the wavelength (photon energy) as its name suggests as well as other mirrors guiding the beam to different branches.

Controlling beamline's devices for selecting and optimising desired properties of the photon beam as well as collecting and recording the data coming from the samples are usually done by custom software such as, for example, TANGO control system 1 in a dedicated cabin called control cabin. Using Python is getting more and more common in the synchrotron community. Other software is also used at some beamlines and facilities like ROOT 2 which is not common in the synchrotron community. Sometimes the data is preliminarily analyzed during the run. However, researchers usually record and save huge amounts of data to be analyzed later at their home institutions.

Apart from what is being said so far, a beamline is also a dynamic place especially during beamtime for collaborating with other researchers and discussing science and deciding and acting in case of a problem during experiments that run day and night. Personally, I learned a lot during beamtimes not only the ones related to the main project of this thesis, the NH 3 and H 2 O beamtimes, but participating in several beamtimes with diverse scientific goals in various light sources such as SOLEIL, MAXIV, FLASH and FERMI at different countries.

All helped me learn more about the related physical science as well as the machines and experimental challenges which contributed to my overall knowledge of this field of science.

Some of these contributions also resulted in publications [START_REF] Kosugi | Strong configuration interaction in the 3p photoelectron spectrum of kr[END_REF][START_REF] Kosugi | Conjugate photoelectron recapture peaks in the high resolution auger electron spectra following near-threshold ar 2p photoionization[END_REF]. 1 It is a free open source device-oriented controls toolkit used for controlling synchrotrons in over 20 sites and is being actively developed by a consortium of research institutes including ESRF, SOLEIL, MAXIV, ELETTRA, ALBA, DESY, etc [START_REF]Tango -wikipedia[END_REF]. 2 ROOT is an object-oriented program and library developed by CERN. It was originally designed for particle physics data analysis and contains several features specific to this field, but it is also used in other applications such as astronomy and data mining and in some cases in light source facilities [START_REF]Root -wikipedia[END_REF].

PLEIADES Beamline

PLEIADES is one of the beamlines at SOLEIL synchrotron. This is the beamline in which I am involved as a PhD member and it was used for the measurements of the experiments presented in this PhD project. PLEIADES stands for "Polarized Light source for Electron and Ion Analysis from Diluted Excited Species". As it is hidden in its name, this beamline is specially designed and has been used for more than a decade for studying dilute matter. It is dedicated to the soft x-ray energy domain, covering the photon energy between 9 to 1000 eV.

It is served for ultra-high-resolution spectroscopy of atoms [START_REF] Söderström | Angle-resolved electron spectroscopy of the resonant auger decay in xenon with mev energy resolution[END_REF], molecules [START_REF] Nandi | Photoelectron diffraction in methane probed via vibrationally resolved inner-valence photoionization cross-section ratios[END_REF] and clusters [START_REF] Patanen | Interatomic scattering in energy dependent photoelectron spectra of ar clusters[END_REF], spectroscopy of atomic [START_REF] Bizau | Photoelectron spectroscopy of ions: Study of the auger decay of the 4d→nf (n=4,5) resonances in xe5+ ion[END_REF] and molecular ions [START_REF] Mosnier | Inner-shell photoexcitations as probes of the molecular ions ch+, oh+, and sih+: Measurements and theory inner-shell photoexcitations as probes of the[END_REF], biomolecules [START_REF] Lj Ranković | Design and performance of an instrument for electron impact tandem mass spectrometry and action spectroscopy of mass/charge selected macromolecular ions stored in rf ion trap*[END_REF], nanoparticles [START_REF] Ouf | First in-flight synchrotron x-ray absorption and photoemission study of carbon soot nanoparticles[END_REF] and coincidence measurements [START_REF] Liu | Einstein-bohr recoiling double-slit gedanken experiment performed at the molecular level[END_REF].

Beamline characteristics

PLEIADES uses two insertion devices. One of them is a 256-mm-period electromagnetic undulator for providing photon energies below 100 eV. The second one is an 80-mm-period Apple II type undulator for photon energies above 60 eV. Various light polarizations are available such as horizontal and vertical and tilted (magic angle (∼ 54.74°) 3 ) linear as well as circular and elliptical polarization. The photon beam flux at the first optical element is about 1.2 × 10 15 Photons/s/0.1% BW at photon energy of 100 eV. The flux on the samples drops to about 10 13 Photons/s/0.1% BW. The monochromator installed at PLEIADES is a plane grating monochromator (PGM) with varied line spacing (VLS). It has four gratings with varied groove depth (VGD) etching technology. They provide a high-resolution beam as well as a high flux due to their efficiency. After monochromatizating the photon beam, it is focused on five different experimental places available at this beamline. Three out of five are equipped with permanently installed end-stations and two places are available for users coming to the beamline with their own set-ups. Three available end-stations include a high-resolution electron spectrometer, an ion beam source crossing the photon beam of the synchrotron and an electron-ion coincidence set-up for measuring the high-energy electrons in coincidence with ions.

The high-resolution electron spectrometer is A 200mm VG-Scienta R4000. It is a hemispherical electron analyzer. This electron energy analyzer is designed to respond to a need for a high resolution of electron energy and is used in various spectroscopy methods such as x-ray photoelectron spectroscopy or Auger electron spectroscopy. The concept of having hemispheres is to select electrons with different kinetic energies at different positions after being deflected and going through a hemispherical trajectory. Electrons with lower kinetic energies have a circular trajectory with a smaller radius than the higher ones. Therefore, they end up at different positions on the detector, see Fig. 2.3.

The end-station equipped with an ion beam, which is an ECR (electron cyclotron resonance) source, is named MAIA. At this set-up, the produced ion beam is exposed by the photon beam for studying the photoionization of positively and negatively charged ions.

Coincidence measurements of photoelectrons with ions has also been made possible recently at this end-station [START_REF] Bizau | Photoelectron spectroscopy of ions: Study of the auger decay of the 4d→nf (n=4,5) resonances in xe5+ ion[END_REF].

The third end-station named EPICEA is a homemade setup specially designed for measurements of high-energy electrons in coincidence with ions. The experiments done for this project at PLEIADES are performed with EPICEA. The set-up is described with more details in section 2.4.

FinEstBeAMS Beamline

FinEstBeAMS is one of the MAX IV laboratory beamlines. FinEstBeAMS stands for "Finnish-Estonian beamline for Atmospheric and Materials Science". As it is reflected in its name, a Finish and Estonian consortium with support from the EU led to the construction of this beamline. It is located at MAX IV 1.5-GeV storage ring. FinEstBeAMS is an ultraviolet and soft x-ray beamline providing a photon energy range from 4.5 to 1300 eV. The beamline is mounted at the beginning of 2017. Near the end of 2018, it was still in a testing phase where I participated in a commissioning beamtime for its Gas-Phase End-Station (GPES) in November 2018. FinEstBeAMS has two branches and three end-stations. One branch is dedicated to ultra-high vacuum solid-state studies with a solid-state end-station (SSES) installed at the end of February 2019. Another branch is dedicated to gas phase studies as well as photoluminescence experiments in solids and is equipped with two end-stations, a Gas-phase end-station (GPES) and a Photoluminescence end-station (PLES, also named FinEstLUMI). A wide range of studies can be carried out at this beamline from probing the electronic structure of atoms and molecules in gas phase to surface characterization of solids.

FinEstBeAMS has also an engagement with NORDSTAR, a research community addressing the challenge of a warmer climate in the Nordic countries. The idea is to offer the opportunity for atmospheric studies based on synchrotron spectroscopies. The permanent end-stations offer possibilities for experiments with aerosols and nanoparticles in gas or liquid phase. Beginning of 2020, two out of three end-stations of FinEstBeAMS are operational, Gasphase end-station (GPES) and Photoluminescence end-station (PLES or FinEstLUMI). The solid-state end-station (SSES) is still under commissioning. The SSES is designed to be used for solid state studies in ultra-high vacuum (UHV). It is possible to load as many as 12 samples in an environment with pressure as low as 10 × 10 -10 mbar for carrying out various spectroscopic techniques such as photoelectron spectroscopy (PES), x-ray absorption spectroscopy (XAS) as well as photoluminescence spectroscopy (PLS). This end-station will be operational for users around spring 2021.

Beamline characteristics

FinEstLUMI end-station is designed to carry out the photoluminescence experiments.

Various types of solids such as crystals, films or powders can be mounted at the end-station to be examined. An integrated helium cryogenic cooling system reduces and keeps the sample temperature as low as 10 K. It is equipped with a CCD camera and several photomultipliers to collect the lights coming from the samples. Apart from the photoluminescence, other types of experiments can also be performed such as examining the reflected light from the surface of solids or the transmitted light through the samples.

Gas-phase end-station (GPES) is designed especially for photoelectron-photoion coincidence (PEPICO) experiments for gas-phase samples. Therefore, it is equipped with an electron analyzer on one side, which is a Scienta R4000 hemispherical electron spectrometer, and an ion detector on the opposite side, which is a momentum imaging ion Time-of-Flight (TOF) spectrometer. Each of them can be used independently for a high-resolution electron spectroscopy or ion TOF spectroscopy. There is a gas inlet system to be connected to gas bottles as well as a system to introduce vapours from solid and liquid samples in GPES. The experiments done for this project at FinEstBeAMS are performed with GPES during expert user beamtime before the beamline was open for external users. We were the first official users of this beamline. The end-station set-up is described with more details in section 2.4.

Coincidence setups

Electron spectroscopy and ion spectroscopy could provide each separately important information about the structure of matter. When these two are combined in a coincidence set-up, it provides a powerful technique for correlating the characteristic of emitted electrons to those of fragment ions.

Auger electron-photoion coincidence (AEPICO) spectroscopy, previously presented in chapter 1, is used in performing our experiments during this project, see 1.4.7. This method is based on detecting Auger electrons in coincidence with the ions which are simultaneously produced by the interaction of photons with a sample. In our experiments, we performed resonant Auger spectroscopy (RAS). The interaction of soft x-ray photons with small molecules, ammonia and water, led to emitted resonant Auger electrons and positive ions detected in coincidence. AEPICO is a unique complementary tool to high-resolution photoelectron spectroscopy, see 1.4.7. As we perform resonant Auger spectroscopy (RAS), we can call our coincidence method RAEPICO for the Resonant Auger electron -photoion coincidence technique. These experiments and their results are discussed separately in two dedicated chapters, see chapter 3 and 4.

One of the important concerns in coincidence measurements is to have high count rates of electron-ion collection. This requires detection of both ions and electrons with high efficiency. The most common coincidence set-up is called COLTRIMS (cold target recoil ion momentum spectroscopy) or reaction microscope [START_REF] Dörner | Cold target recoil ion momentum spectroscopy: A 'momentum microscope' to view atomic collision dynamics[END_REF] in which we collect both electrons and ions produced in the interaction zone at two opposite 2D position-sensitive detectors.

Both ions and electrons are collected by TOF/imaging methods. In this method, because of operating constant extraction field, we have one of the highest rates of collection compared to other methods, however, we can not detect electrons with high kinetic energies (hundreds or eV) with this method as they deviate more from the centre of the detector and the detection efficiency reduces. A typical energy resolution is around 10 % of the electron kinetic energy [START_REF] Liu | Design of a lens table for a double toroidal electron spectrometer[END_REF]. However nowadays by using retardation lens elements, it is possible to detect electrons with higher kinetic energies with this method.

Another very efficient coincidence method is using a magnetic bottle spectrometer for electron -ion as well as electron -electron coincidence measurements [START_REF] Kruit | Magnetic field paralleliser for 2 electron-spectrometer and electron-image magnifier[END_REF][START_REF] Eland | Complete two-electron spectra in double photoionization: The rare gases ar, kr, and xe[END_REF]. This method provides a full 4π collection for high-energy electrons with a resolution of around 1-2 % with retardation of high energy electrons. However, a disadvantage of this method is a loss of the information of electron emission angles. Because of the strong magnetic field inside the bottle, electrons go through several turns thus making it difficult or impossible to reconstruct the initial emission angle of electrons. However, these types of spectrometers can operate using low-repetition-rate light sources such as lasers or working under single bunch mode of synchrotrons which is quite limited.

In this section first, a general overview of each of the two parts of electron-ion coincidence set-up is presented which consists typically of an electron analyzer and a time-of-flight (TOF) ion detector. Afterwards, more details are discussed for each specific set-up used in performing our experiments, EPICEA at PLEIADES beamline of SOLEIL synchrotron and GPES at FinEstBeAMS beamline of MAXIV synchrotron.

Electron analyzer

An electron analyzer is an essential device used in PES for characterizing kinetic energies of outgoing electron beams (energy-resolving analyzer). In addition to the energy, other characteristics of electrons such as their emission angles can also be resolved by an electron analyzer based on the design of the device (energy/angle-resolving analyzer).

One of the most used electron analyzers nowadays is a hemispherical electron-energy analyzer. Fig. 2.3 shows a schematic of a hemispherical analyzer. It consists of two concentric hemispheres with radius R1 < R2. This is the reason that this type of instrument is also called a concentric hemispherical analyzer. A negative potential is applied to the inner and outer hemispheres. Electrons emitted in the interaction zone are decelerated or accelerated to a fixed energy value, called pass energy (E pass ), described in section 2.4.1.2, before entering the hemispheres. In today's versions of hemispherical analyzers, a slit is mounted at the entering point with a certain acceptance angle, typically around 30°. At the detector point, it is mostly equipped with a multichannel plate (MCP) and a CCD camera. Electrons, depending on their kinetic energies, travel through different trajectories thus ending up at different positions on the MCP surface which translate finally to an electron energy spectrum. GPES set-up is equipped with this type of analyzer and is presented in the following section.

The electron analyzer in EPICEA set-up is a home designed electron spectrometer developed specifically to detect high energy electrons with high luminosity4 [START_REF] Miron | New high luminosity "double toroidal" electron spectrometer[END_REF]. The trajectory of electrons through the analyzer consists of two half-toroidal pathways which is reflected in its name as a double toroidal analyzer (DTA). Fig. 2.4 shows a schematics of the DTA in EPICEA set-up.

Hemispherical analyzer of GPES

A schematic of the main components of GPES end station including the Scienta analzer and the TOF spectrometer is persented in Fig. 2.5. The whole set-up is protected by a mu-metal Fig. 2.3 Schematics illustrating the main parts of a hemispherical electron energy analyzer, from [START_REF]File:hemispherical electron energy analyzer for arpes -main parts[END_REF]. 

Double-toroidal analyzer (DTA) of the EPICEA setup

Energy analysis of electrons is performed using a double-toroidal analyzer (DTA) which is based on a spatial dispersion of the electrons according to their energy. Its design, technical characteristics as well as its performance have been detailed in References [START_REF] Miron | New high luminosity "double toroidal" electron spectrometer[END_REF][START_REF] Le Guen | Development of a four-element conical electron lens dedicated to high resolution auger electron-ion(s) coincidence experiments[END_REF]. The DTA is particularly adapted, because of its high luminosity, to function in coincidence measurements of high-kinetic-energy Auger electrons and corresponding ions. The particular geometry of this analyzer and a Position Sensitive Detector (PSD) make it a powerful device for simultaneous multi-energy and multi-angle analyzes. A large angular opening allows a significant gain in terms of detection efficiency compared to conventional electron analyzers.

The performance of the DTA can be summarized as follows:

• Electrons collection efficiency of about 4.3 % of 4π;

• The electron energy window is about 12% of DTA pass energy;

• Energy resolution around 0.8 % of the pass energy for electrons with kinetic energies from 1/3 to 10 times of the pass energy.

Electrons are emitted in the interaction zone as a result of the interaction between the photon beam and the effusive gas beam. Electrons are accelerated or decelerated by the electrostatic canonical lens and are focused into the entrance slit of the analyzer before dispersing in the double-toroidal section of the analyzer and reaching a DLD40 positionsensitive detector based on a delay-line detector from Roentdek Handels GmbH [START_REF]Roentdek handels gmbh -time and position sensitive mcp delay line detectors[END_REF]. The original lens is replaced with a new canonical lens which is designed for smaller aberrations and better alignment [START_REF] Le Guen | Development of a four-element conical electron lens dedicated to high resolution auger electron-ion(s) coincidence experiments[END_REF]. DTA has two toroidal sections mounted in series. Each section has 2 deflectors. A 2D schematics of the DTA showing its lens, entrance slit and deflecting plates is shown in Fig. 2.6.

Only electrons within a certain kinetic energy range after passing through the lens penetrate into the analyzer. This energy window, defined by a percentage of the previously mentioned pass energy (E pass ), has a value of about 12 % of E pass . The trajectories of the electrons are focused, at the level of the entrance slit, in a form of a ring where their azimuthal angular distributions are preserved. Afterwards, they are dispersed in energy between the two deflecting toroidal sections and are re-focused onto the PSD. The deflective configuration is designed to ensure that the output focal surface is planar which makes possible the simultaneous recording of energies and angular distributions of the electrons on the PSD. The trajectory of the electrons, whose initial kinetic energy is exactly equal to E pass , is called the nominal trajectory as it is centred in the middle of the two deflecting plates. For example, if we set the pass energy at 200 eV, we collect electrons in a kinetic energy window of about 24 eV. We could also set a value for kinetic energy of electrons to be equal to E pass which would take the nominal trajectory and end up in the middle of the detector, i.e. centred in the middle of the electron kinetic energy window. For example, if we set electron kinetic energy at 300 eV and a pass energy at 200 eV, it means that electrons are collected in a kinetic energy window centred at 300 ± 12 eV.

The conical symmetry of the lens allows only the detection of electrons emitted from the volume source under a polar angle equal to 54.7°in respect to the cylindrical symmetry axis of the analyzer. In fact, the collection is through a cone with a polar emission angle at 54 ± 3°and an azimuthal angle from 0°to 360°which results in an electron collection of 4.3 % of 4π mentioned previously. At this so-called magic angle, the differential cross-section becomes independent of the angular distribution of the electrons, see Eq. 1.4, and thus if the polarization direction of the photon beam is superimposed with the vertical symmetry axis of the DTA, i.e. θ = 54.7°hence P 2 = 0, the collected electrons are directly proportional to the cross-section of the process.

The time that it takes for an electron to be detected is around 200 ns. This includes the time that it takes for this electron to pass the DTA ( ∼ 90 ns for electrons with 250 eV kinetic energy and a pass energy of 50 eV) to reach the detector and the time for the position signal to run through the DLD40 detector (∼ 35 ns) and the electronic components (∼ 30 ns) as well as the width of the electronics signal (from 8 to 20 ns). Detection of an electron triggers the pulsed electric field of 200 V for TOF spectrometer across 15.5 mm distance between G1 and G2, see Fig. 2.7. There are two main reasons to apply a "pulsed" electric field instead of a "static" electric field in the interaction zone for the extraction of produced ionic fragments towards the TOF spectrometer. First, the extraction field strength is about 13 V/mm which causes an energy dispersion of about 2 eV for electrons and can deteriorate the resolution of electron spectra. Second, it makes a distortion in the flight path of the electrons through the DTA preventing them from arriving properly at PSD. The shortest delay between detection of an electron and the application of a high voltage (HV) pulse is around 84 ns due to limitations of electronics. HV pulse generates noise that must be removed choosing the proper timing of electronic gates. It is particularly important as this noise should not overlap the true electron signals. Furthermore, the delay must be kept as short as possible because the longer it is, the worse the 3D focusing, described later, of the TOF spectrometer. Two synchronized Time-to-Digital Converters (TDCs), TDC8HP from Roentdek Handels GmbH, are used to record TOFs of ions and position signals of ions and electrons.

The upgrade of EPICEA paved the way to detect electrons with several hundreds of eV energies. It is interesting to measure electrons with these energies because the De Broglie wavelength corresponding to these energies is comparable to the intermolecular distances. Thus, it is possible to perform intermolecular electron diffraction. Liu et al have performed coincidence measurements with EPICEA on O 2 molecules where they showed that a diffraction pattern can appear or not when they probed and compared ultrafast dissociation (UFD) and molecular dissociation in O 2 [START_REF] Liu | Einstein-bohr recoiling double-slit gedanken experiment performed at the molecular level[END_REF].

TOF spectrometer 2.4.2.1 EPICEA

After upgrading DTA by adding the four-element lens [START_REF] Le Guen | Development of a four-element conical electron lens dedicated to high resolution auger electron-ion(s) coincidence experiments[END_REF] to the original design of EPICEA [START_REF] Miron | New high luminosity "double toroidal" electron spectrometer[END_REF], an ion TOF spectrometer was installed opposite to DTA to make electron-ion coincidence measurements possible [START_REF] Céolin | Auger electron-ion coincidence studies to probe molecular dynamics[END_REF]. A drawing of the TOF spectrometer is shown in Fig. [START_REF] Wiley | Time-of-flight mass spectrometer with improved resolution[END_REF] with two acceleration stages and the result is that the time of flight of ions is almost independent of their take-off positions. Afterwards, the ion TOF spectrometer was upgraded in 2014 to a 3D focusing [START_REF] Dörner | Photodouble-ionization of he: Fully differential and absolute electronic and ionic momentum distributions[END_REF][START_REF] Lebech | Ion-electron velocity vector correlations in dissociative photoionization of simple molecules using electrostatic lenses[END_REF][START_REF] Prümper | Combining high mass resolution and velocity imaging in a time-of-flight ion spectrometer using pulsed fields and an electrostatic lens[END_REF] spectrometer in order to collect and measure ion momenta over the full 4π. This latest EPICEA's TOF upgrade is based on a modified Prümper design [START_REF] Prümper | Combining high mass resolution and velocity imaging in a time-of-flight ion spectrometer using pulsed fields and an electrostatic lens[END_REF]. Fig. 2.7 "3D focusing" design of the TOF spectrometer of EPICEA setup and the simulated fly-paths of ions. Ions are emitted from 0 to 180 degree with a 30-degree step. The pulsed high voltages, on Gl and G2, are applied with a delay of 200 ns after that the ions have started to fly. By applying proper voltages on all the electrodes, 3D focusing can be achieved.

It is originally designed and constructed based on Wiley and McLaren

An effusive gas beam is introduced into the interaction zone, between grid 1 (G1) and grid 2 (G2), by a gas needle with an internal diameter of 200 m. The needle is placed at about 1 mm from the photon beam. The needle is motorized and can be manipulated in three dimensions. Therefore, the distance between the needle and the photon beam, with a geometrical cross-section of 150(V) ×250(H)µm 2 at the focal point, is meticulously optimized during the experiment by looking at its impact on the image of electrons on the detector. G1 and G2, distanced 15.5 mm from each other, are supplied by pulsed voltages triggered by detection of an electron. Afterwards, ions are accelerated by an electric field from G2 towards the drift tube travelling 16 mm; the distance between G2 and the drift tube.

When the ion enters the drift tube, it goes through two focusing electrodes -ring 1 (R1) and ring 2 (R2) -implemented inside the drift tube. The length of the drift tube is 280 mm. At the end of the drift tube, a HEX75 delay-line detector from Roentdek Handels GmbH is installed [START_REF]Roentdek handels gmbh -time and position sensitive mcp delay line detectors[END_REF]. The entire length of the TOF spectrometer is about 400 mm. Mesh grids are used with 117.6 lines per inch with 88.6 % transmission for covering G1, G2 and the two extremities of the drift tube.

The voltages on G1 and G2 are not the same. The reason for this asymmetry is the position of the needle between G1 and G2 which is not exactly in the middle between them due to a mechanical constraint caused by the position of DTA. The voltages for G1 and G2 are set for 85 and -115 V, respectively. However, these values are optimized during the measurements by checking ion images on the detector. The value for other voltages (drift tube and the rings) are set for an optimized 3D focusing.

After the molecular ionization and dissociation, fragment ions can gain kinetic energies of a few eV. The idea behind 3D focusing is to reduce the sensitivity of the arrival positions of ions compared to their take-off positions. This is all about the voltage optimization on different components of the TOF spectrometer which is done through the simulations performed by SIMION 8 software package5 [START_REF]Simion® ion and electron optics simulator[END_REF]. For this purpose, different groups of ions from 0°(the direction towards the detector) to 180°with a step of 30°are simulated in a source volume of 2 × 6 mm 2 . Tow factors are defined for assessing the focusing quality. First, the image focusing quality factor R res is defined by the cloud size of the ions emitted at 90°i n respect to the axis of the TOF as they are those ions that are under the stronger lens effect because of flying closer to the surface of the electrodes. Second, the time focusing quality T res is defined by the ratio between the width of the TOF peak for each ion groups (ions ejected in different directions) over the width of the averaged TOF. The optimal working condition for the best quality of 3D focusing is reached for a set of voltages which makes the following condition minimum.

Q 3D = R res × T res (2.2)
Then a set of voltages are obtained for R1, R2 and drift tube for working in "3D focusing" mode. In this condition, the size of ion images is 0.3 and 0.1 of the source volume for ions emitted at 0°and 90°, respectively. We define another mode called "normal" mode where the voltages on R1 and R2 are set as the same value as the one on the drift tube. The radius of ion clouds on the detector is 25 % smaller in 3D focusing mode than in the normal mode. The extractor electrode is covered with a grid to prevent the acceleration field from entering into the source region which is crucial for not deteriorating the electron energy resolution as it is also discussed in the case of TOF of EPICEA. Apart from the repeller and extractor electrodes, there is another electrode at the entrance of the drift tube which acts as an ion lens. However, an additional lens electrode (lens ring) is added between the extractor and the aperture of the drift tube. The purpose of adding the lens ring is to be able to modify the lens effect without changing the total acceleration voltage on the electrode at the aperture of the drift tube. The lens ring is used for optimizing the momentum imaging performance as well as adjusting the ions' image size on the detector.

GPES

The TOF spectrometer is composed of two cylindrical parts. The small cylinder, with a diameter of 50 mm, accommodates the repeller, the extractor and the lens ring. After the lens ring, the rest of the small cylinder is used as the small drift tube with a length of 100 mm which is attached at its end to the big cylinder with a diameter of 110 mm and a length of 380 mm. It is served as the large drift tube which is attached to a plate in front of the position-sensitive ion detector. The spectrometer has a modular design in which the detector, the drift tube and source region are mounted separately which allows for example installing another source region to the drift tube if needed. A Roentdek 80-mm HEX-anode delay-line detector is used for the TOF spectrometer which is read out by two ADC cards. The ADC module also allows recording external information coming from the Scienta electron analyzer.

The ion TOF is determined by the extraction pulse voltage and the drift tube voltage. We must be sure that all ions emitted are not drifted too far from the off-axis and all reached the detector. We can have an estimate of ions with the highest kinetic energy detectable by 80-mm-diameter detector as follows:

E Max k [eV ] ≃ 7.5 × 10 6 M[u] T OF[ns] 2 (2.3)
Where M is the ion mass in the atomic unit and TOF is its time of flight in nanosecond.

By changing the lens voltages, we increase or decrease the image sizes on the detector. This is an estimation without the effect of the lens ring. Therefore, the lens voltage can be used to adjust the size of the momentum image on the detector while keeping the TOF of ions in the desired range.

The electron analyzer provides triggers for the pulsed ion extraction voltage U S across the source region of the TOF spectrometer. The ions were then accelerated to the final energy by the drift tube voltage U A , first passing a lens element with U L , modifying the radial distribution and focusing. Numerical simulations of the TOF spectrometer can provide initial values for appropriate TOF spectrometer's voltages. For the measurements performed using N 2 gas during the commissioning of the GPES setup [START_REF] Kooser | Gas-phase endstation of electron, ion and coincidence spectroscopies for diluted samples at the finestbeams beamline of the maxiv 1.5gev storage ring[END_REF], the ion flight trajectories in the TOF spectrometer is modeled for N + ions with the initial kinetic energy of 4 eV [START_REF] Pandey | Electron-impact dissociative double ionization of n2 and co: Dependence of transition probability on impact energy[END_REF] to find the optimized voltages on the four potential-adjustable elements of the spectrometers: the repeller, the extractor, the lens ring and the whole drift tube. The source region between the repeller and the extractor is kept at ground potential and only pulsed voltages are applied on these electrodes for coincidence measurements. The 200 V extraction voltage (U S ) was found to satisfy the optimal TOF resolution as well as Wiley-McLaren condition. The optimal acceleration voltage on the drift tube is found for the best TOF resolution to be at U A = -1240 V. Afterwards, the momentum imaging was optimized by finding the optimal lens voltage. applied by the detection of an electron, the mentioned delay is due to the electron time of flight through the lenses, the hemispherical analyzer and in the electronic circuits. In Fig. 2.9 (b), this delay estimated at 500 ns is taken into consideration which shows the elongation of ions trajectories along the y axis around the source region resulting in the compressed momentum image hence momentum resolution deterioration. Finally, in Fig. 2.9 (c) the lens voltage is optimized empirically during the experiment to achieve the best contrast for the momentum image. This working condition is equivalent to the 3D focusing mode in the TOF spectrometer of EPICEA where the optimal voltages for the electrodes are found for the best image and time focusing quality factors described in section 2.4.2.1. These optimizations are used during the commissioning of the FinEstBeAMs beamline and the GPES set-up [START_REF] Kooser | Gas-phase endstation of electron, ion and coincidence spectroscopies for diluted samples at the finestbeams beamline of the maxiv 1.5gev storage ring[END_REF] as well as during our NH 3 coincidence measurements. For NH 3 measurements, two sets of the ion extraction and acceleration voltages U S =±100 V, U A =-620 V and U S =±200 V, U A =-1240 V were used, to allow checking for consistency in ion momentum determination. However, it is not always as orderly as it is described above. First, we do not have a hundred percent detection efficiency either for electrons or for ions. In the case of electrons, it is around a few percent. Moreover, there is not always one electron emitted from one atom or molecule at a given time. There may be several electrons emitted from several atoms or molecules in a short interval. We can imagine detecting an electron from a molecule, among several others created in the interaction zone, and then during the ion TOF detection time, we detect an ion from a different event than that of the detected electron. Therefore, as the ion is detected in a detection time window, we consider it as a coincidence event. However, it is not always a "true" coincidence as this ion might not be related to the detected electron.

Data acquisition

We call this a "false" coincidence. It is particularly important to separate false coincidence events from true ones. Because correlating electrons and ions from different events will give no useful information and can lead to wrong conclusions. Therefore, we need to find a way to remove the contribution of false coincidence events to achieve a set of data for a correct analysis.

For reaching this purpose a pulsed extraction field is applied. It means that the extraction field is applied not only when an electron is detected (electron trigger) but it is also consistently applied with a certain frequency without any relation to detected electrons (random trigger). A random trigger causes an artificially generated event for which there is no electron but the TOF measurement is launched. The result is that among the detected ions, there are some that reached the detector upon an electron trigger and some upon a random trigger for which there is no electron correlation. At the end, we have two sets of data of detected ions:

electron triggered ions and randomly triggered ions.

All events recorded after a random trigger, are false coincidences. Electron triggered dataset consists of true coincidences and false coincidences events. To remove the false coincidence events from electron triggered events we use the second recorded dataset, randomly triggered events. We can assume that statistically, on average, random events have the same ions as electron triggered events. Thus, by subtracting the randomly triggered from electron triggered events with a corrective coefficient, we can approach the true coincidence events.

EPICEA

Data acquisition is done using two acquisition cards. One is a multi-channel analogue / digital conversion card (ADC) dedicated to electron processing. The other one is a start-multistop card know as Time-to-Digital Converter (TDC) dedicated to coincidence acquisitions, using the trigger signal as a start and detection of an ion as a stop. A timed veto system allows the synchronization of the two cards. The system acquisition process and the principle of synchronization have been amply described in the thesis of C. Miron [START_REF] Miron | Spectroscopies auger de molécules polyatomiques : Rôle du mouvement nucléaire et de la sélectivité de l'excitation[END_REF].

The data are recorded separately in the form of different tables chronologically. In addition to the matrix which codes the electronic impact positions and a file representing the total time-of-flight spectrum of the ions, for all events measured during the acquisition, the coincidence data are separated into four files which represent the impact coordinate (x) on one hand, the coordinate (y) on the other hand as well as the time of flight of the ion for simple and multiple coincidences. A processing procedure allows us to convert the impact positions into kinetic energy and extract the coinciding events as histograms as a function of energy of electrons, mass of ions or according to multiple criteria. The entire processing is performed on the Wavemetrics Igor Pro software. Because of the small acceptance angle of electron detection, only a small fraction of emitted electrons in the interaction zone reach the DTA detector and that could trigger the extraction field. Therefore, ions with low kinetic energies for which their electron is not detected would stay in the interaction zone for as long as tens of µs. This will cause false coincidence events as is explained at the beginning of section 2.4.3. It means that a detected electron will trigger the pulsed electric field extracting all ions from the interaction zone to the TOF detector, which are not necessarily correlated with that electron. This is called a false electron trigger. In the opposite case, when electron detection time is too slow and light ions have high kinetic energies, they can leave the interaction zone without reaching the TOF detector with the electric field extraction coming afterwards. Again, the detected electron is not correlated to the ion, from which it comes, which creates a false event. A successful coincidence measurement means having enough statistics and a low rate of false coincidences. homemade pulse generator is used for this purpose to generate trigger pulses randomly to be mixed with electron triggers in order to remove false coincidences as described previously.

GPES

In coincidence measurements, synchronization is needed between the arrival time of an electron detected by a hemispherical electron analyzer and the ion extraction HV pulse applied on the TOF spectrometer. For each trigger, the hit position of the electron (proportional to the electron's energy) on the MCP of Scienta is recorded. The GPES setup is equipped with a Roentdek waveform capture input channel where the electrons information from the analogue output of the Quantar position analyzer is forwarded to this input channel and is registered into the Roentdek data acquisition cards, see Fig. 2.11 (B). Thus, we have a complete set of data from ions and electrons. A binary compact file is generated during each acquisition. It contains all information on TOFs and electron position for each trigger. A dedicated Igor macro is created for reading the binary data for the data treatment in Igor software.

Optimization and calibration of electron and ion spectrometers

Before starting NH 3 and H 2 O electron-ion coincidence experiments at PLEIADES, several optimizations of EPICEA and a series of measurements for calibrating the kinetic energy of ions and electrons were needed. First, the optimization of EPICEA's position compared to the photon beam was required. Afterwards, the voltages of the DTA's lens, as well as the position of the effusive needle, were optimized by checking the electrons and ions images on the detectors. These optimizations are performed on argon and nitrogen gases which are also used for calibration measurements for electrons and ions kinetic energies, respectively.

The applied voltage on each of the four-element electrostatic transfer lens of DTA must be optimized as a function of the pass energy and the kinetic energy of collected electrons to obtain a relatively symmetric impact image of the electrons on the PSD. A computersimulated and instrumentally tuned lens table for EPICEA's DTA spectrometer are already developed and reported by Liu et al [START_REF] Liu | Design of a lens table for a double toroidal electron spectrometer[END_REF]. The table helps with initial values for each element for a different combination of selected pass energy and kinetic energy.

The presence of the effusive needle perturbs the electromagnetic field between the two grids (G1 and G2) in the interaction zone into which the SR enters. This perturbation impacts the trajectories of the ions hence the impact image of ions on the detector would not be as focused as desired. Furthermore, when the needle is completely inside the region between the two grids, its shadow is quite visible on the ions' image on the detector. For reducing these effects and having a smaller and more symmetric spot on the ion detector, it is better to keep the needle as far as required from the centre of the region between the two grids, i.e. also further from the SR beam. On the other hand, the closer the needle is to the SR beam, the more symmetric the image of electrons on PSD. Therefore, this requires a delicate tuning to find a comprise in choosing the position of the needle to have an optimized image for both electrons and ions.

Once the optimized parameters are found, we launch a series of measurements to calibrate the kinetic energy of ions and electrons. Argon is chosen for electron kinetic energy calibration according to known binding energies of Ar 2p 1/2 and 2p 3/2 states. Nitrogen was the choice for the calibration of ion kinetic energy based on a study by Iwayama et al [START_REF] Iwayama | Stability and dissociation dynamics of n2++ ions following core ionization studied by an auger-electron-photoion coincidence method[END_REF] on stability and dissociation dynamics of core ionized N 2 which were carried out with a set-up with a design similar to EPICEA [START_REF] Kaneyasu | Electron-ion coincidence spectrometer for studies on decay dynamics of core-excited molecules[END_REF].

Electrons energy calibration

For recording Auger decay spectra, one should know which kinetic energy range must be chosen for collecting electrons. A UFD region for the NH 3 molecule, including vibrationally resolved fragment lines, is between 380 and 383 eV [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] as discussed in section 1.4.6.1. As it was previously mentioned in the section 2.4.1.2 on characteristics of DTA, the collecting kinetic energy window for electrons in EPICEA is about 12 % of the pass energy. Selecting the pass energy of 180 eV, we collect electrons in an energy range of about 22 eV. Then we decide to put the coming electrons with the kinetic energy of 388 eV in the central area of the detector thus we end up with a kinetic energy window of collected electrons from around 377 to 399 eV which covers the kinetic energy range in spectra reported in [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF], see Fig. For electron kinetic energy calibration, first the impact positions must be converted to kinetic energy and then the resulting spectra in energy should be calibrated based on calibration measurements done with Ar in our case. For doing so, one needs to convert radius to energy. First, we plot the radius versus angle which results in an almost straight line for each circle. However, the circles on the image are not perfect and have a wavy shape which is not due to physics but an instrumental caveat that must be corrected before assigning energies to radii. One of the reasons for this instrumental limitation is the spherical aberration due to the energy-dispersive character of the spectrometer. It causes electrons with the same kinetic energy, but different collecting polar angles (54 ± 3°), to arrive at slightly different positions on the detector. This can deteriorate the quality of focusing and makes the circles a bit wavy.

Liu et al showed that the time of flight of electrons changes as a function of the polar angle.

This can be used to correct the aberration and improve the resolution by 1.5 times as reported in the same study [START_REF] Liu | In situ correction of the spherical aberration in a double-toroidal electron analyzer[END_REF]. Therefore, first, we need to straighten the circular shape and then to be freed from their wavy shapes, see Fig. 2.14. Afterwards, we need a relation for converting radii to kinetic energies, which is not a linear relationship because of the non-linear energy-dispersion character of the DTA. In electron images, spatial separation between two rings (photoelectron line) is smaller at a smaller radius, closer to the centre of the detector. Liu et al [START_REF] Liu | Design of a lens table for a double toroidal electron spectrometer[END_REF] introduced an empirical formula to relate radius r in mm to kinetic energy E k in eV as follows:

E k = E 0 + a(r -r 0 ) + b(1/r -1/r 0 ) (2.4)
Where E 0 is the kinetic energy of the electrons arriving at radius r 0 on the detector, The TOF spectrum can be converted to the mass-over-charge value revealing the nature of fragments, knowing their mass/charge ratio.

a

Ion energy calibration

For ion image optimization and kinetic energy calibration of the ion spectrometer, nitrogen gas was used. This choice was made to compare and calibrate our nitrogen data with Iwayama et al results in their study on dissociation dynamics of N 2 ions after a N1s photoionization [START_REF] Iwayama | Stability and dissociation dynamics of n2++ ions following core ionization studied by an auger-electron-photoion coincidence method[END_REF] performed using the AEPICO method with a copy of the EPICEA, developed in 2007 by Kaneyasu et al [START_REF] Kaneyasu | Electron-ion coincidence spectrometer for studies on decay dynamics of core-excited molecules[END_REF].

Their experiment was performed with soft x-ray beamline BL6U at UVSOR synchrotron in Japan. Normal Auger spectra were recorded with the photon energy of 413 eV, 3 eV above N1s ionization threshold. The pass energy was chosen at 200 eV, providing a kinetic energy range of about 30 eV. For covering Auger electrons within a kinetic energy range of 70 eV, from 305 to 375 eV, they did four measurements every time with different kinetic energy at the middle of the recorded range, see Fig. 2.18 (i). The estimated electron kinetic energy resolution is reported to be about 1.9 eV (0.95 % of the pass energy). We tried to reproduce their results using EPICEA setup choosing similar experimental parameters, same photon energy window of about 20 eV, from 355 to 375 eV, see Fig. 2.18 (ii). The kinetic energy range covered in our measurement is indicated with blue dash lines on their spectrum in Fig.

(i).

In Fig. 2.16, our recorded TOF spectrum shows two features one at shorter TOF corresponding to N ++ , m/q = 7, and one at longer TOF corresponding to N ++ 2 and N + , m/q = 14. In the second feature, the sharp central peak matches to the parent ion (N ++ 2 ) with only thermal energy (nearly zero kinetic energy) arriving at the middle of the detector, and the side features correspond to N + fragments gaining higher kinetic energy due to the Coulomb repulsion after the dissociation of N ++ 2 into N + + N + . Fig. 2.17 represents the impact image of these fragments on the ion PSD. The central spot corresponds to the N ++ 2 ions and the ring correlates with the more energetic N + fragments. Similar impact pattern of the N ++ Fig. 2.17 Ion impact image on the position sensitive ion detector (PSD), the central spot corresponds to N ++ 2 parent ion and the ring corresponds to N + fragments. and N + fragment ions on the ion PSD of the EPICEA is previously reported [START_REF] Céolin | Auger electron-ion coincidence studies to probe molecular dynamics[END_REF]. These fragments result from the following dissociation channels:

N ++ 2 --→ N + + N + N ++ 2 --→ N ++ + N
The N +++ 2 --→ N ++ + N + dissociation channel was observed by electron impact channel in a triple coincidence spectrum which can be attributed to double Auger decay following the 1s shake-off states [START_REF] Fainelli | Triple coincidence experiments to study the fragmentation of core ionized molecules by electron impact[END_REF]. However, in our case, the contribution from Auger decay via photoionization shake-up satellite states is eliminated as the photon energy is tuned to the near-threshold region, 3 eV above the N 1s ionization [START_REF] Iwayama | Stability and dissociation dynamics of n2++ ions following core ionization studied by an auger-electron-photoion coincidence method[END_REF].

The KVV Auger spectra shown in Fig. 2.18 are also presented in electron binding energy (E b ), calculated from the K-shell N 2 ionization threshold energy, 409.9 eV [START_REF] Gelius | Recent progress in esca studies of gases[END_REF]: E b = hν (409.9 eV) -E A k , where hν is the photon energy equals to the ionization threshold energy and E A k is the kinetic energy of Auger electrons. The vertical lines in these spectra designate the calculated binding energy of the lowest dicationic states of the N ++ 2 and their relative Auger intensity (only shown in Fig. 2.18 (i)) from [START_REF] Ågren | On the interpretation of molecular valence auger spectra[END_REF]. We could resolve one more peak in our spectrum, compared to Iwayama et al spectrum, around the region labeled by 6 and 7, owing to a better electron energy resolution, see Fig. 2.18 (ii). In our recorded electronic region, we only have the states labeled from 1 to 8 (at the border of the detector). The PECs of these N ++ 2 states as well as their binding energies in respect to the ν = 0 level of the electronic ground state of the neutral N 2 is shown in Fig. 2.19. final states, named from 1 to 8, they are assigned to the N 2 KVV Auger decay spectrum. The stability and/or dissociation channel for each state is also mentioned [START_REF] Ågren | On the interpretation of molecular valence auger spectra[END_REF], reported from [START_REF] Iwayama | Stability and dissociation dynamics of n2++ ions following core ionization studied by an auger-electron-photoion coincidence method[END_REF]. et al [START_REF] Püttner | State-dependent gerade/ungerade intensity ratios in the auger spectrum of n2[END_REF]. However, this state can dissociate to N + + N + as can be seen in our recorded N + ion yield with an appearance of a peak around its binding energy which is in line with previous observations [START_REF] Lundqvist | Doppler-free kinetic energy release spectrum of n2+2[END_REF]. More discussion about this specific state will be presented in the following. The B 1 ∆ g , C 1 Σ + g , 1 Π g and 1 Σ g , labeled 4, 5, 6 and 8, respectively, are dissociative and contribute mainly to N + ion yield.

Ion yields (fragment ions in coincidence with Auger electrons) for N ++

The kinetic energy of ions are derived from coupling the information coming from ion time-of-flight and ion impact position on the position-sensitive detector. The kinetic energy distribution can be written as follows [START_REF] Céolin | Auger electron-ion coincidence studies to probe molecular dynamics[END_REF]:

E ion kin = 1 2m {α[ mr t ] 2 + [qE extr (t -t 0 )] 2 } (2.5)
where m and q are the mass and the charge of the ion, α is a corrective factor for taking into account the inhomogeneous extraction field, r is the radial coordinate of the impact position, t corresponds to the time-of-flight and t 0 is the nominal time-of-flight (TOF with no kinetic energy) and E extr is the extraction field. α parameter depends on the kinetic energy range and its value can be estimated with simulations and can be adjusted in each experiment based on the KER range of the ions. Extracting the ion kinetic energy, we derive the kinetic energy release (KER) which is the sum of the kinetic energy of each fragment in a dissociation.

In Fig. 2.21, two-dimensional AEPICO maps are represented providing information on the correlation between the binding energies of the Auger final states and ion kinetic energy release (KER) of N ++ 2 --→ N + + N + . KER is equal to twice the kinetic energy of N + fragment ion due to the conservation of the momentum. In Fig. 2.21 (i), we see the map from Iwayama et al where they mark the dash lines, labeled A to M, with slope -1 relating to dissociation limit energies, i.e. the KER is matching the difference between the binding energy and the dissociation limit energy. The dissociation limit energy corresponds to the binding energy at KER equals zero for each dashed line, i.e. label A is related to the dissociation limit at 38.8 eV. In Fig. 2.21 (ii), a similar map is constructed with EPICEA data where the same diagonal lines, A to F, are marked as well as the position of the N ++ 2 final states, 1 to 8.

Iwayama et al reported KER of 7 eV for the island-like feature in their 2D map at around the electron kinetic energy of 45 eV. This structure is related to the dissociative states B 1 ∆ g , C 1 Σ + g , 1 Π g , labeled 4, 5 and 6, of the N ++ 2 , matching the dash line A corresponding to the dissociation limit energy at 38.8 eV [START_REF] Wetmore | Theoretical investigation of the dication of molecular nitrogen[END_REF] of N ++ 2 --→ N + ( 3 P) + N + ( 3 P) channel. This main structure was used to calibrate the kinetic energy of our N 2 data from EPICEA with these results. A weak island is also observed at around binding energy of 58 eV with KER of around 7.5 eV which could be assigned to 1 Σ g state, labeled 8, see Fig. 2.21 (ii). --→ N + + N + reported in (i) Iwayama et al study [START_REF] Iwayama | Stability and dissociation dynamics of n2++ ions following core ionization studied by an auger-electron-photoion coincidence method[END_REF] (ii) recorded with a better energy resolution for ions and electron using EPICEA. Diagonal dash lines correlate the KER with the binding energy of Auger final states for each dissociation limit. The calculated binding energy position of previously discussed N ++ 2 states are indicated as well. We add an additional diagonal dash line, labeled A', to our map corresponding to N + ( 3 P)

+ N + ( 1 D) channel.
However, in our 2D map, in addition to these features, we observe an additional island at higher KER, between 10 and 12 eV, in the electronic region of D 1 Σ + u state (label 7). This structure is absent in 2D map of Iwayama et al. They suggested that D 1 Σ + u state may dissociate into the N + ( 1 D) + N + ( 1 D) (label B at dissociation limit energy of 42.6 eV) or N + ( 1 D) + N + ( 1 S) (label C at dissociation limit energy of 44.7 eV) channels. However, an additional line corresponding to another dissociation limit corresponding to N + ( 3 P) + N + ( 1 D) channel is reported in [START_REF] Wetmore | Theoretical investigation of the dication of molecular nitrogen[END_REF]. This dissociation limit is located between the above-mentioned dissociation limits A and B. We marked this additional channel in our 2D map, between A and B, and labeled it A'. It corresponds to dissociation limit energy of 40.7 eV and it crosses the D 1 Σ + u state, see Fig. 2.22 for an enlarged illustration of the two islands. This higher KER structure has been spotted as a second peak in KER profiles of this dissociating channel reported in previous studies [START_REF] Pandey | Electron-impact dissociative double ionization of n2 and co: Dependence of transition probability on impact energy[END_REF][START_REF] Lundqvist | Doppler-free kinetic energy release spectrum of n2+2[END_REF][START_REF] Semenov | Auger decay of 1g and 1u hole states of the n2 molecule: Disentangling decay routes from coincidence measurements[END_REF]. Fig. 2.23 shows the KERs profile of the N + fragment ions recorded with EPICEA. We can see a first peak between 7 to 9 eV and a second peak between 10 to 12 eV. Lundqvist et al performed a Doppler-free u states, respectively. In their experiment, they tried to eliminate the Doppler broadening due to the thermal motion of the parent molecule which had limited the energy resolution in KER spectra to about 1 eV in previous experiments. This was made possible with a coincidence TOF apparatus specifically designed, described in [START_REF] Lundqvist | Novel time of flight instrument for doppler free kinetic energy release spectroscopy[END_REF], in this respect to perform DPKER spectroscopy. The spectra, shown in Fig. 2.24 , covering a KER range of 2 to 30 eV is recorded during 14 days using 200 eV electrons in 50 ns pulses with a repetition rate of 5 kHz.

In Fig. 2.24 (i), their recorded DFKER spectrum is superimposed with our calibrated N + KER spectrum. Both features in our spectrum, 6-9 eV and 10-12 eV, are in good agreement with their spectrum. In Fig. 2.24 (ii) and (iii), a zoom in both regions shows vibrational structures which are assigned. Focusing our attention to the higher KER region, 10-12 eV, they reported the vibrational progressions of the D 1 Σ + u state for ν = 0 and 1 levels dissociating to N + ( 3 P) + N + ( 3 P) channel (label A) and to N + ( 3 P) + N + ( 1 D) (label A') for ν = 2 and 3 levels. Although the electron energy resolution of our measurements are not enough to resolve these vibrations, our results are in line with their observations. In our 2D map, Fig. 2.22, the regions corresponding to ν = 0 and 1 match the dash line A and the region corresponding to ν = 2 and 3, higher in binding energies, crosses the dash line A'. The calibrated KERs, compared to other studies [START_REF] Pandey | Electron-impact dissociative double ionization of n2 and co: Dependence of transition probability on impact energy[END_REF][START_REF] Semenov | Auger decay of 1g and 1u hole states of the n2 molecule: Disentangling decay routes from coincidence measurements[END_REF] reporting KERs for dissociating N ++ 2 showed a very good agreement.

The main idea behind the N 2 measurement was to calibrate the kinetic energy of ions.

The coincidence measurements with a relatively better electron kinetic energy resolution compared to our reference study for the calibration proved to be an efficient method to calibrate the kinetic energy of ions. Specifically, observing the higher KER associated with dissociative D 1 Σ + u state of N ++ 2 laid out an additional means of verifying the validity of our calibration. Moreover, an additional dissociation limit (A'), also proposed by a previous study, has been revealed to be one of the channels into which this state may dissociate.

A similar measurement with nitrogen gas were performed during the H 2 O experiment and equivalent analysis were done for ion kinetic energy calibration. The bond angles (H-N-H) are 107.8° [START_REF] Herzberg | Electronic spectra and electronic structure of polyatomic molecules[END_REF] and are smaller than tetrahedral geometry (cos -1 (-1/3) ∼ 109.5) because of an unshared electron pair (lone pair), see Fig. molecule 2a 1 and 1e orbitals represent the three N-H bonding orbitals. 3a 1 is a non-bonding orbital and a 1 state corresponds to N 1s orbital. 4a 1 state is the LUMO which has this admixture of Rydberg and antibonding valence-type orbital (σ * -like) more than other higher unoccupied states (LUMO+1, LUMO+2, etc), see the peaks corresponding to these states in the N1s absorption spectrum of NH 3 in Fig. 3.3. N1s absorption spectrum of NH 3 also manifests a broadness of the peaks which is not only because of the dissociative character of these bands but it can be attributed to the vibrationally unresolved bending mode (ν 2 ) for the first peak (4a 1 ) and Jahn-Teller instability induced by the two degenerate vibrational modes of "e" state for the second peak (2e) [START_REF] Schirmer | K-shell excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption spectroscopy[END_REF].

The interest in studying both NH 3 and H 2 O is that they are two isoelectronic (both having The interest to study ammonia is because it's a small molecular system, which is constituted of only light atoms, making it an attractive polyatomic system for modeling. Additionally, it is a symmetric system with peculiar properties, which has drawn particular interest to it, including photoelectron spectroscopy. This interest was developed primarily because of two aspects. The first is the presence of double minima in the PES of the ground electronic state ( X) from which the bending motion of the ν 2 transfers the molecule from one pyramidal C 3v configuration to the other. The second is the photodissociation of its valence excited states [START_REF] Ziegler | Resonance rovibronic raman scattering of ammonia[END_REF].

Valence-excited state

The fast dissociation in ammonia molecule was discussed in the literature as early as the 1980s. Ziegler [START_REF] Ziegler | Resonance rotational raman scattering of symmetric tops: A probe of molecular photodissociation[END_REF] suggested the resonance rotational Raman scattering as a probe of molecular photodissociation in the sub-picosecond regime. The lowest singlet electronic excitation of NH 3 is the X -> Ã transition in which an electron from 3a 1 is promoted to 4a 1 LUMO.

1 a 2 1 2 a 2 1 1 e 4 3 a 2 1 4 a 1 X (ground state) This observation led them to conclude the co-existence of both absorption-ionizationdissociation (AID) and absorption-dissociation-ionization (ADI) mechanisms in à state of ammonia clusters. This is based on the relatively short lifetime of the à state in ammonia and long lived (NH 3 ) n NH 4 radicals with a lifetime larger than 1 µs calculated previously in another study [START_REF] Gellene | Cheminform abstract: An experimental study of hypervalent molecular clusters by neutralized ion beam spectroscopy: Ammoniumammonia (nh4(nh3)n) and deuterated ammonium-ammonia (nd4(nd3)n)[END_REF]. The pump laser pulse at λ pump = 208 nm (hν pump = 5.96 eV) promotes the NH 3 molecule to the à excited state. The study was based on two competing processes occurring in the à state in ammonia clusters which are pre-dissociation and interacluster interactions as follows: The observed sharp peak is related to predissociation of ammonia cluster in the excited à state and the exponential decrease is attributed to the formation of long-lived radical because of the intracluster reactions, see Fig. 3.1.

(NH 3 ) m + hν pump --→ (NH 3 )* m (1) excitation to à state (NH 3 )* m --→ (NH 3 ) n • (NH 2 + H) + (m-n-1) NH 3 (2) pre-dissociation (NH 3 )* m --→ (NH 3 ) n-1 NH 4 + (m-n-1) NH 3 + NH 2 (3) 

Core-excited state

The core-excited induced ultrafast dissociation in condensed layers of ammonia and water was predicted for 1a 1 (N or O 1s) -> 4a 1 resonant excitations by Menzel et al in 1989 [START_REF] Menzel | Selective photodissociation via specific core-to-bound excitations: A comparison of condensed layers of water, ammonia and methane[END_REF], O1s and N1s, respectively, [START_REF] Frederick | Ultraviolet spectroscopy of solids with the use of synchrotron radiation[END_REF] and the strong repulsive potential for these excitations to 4a 1 anti-bonding orbital, as well as the low mass of H. Therefore, they concluded that as in the case of HBr [START_REF] Morin | Atomic autoionization following very fast dissociation of core-excited HBr[END_REF], the H atom in NH 3 and H 2 O can travel a few angstroms during the core-hole lifetime which is more than the N-H or O-H bond length [START_REF] Menzel | Selective photodissociation via specific core-to-bound excitations: A comparison of condensed layers of water, ammonia and methane[END_REF]. However, they could not find experimental evidence of this prediction. Afterwards, Schirmer et al proposed that the featureless broad structures in NH 3 photoabsorption spectrum of N1s -1 -> 4a 1 1 resonance, see Fig. 3.2, and ND 3 molecules could be linked to possible dissociation of these molecules [START_REF] Schirmer | K-shell excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption spectroscopy[END_REF] mentioned above.

Evidence of ultrafast dissociation (UFD) in ammonia molecule in the gas phase was first observed by resonant Auger electron spectroscopy in 2003 by Hjelte et al [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. In this study, the N 1s electron was excited to the 4a 1 antibonding molecular orbital to reach a core-hole excited state (NH 3 * ), which undergoes UFD. The results of this study were previously discussed in section 1.4.6.1.

The goal of my work was to apply the electron-ion coincidence technique in studying ultrafast dynamics of NH 3 molecule where N 1s electron is excited to the 4a 1 molecular orbital. The coincidence spectroscopy allows not only proving the existence of the UFD phenomenon but also describing fragmentation mechanisms. This can be done by correlating resonant Auger's final states to the energies of the fragment ions, which are expected to be formed by UFD. Their behavior can also be tracked as a function of the photon energy.

Potential energy surfaces

The potential energy surfaces provide important information for deriving the physical characteristics of the molecular systems. They can be calculated theoretically. However, there are methods to reconstruct molecular potentials from experimental data such as the Rydberg-Klein-Rees method for deriving the potentials of diatomic molecules from rovibrational spectroscopy measurements [START_REF] Herzberg | Electronic spectra and electronic structure of polyatomic molecules[END_REF]. Miron et al also showed that the core excitation can be used for imaging molecular potentials based on a high-resolution resonant Auger spectroscopy (RAS) of the N 2 molecule [START_REF] Miron | Imaging molecular potentials using ultrahigh-resolution resonant photoemission[END_REF]. PES may differ significantly from the ground and core-excited states. Modern synchrotron facilities allow working in Auger resonant Raman conditions which imply that the photon energy bandwidth is narrower than the lifetime width of an excited state. Therefore, it is possible to scan different parts of the PES of the excited state by selecting the photon energy over the resonance peak, i.e. detuning the photon energy around the top of the resonance [START_REF] Eisenberger | X-ray resonant raman scattering: Observation of characteristic radiation narrower than the lifetime width[END_REF][START_REF] Piancastelli | Resonant photofragmentation of water at the oxygen k edge by high-resolution ionyield spectroscopy[END_REF][START_REF] Bradley Armen | Resonant auger effect[END_REF], see section 1.4.3.

The dissociative character of N1s -1 4a 1 1 state in the ammonia molecule can be understood via Z+1 approximation, described in chapter one, section 1.3.1.1. N1s -1 can be approximated as O in the Z+1 model thus the excited ammonia molecule (NH *

3 ) is equivalent to OH 3 . Instability and dissociation of OH 3 radical were studied through calculations of its PESs several times during previous decades. A theoretical work of Gangi et al [START_REF] Gangi | Theoretical confirmation of the stability of the h3o radical[END_REF] showed in 1971 that the OH 3 is unstable. They suggested that the dissociation pathway leads to H 2 O and H based on their earlier calculations for the equilibrium geometry of the water molecule in its ground state, which pointed at the closeness of the H-O-H angle (114.23°) with the calculated bond angle for OH 3 in its lowest energy (111.77°). They concluded that the OH 3 geometry is pyramidal and, although its energy is higher than that for the H 2 O + H, the barrier along the dissociation path can be tunneled through or surmounted. Later in 1977, Niblaeus et al [START_REF] Kerstin | Theoretical studies on the stability of the h3o radical based on ab initio uhf-ci calculations[END_REF] found a local minimum on the lowest PES of OH 3 leading to H 2 O + H with a barrier height of 147 meV, which is located 889 meV above the H 2 O + H dissociation limit. Afterwards, Talbi and Saxon [START_REF] Talbi | Theoretical study of low-lying states of h3o[END_REF] investigated the first two doublet and quartet states of H 3 O by MCSCF/FOCI (multiconfiguration self-consistent field/first-order configuration interaction) calculations in C 3v symmetry and found a barrier height of 155 meV in its dissociation pathway to H 2 O + H. Luo and Jungen [START_REF] Luo | The h 3 o rydberg radical[END_REF] studied H 3 O and found a barrier of 80 meV in dissociation of this radical to H 2 O + H which is smaller than earlier calculations [START_REF] Kerstin | Theoretical studies on the stability of the h3o radical based on ab initio uhf-ci calculations[END_REF][START_REF] Talbi | Theoretical study of low-lying states of h3o[END_REF]. They also reported equilibrium geometry parameters for the lowest electronic state of OH 3 leading to H 2 O + H with R OH of 1.020 Å and H-O-H angle of 106.9°. All these reports confirm the instability of OH 3 and the existence of a barrier in the dissociation pathway of the molecule. Consequently, it is expected that the core-excited ammonia, which can be approximated to OH 3 , has also a dissociative character with a barrier in its PES. Hjlete et al [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] also calculated the ground state PES of OH 3 leading to H 2 O + H. A local minimum was found at N-H bond distance of 1.016 Å , located 0.799 eV above the dissociation energy. They reported a barrier with a height of 134 meV above this local minimum where the transition to dissociated state occurs at a bond length of 1.215 Å . Having done the same calculations for NH 3 , they reported the local minimum at 1.013 Å and remarkably similar angles of equilibrium geometry for NH 3 compared to OH 3 . The core-excited ammonia (NH *

3 ) keeps its ground state geometry and the OH 3 in this geometry is placed 6.2 eV above its equilibrium. Therefore, this excess energy, placing the molecular system in a vibrationally excited state, and the relatively small potential barrier in the dissociation pathway should result in a high dissociation rate.

Walsh et al also referred to the existence of a potential barrier of 0.17 eV at 1.2 Å in PES of core-excited ammonia molecule [START_REF] Walsh | Molecular dynamics of nh3 induced by core-electron excitation[END_REF], see Fig. 3.3 (iii). Owing to the existence of the small potential barrier, the nuclear motion changes with respect to the absorbed photon energy.

If the excitation is to an unbound part of the 4a 1 state, i.e. excitation with higher photon energies above the top of the resonance, it hits the dissociative part of the PES. On the other hand, excitation to different parts of the 4a 1 by detuning from the top of the resonance alters the effective duration time, see Eq. 1.14. This results in a maximum value for scattering time on the top of the resonance and a shorter effective duration time is expected when the photon energy is detuned from the top of the resonance thus giving less time for nuclear motions. Accordingly, in our study, different UFD rates are expected when the photon energy is detuned around the resonance. We looked for this asymmetry in our data from our NH 3 experiments and the results will be discussed further during this chapter.

Results and discussion

In our study, we explored the NH 3 molecular system with energy-selected Auger electron photoion coincidence spectroscopy (ES-AEPICO). First, we performed measurements with EPICEA set-up at PLEIADES beamline at SOLEIL with electron energy resolution lower than in the previous study by Hjelte et al, the single-channel resonant Auger spectroscopy [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF], presented in section 1.4.6.1. Therefore, in our study resolving previously observed fragmental peaks in Fig. 1.11 was not possible. However, data from ions allowed concluding unprecedented information about NH 3 molecular system, discussed further in this chapter.

Second, we investigated the same molecular system with GPES set-up at FinEstBeAMS at MAX IV lab. GPES provides high resolution for electron, comparable to one in the Hjelte et al's measurements, which is combined with ion detection allowing a more close exploration of the known UFD region, see Fig. 1.11. This leads to new information about NH 3 molecular system and the dynamics during the UFD. We also performed a single channel high-resolution resonant Auger electron spectroscopy with a higher electron energies resolution compared to Hjelte et al's measurements. We did these latest measurements for complementary studies to our previous measurements mentioned above. High-resolution RAS measurements were carried out with a VG Scienta R4000 hemispherical electron energy analyzer permanently installed at the PLEIADES beamline. Its wide-angle lens is mounted vertically, perpendicular to the synchrotron radiation direction. The results of these experiments are discussed in further sections. Data analysis is performed, and results are plotted with Igor Pro for both sets of data. Fig. 3.3 (i) The N1s TIY spectrum of gas-phase ammonia molecular system in the region below the ionization threshold, 405.5 eV [START_REF] Schirmer | K-shell excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption spectroscopy[END_REF], measured using EPICEA set-up. The pre-edge peaks are assigned to the orbitals into which the core electron is promoted to. The peak at 400.66 [START_REF] Schirmer | K-shell excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption spectroscopy[END_REF] is due to N1s excitation to LUMO (4a 1 ) molecular orbital. (ii) A zoom around the 4a 1 resonance where the arrows mark the photon energies at which RAS spectra were recorded: the top (b) and the two photon energies below (c) and above (d) the top with the detunings of ± 200 meV. (iii) Detuning the excitation photon energy across the 4a 1 resonance results in excitation to different parts of the core-excited state PES (Modified figure of PES is from Walsh et al [START_REF] Walsh | Molecular dynamics of nh3 induced by core-electron excitation[END_REF]).

EPICEA coincidence measurements

After a series of measurements for optimizations and calibrations of electron and ion kinetic energies, see section 2.5, NH 3 measurements with EPICEA started with recording a total ion yield spectrum, which mimics closely a photoabsorption spectrum, for finding the position of 4a 1 state, see Fig. 3.3 (i), (ii). Fig. 3.4 Resonant Auger decay spectra taken at four photon energies: three energies across the N1s -1 4a 1 1 resonance and one off-resonance. The UFD region known from [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] between 380 and 383 eV is marked by a double sided arrow. The fragment peaks found in that previous study are not observed here because of not having enough electron energy resolution. The peak around 392 eV in off-resonance spectrum is assigned to the N1s second order photoline.

Four series of measurements with different photon energies were performed: one at the top of the resonance (Ω = 0), two with photon energies detuned below and above (Ω = ± 200 meV) the maximum of the resonance and one off-resonance (Ω = -2 eV). In Fig. 3.4 we show the decay spectra for NH 3 taken at these photon energies. We see several structures in the resonant Auger spectra recorded around the resonance. Two structures at higher kinetic energies, resulting from participator Auger decay, correspond to 3a -1 1 and 1e -1 final states, respectively. The broad overlapped structures at lower kinetic energy are related to spectator states (2 hole-1e). 1 resonance [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. The spectra obtained by EPICEA are similar to those of Hjelte et al. However, the electron kinetic energy resolution of EPICEA is estimated at 1.44 eV, given by 0.8 % of the pass energy of the DTA, compared to 0.08 eV reported by Hjelte et al. The collected kinetic energy window is chosen, see section 2.5, to include the UFD region between 380 and 383 eV [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. This is the region located between 1e -1 and spectator states where NH * 2 fragment lines were previously identified, see section 1.4.6.1 and Fig. 1.11 therein. In their spectra, the peaks appear as vibrational progression with a spacing of about 390 ± 10 meV.

We also recorded RAS spectra at PLEIADES beamline with Scienta electron analyzer similar to Hjelte et al spectra with a better resolution for electron kinetic energy of about 0.04 eV, see Fig. 3.5. In our spectra, the vibrational structures of the 3a -1 1 state, with a ν 2 spacing of about 120 meV, are resolved. We can observe up to 7 ν 1 vibrational peaks for the 1 A 1 state of the NH + 2 fragment, see Fig. 3.6. In this figure, We have also indicated the energy positions of the second state, 1 B 1 , of the Renner-Teller pair. We will discuss these states in detail in the section 3.3.3. 3 ). After converting the ions TOF spectrum to the mass-over-charge spectrum and subtracting false coincidences, see 2.4.3, we identify peaks for 14, 15, 16 and 17 corresponding to N + , NH + , NH + 2 and NH + 3 , respectively. These ion fragments can be associated with the following different dissociation pathways, see Fig. 3.8.

We take into account the input and output energy of the system, considering the conservation of energy in different processes. The input energy is the exciting photon energy and the output can be the energy lost through Auger electron emission, dissociation energy, the kinetic energy of the fragments, etc. The entire process can be shown using a Born-Haber (BH) cycle2 as a closed-loop as follows:

E ph -E KER -E Auger = E b + E diss (3.1)
where E ph is the energy of exciting photons, E KER is the kinetic energy released (sum of ion fragments' kinetic energy) upon a dissociation, E Auger is the kinetic energy of emitted Auger electrons, E b is the binding energy of electrons (the energy needed to go from a neutral ion fragment to an ionized fragment) and E diss is the dissociation energy of the observed state. This cycle is used in describing the energy correlation of different processes in core excitation/ionization of molecules [START_REF] Rosenqvist | Femtosecond dissociation of ozone studied by the auger doppler effect[END_REF][START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. this region, the energy remained in the system is not enough to result in dissociation leading to NH + 2 , i.e. in this region we are below the dissociation limit of NH + 2 . The appearance energy for NH + 2 is reported at 15.75 eV by Qi et al [START_REF] Qi | Experimental and theoretical study of the dissociation energies do(hzn-h) and do(hzn+-h) and other related quantities[END_REF]. In NH 3 core excitation, most of the input energy is released as kinetic energy of Auger electrons and the remaining energy can be consumed as appearance energy for ion fragments plus their kinetic energy release (KER) as follows:

E ph -E Auger = ((E b + E diss ) = AE) + E KER (3.2)
Apart from energies mentioned in this cycle, part of the photon energy can also be The narrow width of NH + 3 peak informs about the arrival time of the parent ions on the detector which are not vastly different. Having small kinetic energy, they all end up at the center of the detector. Fig. 3.10 shows the NH + 3 impact position on the detector which confirms that they are all focused and concentrated in the middle of the ion detector. The TOF spectrum (blue spectrum) for ions in coincidence with electrons in the next electron kinetic energy region, D, from 384 to 387 eV shows a narrow peak for NH + 2 and the NH + 3 peak is still there but with a smaller intensity compared to the region E. Here, we have less energetic Auger electrons thus more energy is available in the system which leads to the dissociation of the NH 3 molecule, hence we can observe the appearance of the NH + 2 fragment. In region D, the maximum energy available in the system for dissociation is about 17 eV which is higher than the 15.75 eV energy needed for NH + 2 fragment to appear. In the next region, C, this TOF slicing provides a direct confirmation on NH + 2 role in UFD. In the next two regions, A and B, other fragments, NH + and N + , are observed with their appearance energies of 16.9 eV [START_REF] Locht | The dissociative electroionization of ammonia and ammonia-d3. ii. the h+ and h2+ dissociation channels[END_REF] and 22.6 eV [START_REF] Reed | The ionisation potential of nh[END_REF], respectively. In Fig. 3.11, the NH + 2 impact position on the detector are presented for the above-mentioned regions showing more expanded images for the regions corresponding to lower electron kinetic energies.

NH + 2 TOF peak shape

In the following, we focus on the NH + 2 fragment. Its TOF peak has an interesting shape with three main components in the known UFD region (region C) at this photon energy, detuning + 200 meV above the top of the resonance, i.e. green spectrum in Fig. 3.9 (ii). Fig. 3.12 shows how the shape of this peak, in the UFD region, changes as a function of the photon energy across the resonance. We observe that the three components of this peak for positive detuning are more prominent compared to two other photon energies. To understand this difference, we can investigate more on the correlation between the shape of the peaks and the kinetic energy of the NH + 2 fragments. The kinetic energy of the fragments are extracted and their correlations to the kinetic energy of electrons are shown with 2D energy maps as well as their variations as a function of the photon energy. Fig. 3.13 shows the electron-ion energy correlation map for the NH + 2 fragments within a range of electron kinetic energy between 368 eV to 388 eV recorded at the photon energy detuning of +200 meV above the top of the resonance. Well separated and distinguishable islands are seen on this map for different kinetic energy ranges of electrons 3 state to valence-hole cationic states can be reached by early Auger decay followed by molecular dissociation or by ultrafast dissociation, producing a NH + 2 fragment and a neutral H, followed by a late Auger decay in a fragment, see Fig. 3.8. Islands positioned at lower electron kinetic energies are correlated to ions with higher kinetic energies. With the emission of less energetic electrons, more energy remains in the system thus ion fragments will acquire more kinetic energies. Fig. 3.14 shows how the shape of the NH + 2 TOF peak varies, in electron kinetic region C and B indicated previously in Fig. 3.9, for less to more energetic NH + 2 fragments. These two regions are marked on the 2D energy map of Fig. 3.14 (i).

Slicing ion TOF peaks based on their KER allow concluding than fragments with lower KER (nearly zero energy) contribute to the central component of the TOF peak and the one with higher KER give rise to side components. When TOF peak is filtered by KERs attributed to the UFD-originated fragments (the KER region between 1 to 3 eV), it makes for Fig. 3.13 Two-dimensional Auger-electron-ion coincidence map from EPICEA set-up data for photon energies at (d), see Fig. 3.3, detuning + 0.2 eV from the top of 4a 1 resonance. Previously known region where fragment lines were observed on the Auger decay spectra from [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] are delimited by dashed lines. However these lines are not resolved in EPICEA result as seen on the map.

two distinct constituents at shorter and longer time-of-flights, see green TOF slices in Fig. 3.14 (ii) . These well TOF-separated constituents will be more discussed in section 3.3.5.

It can also be understood that the difference in the shape of the NH + 2 TOF peak at the UFD region for different photon energies in Fig. 3.12 can be related to the variation in the efficiency of different dissociation channels resulting in more or less contribution of each above-mentioned components thus different shapes are observed when the photon energy is changed across the resonance. Further, we investigate the 2D electron-ion energy correlation maps in more detail in this respect. Fig. 3.15 shows a 2D map from GPES data correlating the time-of-flight of 4 main ion fragments to the electron kinetic energies. We can observe that the TOF peaks are getting broader at lower kinetic energy regions. If we reach the high vibrationally excited final states, it can give rise to less energetic Auger electrons. This effect can be observed as the broadening of the time-of-flight peaks with a decrease of the electron kinetic energies, which is also in line with what we observed in Fig. 3.9 (ii) and 3.14 (ii) from EPICEA results. The well-separated island for NH + 2 fragments at electron kinetic energy positions between 380 to 383 eV shows the KER of around 2 eV. Our measurements show that only the UFD channel leads to NH + 2 ions at these electron kinetic energies. The low KERs observed in our results are in agreement with Walsh et al [START_REF] Walsh | Molecular dynamics of nh3 induced by core-electron excitation[END_REF] mentioning that a weak feature in their results could be attributed to UFD once a dissociation of H and NH * 2 occurring before Auger decay and leading to a low KER (< 5 eV). 

(i) where early Auger decay occurs in NH *

3 molecule and in (ii) where a late Auger decay in NH + 2 fragment takes place following a UFD. In the case of the Auger decay in the molecule, different E Auger and KER of the fragments can be expected depending on the shapes of the NH + 3 PESs to which the system is reached after the decay. The emission of Auger electrons with high kinetic energy could result in low or nearly zero KER in NH + 2 fragments, corresponding to its appearance energy. On the other hand, less energetic Auger electrons can be emitted resulting in a larger KER after the dissociation. These two cases are shown schematically in 3.16 (i). In general, the KER for molecular decay is a product of energy release due to weak dynamics in the core-excited state and dissociation in the final state. Hence, KER for molecular decay is largely determined by the potential energy surfaces of the final states in contrast to the KER in the case of a UFD, see Fig. 3. 16 (ii) where it is determined solely by dissociation occurring in the core-excited state. In Fig. 3.16 (ii) two cases are shown schematically where two different NH + 2 final states are reached giving rise to two different electron kinetic energies while the KER in the fragments from which they were emitted is the same for both states. This can be one of the reasons to assume that the fragments seen in the B2 region, sharing similar KER to C2, in Fig. 3.14 (i), could also have a UFD origin. In the following, we discuss more this hypothesis.

In the case of NH 3 , it seems that potential energy surfaces for core-excited and final states are significantly different, which gives KER rather unique and low for the UFD channel, allowing its separation from the molecular decay. This might be due to the existence of a small potential energy barrier in the core-excited state. Now, we try to assign the final cationic states populated after deexcitation of the NH * 2 core-excited fragment. Peyerimhoff and Buenker calculated the lowest 14 states of NH + 2 . They obtained angular and symmetric stretch curves along the N-H bond and reported the bond angles and relative energies at a fixed NH distance of 1.940 775 au (∼ 1.027 Å ) , see Fig. 3.17 [START_REF] Sigrid | Ab initio mrd-ci potential surfaces for the low-lying states of the nh[END_REF]. Later, Stephens et al employed ab initio molecular electronic structure theory to investigate the four lowest-lying NH + 2 states, the ground state ( 3 B 1 ) and the first three excited states, 1 [START_REF] Jeffrey C Stephens | Electronic states of nh 2 +[END_REF]. In Fig. 3.18, the NH + 2 PES cut along the angle between the two N-H bonds are shown for these four lowest-lying states from Chu et al [START_REF] San | Theoretical studies of the lowlying electronic states of nh2+ and ch2[END_REF]. The vibrational progression, with a value of 390 ± 10 meV, observed in Hjelte et al's spectra, Fig. 1.11 is most likely 1 A 1 state, which is bent and has a vibrational energy with a theoretically calculated value of 359 ± 6 meV [START_REF] Dunlavey | Vacuum ultraviolet photoelectron spectroscopy of transient species part ii. the nh2(x2b1) radical[END_REF][START_REF] Jeffrey C Stephens | Electronic states of nh 2 +[END_REF][START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. Our high-resolution RAS spectra, Fig. 3.5, gave the value of 385 ± 5 meV for this vibrational energy. The mismatch between the observed vibrational spacing and the value in the literature was compared to a similar discrepancy observed in the case of the HS + fragment in the dissociation of H 2 S [START_REF] Naves De | Vibrationally resolved states in the hs fragment studied by means of electron-excited auger spectroscopy[END_REF]. In this study, the difference in values was proposed to have its origin in the electron emission from the excited fragment before a complete dissociation or interference between the short-lived vibrational states.

A 1 , 1 B 1 , 2 1 A 1 ( 1 A * 1 )
The H-N-H angle in 1 A 1 state is ∼ 108°, similar to the one in the ground and core-excited states of NH 3 . Therefore, bending is not exited when 1 A 1 state of NH + 2 is reached after UFD following Auger relaxation. 1 A 1 is a lower state from the Renner-Teller-split pair of the 1∆ g state giving rise to the first and second excited states of NH + 2 [START_REF] Jeffrey C Stephens | Electronic states of nh 2 +[END_REF]:

1 ∆ g →(1a 1 ) 2 (2a 1 ) 2 (1b 2 ) 2 (3a 1 ) 2 1 1 A 1 1 ∆ g →(1a 1 ) 2 (2a 1 ) 2 (1b 2 ) 2 (3a 1 ) 1 (1b 1 ) 1 1 B 1
The 1 Σ + g transforms as the next 1 A 1 state (2 1 A 1 ) with the following electronic configuration:

1 Σ + g →(1a 1 ) 2 (2a 1 ) 2 (1b 2 ) 2 (1b 1 ) 2 2 1 A 1
The difference in energy between these states at the H-N-H angle of ∼ 108°are shown in Fig. 3.18 and these states are assigned in our recorded high-resolution resonant Auger spectra reported in Fig. 3.5. The 1 B 1 and 2 1 A 1 states are linear in the equilibrium geometry, therefore they are reached in highly excited vibrational states after Auger decay of the bent core-excited NH * 2 fragment. However, the vibrational energy of the bending mode of 1 B 1 state is reported at 114 ± 6 meV [START_REF] Dunlavey | Vacuum ultraviolet photoelectron spectroscopy of transient species part ii. the nh2(x2b1) radical[END_REF][START_REF] Jeffrey C Stephens | Electronic states of nh 2 +[END_REF][START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. The vibrational peaks of this state are not resolved in our RAS measurements with 40 meV electron energy resolution. This can be related to the N1s lifetime broadening reported at about 130 meV [START_REF] Nicolas | Lifetime broadening of core-excited and -ionized states[END_REF] for N 2 . Moreover, these states are overlapped with broad molecular states. These can be the reasons to understand why these states if populated, are not vibrationally resolved in the resonant Auger spectra, Fig. 3.5. Nevertheless, we can identify these states in these spectra by the rise of the intensity in the vicinity of the vertical Auger transitions from the NH * 2 core-excited fragment across the N1s -> 4a 1 resonance. An additional way for identification of these states would be the ion-electron coincidence measurements discussed in the following. Fig. 3.17 Potential energy surface cuts along the H-N-H angle coordinate for 14 NH + 2 states obtained at the (estimated) full-Cl level of treatment at the NH distance of 1.940 775 au (∼ 1.027 Å ); Energy values are given in units of hartree, HNH angles in degrees. Calculated internuclear angles and corresponding energies of NH + 2 states are reported in the table, from [START_REF] Sigrid | Ab initio mrd-ci potential surfaces for the low-lying states of the nh[END_REF]. Four lowest -lying states are framed with red dashlines, see also Fig. 3.18. energy changes across the resonance. First, we know from Eq. 1.14, the effective duration time decreases with detuning from the top of the resonance, hence less nuclear dynamics are expected. However, the presence of the barrier on the core-excited NH * 3 PES around the resonance would influence this efficiency. Thus, by detuning positively, we would expect higher dissociation rates owing to overcoming the potential energy barrier, which is in line with our results. The efficiency of UFD, derived from the 2D energy correlation maps from EPICEA results, Fig. 3.19 (i), is increased by a factor of 1.85 for positive detuning (Ω = +200 meV) and is decreased by a factor of 0.5 for negative detuning (Ω = -200 meV) in respect to the top of the resonance (Ω = 0 meV). Fig. 3.19 (i) manifests also similar behavior in a lower electron kinetic energy region, B, delimited by a blue square on each map. Region B is also affected by the detuning of the photon energy around the top of the resonance. These low energy NH + 2 ions in correlation with less energetic resonant Auger final states are interesting because they might be also fragments resulting from UFD. This hypothesis is based on the photon energy dependence of these cationic states as well as their KER similar to the ones obtained for the region C, see also PECs schematics in Fig. 3.16 (ii).

In Fig 3.19 (ii), we show electron kinetic energy spectra for ion KERs only between 1.2 to 3.2 eV corresponding to the red and blue squares from the maps in 3.19 (i). We clearly see from these spectra the photon energy dependence of these two regions, while for electrons having their energies above and below these regions the intensity of electron emissions does not have a considerable change as a function of the photon energy.

The previously mentioned NH + 2 final states are also shown on these plots which are positioned within these regions confirming their populations after the UFD Auger decay. The impact of the UFD fragments on Auger spectra in conventional resonant Auger spectroscopy can only be seen as the rise of the intensity in the regions of these two expected final states ( 1 B 1 and 2 1 A 1 ) as the energy of the exciting photons increases across the resonance as mentioned previously and can be observed in spectra in Fig. 3.5. Coincidence measurements can separate these UFD states, having highly excited unresolved low-frequency H-N-H bending mode, from broad molecular states with which they are overlapped in region B. The coincidence results from EPICEA confirmed the NH + 2 fragment as a product of previously reported UFD in core-excited ammonia molecule [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] and above that, it provided the evidence of not previously observed NH + 2 final states resulting from UFD in the core-excited NH 3 . Moreover, a single-channel high-resolution resonant Auger spectroscopy confirmed these observations.

GPES coincidence measurements

In the following, we focus more on the coincidence results from GPES. This is a very recent setup that became available after the start of my Ph.D. It is the first of a kind setup, allowing coincidences with energetic Auger electrons in the soft x-ray domain with high resolution.

The main purpose of these measurements was to assess this new coincidence setup and compare its performance to EPICEA, which has a home-build double toroidal electron analyzer (DTA). At the time, when EPICEA was built, a double toroidal analyzer, with its high luminosity, was the best solution for measuring coincidences with energetic Auger electrons. However, since then, there's been progress in the technology of hemispherical analyzers, in particular in electrostatic lenses. We were interested to see if modern lenses may allow electron-ion coincidences with sufficient count rates using setups equipped with commercial hemispherical analyzers.

We performed measurements at two different photon energies, one at the top of the In GPES contrary to EPICEA we could record the H + fragment. This was not possible in EPICEA because of the short time of flight of this fragment owing to its lower mass compared to others. The rise of the extraction voltage signal in EPICEA is longer than the H + TOF thus it could not be recorded. The resonant Auger spectrum for this measurement is shown in Fig. 3.23 (i). Partial ion yields spectra for NH + 2 and H + are also plotted in Fig. 3.23 (ii). In this data set because of a large pass energy, 200 eV, the kinetic energy resolution of electrons is not sufficient, about 900 meV, to resolve individual vibrational components of the NH + 2 1 A 1 state, with vibrational spacing of 390 meV; see red spectra in Fig. 3.23 (ii). The green curve in Fig. 3.23 (ii), H + ion yield, manifests a sudden increase for electrons with kinetic energies lower than 382 eV. The rise of the H + fragment at this energy is in agreement with 18.57 eV appearance energy of H + reported in [START_REF] Qi | Experimental and theoretical study of the dissociation energies do(hzn-h) and do(hzn+-h) and other related quantities[END_REF]. delay. This can not be ignored in coincidence measurements as it can deteriorate the ion images on the detector, i.e. their momenta. This effect would be negligible for heavier ions (M > 30) as their initial velocities decrease. Further upgrades are planned in GPES setup to reduce the delay time by integration of faster electronic components [START_REF] Kooser | Gas-phase endstation of electron, ion and coincidence spectroscopies for diluted samples at the finestbeams beamline of the maxiv 1.5gev storage ring[END_REF], see section 2.4.2.2.

The 100 eV pass energy was a choice to record series of data with a relatively better electron resolution (about 315 meV) compared to 900 meV with 200 eV pass energy data sets while still providing large enough kinetic energy window to include electron kinetic energy regions where previously discussed NH + 2 states are expected. We can observe the ν=0 vibrational peak of the 1 A 1 state in our spectra, Fig. 3.28. This peak appears as a resolved line in 2D PEPICO map of NH + 2 shown in Fig. 3.29 (i). Similar maps are also constructed for other fragments observed in this data set, i.e. H + and NH + , see Fig. 3.29 (ii) a,d (iii), respectively. The 50 eV pass energy was chosen to record series of data providing a large enough kinetic energy window to include regions where final states ( 1 B 1 and 1 A 1 ) appear and considerably better electron energy resolution of around 160 meV allowing resolve the vibrational peaks previously observed in [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] and in our RAS data, Fig. 3 2 , within the UFD KER region, compared for two photon energies: top and 230 meV above the resonance, recorded with the pass energy of 50 eV. The spectra are normalized to the total counts for both sets of data. NH + 2 final states in this kinetic energy region are also indicated. A photon energy dependence of these states is observed here in agreement with the previous observations.

Auger Doppler effect NH +

2 PEPICO maps manifest the vibrational peaks as separate lines. It can be noticed that these lines are inclined with respect to the electron kinetic energy, Fig. 3.35. We demonstrate that this tilted pattern is signature feature of the Doppler effect in the Auger electron emission, the so-called Auger-Doppler effect [START_REF] Björneholm | Doppler splitting of in-flight auger decay of dissociating oxygen molecules: The localization of delocalized core holes[END_REF]. The Auger-Doppler effect is described in the introduction, section 1.4.8. The acceptance angle for electrons is less than about 15 degrees from the axis, whereas the ions were collected, in principle, from the full 4π solid angle. However, the initial momentum of the ions along the z-axis affects the flight time of the ions, broadening the peaks in the ion TOF spectrum. This deviation from the nominal flight time is in a good approximation proportional to the axial momentum component p z , which then allows to determine, from the actual flight time, the p z value for each ion.

In a Wiley-McLaren type ion TOF spectrometer, the relationship between the change in the flight time, dT , and the initial momentum component of the ion, p z , is in a good approximation given by the accelerating force F s in the source region:

dT d p z ≈ - 1 F s = - L s U s q , ( 3.3) 
where U s is the voltage applied over the source region of length L s and q is the charge of the ion. Our experimental conditions give rise to p z [ kgm s ] ≈ (-1.07 × 10 -24 ) × ∆T [ns]. A more accurate conversion is obtained including the effects of the delayed application of the ion extraction voltage U s . The delay, caused by both the flight time of the coincident electron and switching times in the electronics, about 500 ns, leading to p z = (-9.14 × 10 -25 ) × ∆T , the conversion we then used for obtaining p z values of the ions from the coincidence dataset.

Knowing the momentum p z of the electron emitter ion along the emission direction allows us to calculate the Doppler correction to the electron's velocity and kinetic energy in the laboratory frame. When the kinetic energy of the electron from an emitter at rest is E kin , the change in its energy, when emitted from a moving ion is

∆E kin ≈ p z M NH + 2 2m e E kin , (3.4) 
where M NH + 2 =16 u is the mass of the emitter NH + 2 ions. Here, we assumed that ∆E kin ≪ E kin and neglected the deviation of the electron emission from the z-axis. Taking E kin =382 eV gives ∆E kin [eV ] = (2.48 × 10 21 )p z [ kgm s ]. The Auger-Doppler effect can be corrected by calculating the energy shift caused by this effect with Eq. 3.4. The Doppler shift was removed before regenerating the Doppler corrected PEPICO map shown in Fig. 3.36 (i) in which we see that inclined lines become vertical in respect to the electron kinetic energy after this correction. NH + also plotted before and after the correction in Fig. 3.36 (ii). These spectra are fitted and a decrease of around 50 meV in the width of the peaks is observed. Their corresponding fitting value are also shown on the figure for the ν 1 = 0 of the 1 A 1 state. As expected, the resultant "Doppler-corrected" spectrum exhibits narrowing of the peaks, as one source of broadening has been removed. A Doppler-like electron kinetic energy shift in dissociating oxygen molecules was first observed by Björneholm et al in 2000 [START_REF] Björneholm | Doppler splitting of in-flight auger decay of dissociating oxygen molecules: The localization of delocalized core holes[END_REF] discussed in 1.4.8. In that case, the effect caused the splitting of the peaks owing to the large Doppler shift of around 1 eV. In our case, this shift is about 130 meV which is much smaller and will not result in such splitting of the peak. This smaller value in the case of NH 3 , according to Eq. 1.15, is due to the lower KER and lower Auger electron kinetic energy as well as larger mass ratio of the resulting fragments from the dissociation. The ability to detect this small effect proves the state-of-the-art characteristics of the GPES setup. Moreover, the Auger-Doppler effect is observed for a molecular fragment, whereas all the previous studies discussed this effect only for atomic fragments.

Conclusion

A series of three experiments, two AEPICO with two different setups and a single-channel high-resolution RAS, were carried out in isolated ammonia molecules in the gas phase. The excitation at the N1s → 4a 1 resonance (lifetime ∼ 6 fs) following an ultrafast dissociation was investigated in more detail to provide deeper insight to the previous study performed with RAS measurements [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. However, the population of other final states of NH + 2 , 1 B 1 , 2 1 A 1 , is observed due to KER, similar to the 1 A 1 state as well as their intensity variation as a function of the photon energy across the resonance. Our high-resolution RAS measurements supported these observations. Moreover, the coincidence results from GPES with a higher electron energy resolution, compared to EPICEA, provided the NH + 2 yield spectra with vibrationally resolved peaks of the 1 A 1 state. Furthermore, the Auger-Doppler effect was observed for the first time for molecular UFD-fragments in GPES data. This phenomenon causes a small shift in kinetic energy of electrons in correlation with TOF of the NH + 2 fragments from which they were emitted. The observation of the Auger-Doppler effect in this molecular system is particularly interesting as it was previously observed only for atomic fragments [START_REF] Simon | Atomic auger doppler effects upon emission of fast photoelectrons[END_REF]. 

H 2 O : 1 a 2 1 2 a 2 1 1 b 2 2 3 a 2 1 1 b 2 1 (HOMO)4 a 1 (LUMO)2 b 2 (LUMO + 1)2 b 1 (LUMO + 2)
It is previously discussed in section 3.1 that the H 2 O molecule, like NH 3 molecule, has 4a 1 state as its LUMO which has an admixure of Rydberg and antibonding valence-type orbital (σ * -like) and its width indicates its dissociative character [START_REF] Schirmer | K-shell excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption spectroscopy[END_REF], see Fig. 4.1.

Core-excited state

In section 3.1.2 we mentioned that Menzel et al predicted the core-excitation induced ultrafast dissociation in condensed layers ammonia and water for 1a 1 (N or O 1s) -> 4a 1 resonant excitations [START_REF] Menzel | Selective photodissociation via specific core-to-bound excitations: A comparison of condensed layers of water, ammonia and methane[END_REF] without finding experimental evidence of this prediction.

The UFD in water molecules was first observed by RAS measurements in 2001 by Hjelte et al [START_REF] Hjelte | Evidence for ultra-fast dissociation of molecular water from resonant auger spectroscopy[END_REF] where the O 1s electron was excited to the 4a 

Potential energy surfaces

The dissociative character of O1s -1 4a 1 1 core-excited state of the H 2 O molecule can be understood via the Z+1 model, described in section 1.3.1.1, where O1s -1 is approximated to a F atom. Thus a core-excited water molecule, H 2 O*, has similarities to H 2 F in its ground state which is unstable and undergoes a fragmentation to HF and H, see also 1.4.6.1.

Resonant Auger spectroscopy is proved to be a powerful technique to track the evolution of the nuclear dynamics on the potential energy surfaces. Therefore knowing the shape of the PESs is crucial to understanding the dynamics. Potential energy surfaces were previously Fig. 4.1 (i) The O1s TIY spectrum of gas-phase water molecule in the region below the ionization threshold, 539.9 eV [START_REF] Piancastelli | Resonant photofragmentation of water at the oxygen k edge by high-resolution ionyield spectroscopy[END_REF], measured with EPICEA set-up. The pre-edge peaks are assigned to the orbitals into which the core electron is promoted to. The peak at 533.96 [START_REF] Schirmer | K-shell excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption spectroscopy[END_REF] is due to O1s excitation to LUMO (4a 1 ) molecular orbital. (ii) A zoom around the 4a 1 resonance where the arrows mark the photon energies at which RAS spectra were recorded: the top and below the resonance with negative detuning (Ω = -450 meV). ). The vertical excitation to the O1s -1 4a 1 1 state ( 1 A 1 ) has an experimental value of 534 eV [START_REF] Schirmer | K-shell excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption spectroscopy[END_REF][START_REF] Hiraya | H2+ formation from h2o+ mediated by the core-excitation-induced nuclear motion in h2o[END_REF]. It is clear from Fig. 4.3 (ii) that the O1s -1 4a 1 1 state is dissociative and could directly dissociate into H + OH fragments. Eroms et al also calculated some dissociation limits of the H 2 O core-excited states [START_REF] Eroms | Nuclear dynamics during the resonant auger decay of water molecules[END_REF]. They found a dissociation limit for OH( 2 Σ + ) + H( 2 S) into which the core-excited state could dissociate which is located 5.18 eV below the vertical excitation energy of the O1s -1 4a 1 1 state of H 2 O. The difference between ion TOF peak shapes in Fig. 4.6 (i) and (ii) is due to the different electron kinetic energy ranges provided by our two pass energies with which these ions are in coincidence. We observe almost no H 2 O + in measurements with E pass = 80 eV. The Fig. 4.5 Resonant Auger decay spectra taken at two photon energies at top and below the resonance with E pass = 180 eV (i) and with E pass = 80 eV (ii). OH + final states from [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] are assigned on these spectra. Among them, vibrationally resolved fragment lines from UFD were previously observed for the 1 ∆, 1 Σ + OH + final states [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF], see Fig. parent ion is expected at electron kinetic energy of 521 eV [START_REF] Piancastelli | Nonlinear dispersion in resonant auger decay of [formula presented[END_REF] due to the early participator resonant Auger decay to the lowest H 2 O + 1b -1 1 state. The kinetic energy position where this state is expected to appear is not included in the electron kinetic energy range with neither of our pass energies. However, the presence of a small H 2 O + peak in the measurement with E pass = 180 eV can be related to the Auger decay to the second and third lowest bound states of H 2 O + , 3a -1 1 and 1b -1 2 . The PECs of the six calculated lowest-lying H 2 O + final states are shown in Fig. 4.8. At equilibrium, the first three lowest-lying states are the "Koopman" states 1 X 2 B 1 , A 2 A 1 and B 2 B 1 come from the removal of an electron from the 1b 1 , 3a 1 and 1b 2 orbitals and are expected at 521.34 eV, 519.21 eV and 515.43 eV, respectively [START_REF] Eroms | Nuclear dynamics during the resonant auger decay of water molecules[END_REF][START_REF] Brundle | High resolution molecular photoelectron spectroscopy II. water and deuterium oxide[END_REF].

Our recorded H 2 O + ion yield from E pass = 180 eV data set manifests a peak at 519 eV, also reported around the same kinetic energy in coincidence results presented in [START_REF] Sankari | Non-radiative decay and fragmentation in water molecules after 1 a 1-1 4 a 1 excitation and core ionization studied by electron-energy-resolved electron-ion coincidence spectroscopy[END_REF], which could be assigned to the Auger decay to the 3a -1 1 H 2 O + final state. Auger spectra in coincidence with OH + (in green color) and O + in blue color. Five kinetic energy regions, named A to E, from lower to higher kinetic energy regions are marked on these spectra. Fig. 4.9 (ii) shows 5 TOF spectra in coincidence with electrons corresponding to these five kinetic energy regions. The green TOF spectrum is the ion counts in coincidence with electrons having the kinetic energy ranging from 509 to 512 eV which is the region for fragment peaks resulting from UFD observed in [START_REF] Hjelte | Evidence for ultra-fast dissociation of molecular water from resonant auger spectroscopy[END_REF], see Fig. states for which the fragment lines were observed, are bound states while the broadness of the 1 Π(3σ 1 1π 3 ) and 1 Σ + (3σ 1 1π 3 ) peaks is a signature of the possible dissociative character of these states. PECs for several OH + final states are calculated and reported in [START_REF] Hirst | An ab initio study of the excited states of oh+[END_REF][START_REF] Rodgers | High-resolution laser spectroscopy and photodissociation dynamics of oh+[END_REF][START_REF] Gervais | The h2 o2+ potential energy surfaces dissociating into h+ / oh+: Theoretical analysis of the isotopic effect[END_REF][START_REF] Hechtfischer | Near-threshold photodissociation of cool OH + to O + H + and O + + H[END_REF]. In Fig. 4.11, the PECs for several OH + final states from [START_REF] Hirst | An ab initio study of the excited states of oh+[END_REF] are shown. The OH + ground state, 3 Σ -(1π 2 ) is not populated in Auger decay from core-excited water molecule and the Auger decay rate is calculated to be 0 for this transition in [START_REF] Hjelte | Evidence for ultra-fast dissociation of molecular water from resonant auger spectroscopy[END_REF]. Similarly, the ground state of the NH + 2 fragment is not populated as this state is not observed in RAS of ammonia following N1s → 4a 1 excitation.

In Fig. 4.11 (i), the first three final states related to our study are marked with red arrows.

The forth state, 2 1 Σ + , is also shown and marked with a red arrow in Fig. 4.11 (ii). The first two states, 1 ∆ and 1 Σ + are bound states. Therefore, when they are reached, O-H stretching vibrational progression can be be observed in resonant Auger decay spectra. The third state, 1 Π, is also a bound state. However, there are several studies [START_REF] Rodgers | High-resolution laser spectroscopy and photodissociation dynamics of oh+[END_REF][START_REF] Hechtfischer | Near-threshold photodissociation of cool OH + to O + H + and O + + H[END_REF] showing that this state predissociates to form either O + or a neutral O. The 1 Π levels lie above the first two OH + dissociation limits: O + ( 4 S) + H( 2 S) and O( 3 P) + H + . These states are almost degenerate because of the similar first ionization energies of O and H atoms. The predissociation of 1 Π state is due to its crossing with the repulsive 5 Σ -state, marked with a green arrow, see Fig. 4.11 (i). Thus, the abundance of the O + fragment could be understood in the 1 Π final state region of OH + , see Fig. 4.11 (iii). The 2 1 Σ + state crosses 1 Σ -, marked with a green arrow in A weak island is seen in OH + map in an electron kinetic energy range from 497 to 501 eV on the map for OH + ions. The OH + final state 2 1 Σ + is assigned in this region which shares similar KER with UFD-originated 1 ∆ and 1 Σ + states.This could be one of the reasons to suppose that this state is also populated by an Auger decay after UFD. The OH + final states are indicated on the map for O + ions where we see O + fragments in the region of the OH + final states of 1 Π and 2 1 Σ + owing to the fragmentation of OH + to O + + H, discussed above. Moreover, the O + map shows linear features along with the electronic states independent from the kinetic energy of the ions. Similarly, no correlation to kinetic energy of the ions was observed in the case of NH 3 for the NH + 2 fragment coming from UFD, see Fig. 3.33. Therefore, this could be another reason to suppose that these O + fragments are formed from an aforementioned UFD channel. Fig. 4.12 Two-dimensional Auger-electron-ion coincidence maps from EPICEA set-up data for photon energies at detuning -0.45 eV from the top of 4a 1 resonance for OH + and O + fragments. OH + final states are assigned and the KER between 1 to 5 eV are delimited with white dashlines on OH + map. Fig. 4.13 A cut along the whole range of electron kinetic energy region for KERs between 1 to 5 eV, delimited by white dashlines in Fig. 4.12. These spectra are normalized to the total counts observed for the whole regions at the two photon energies.

Auger Doppler effect

We showed the existence of the Auger-Doppler effect in Auger decay of the fragments after UFD in core-excited ammonia in section 3. 

Conclusion

The AEPICO measurements were carried out using EPICEA set-up on water molecule in the gas phase similar to what was performed on ammonia discussed in chapter 3. The core-excitation at the O1s -1 4a 1 1 resonance followed by an ultrafast dissociation was studied to acquire a more complete picture of the nuclear dynamics involved in the UFD process. An OH + ion yield in coincidence with Auger electrons allowed us to observe the UFD-populated 1 ∆ and 1 Σ + final states of the OH + fragment, positioned in the electron kinetic energy region where we mostly have OH + fragment dominated by early molecular Auger decay and OH + fragments, formed after dissociation in the final states. The vibrational progressions of the OH + fragment observed in [START_REF] Hjelte | Evidence for ultra-fast dissociation of molecular water from resonant auger spectroscopy[END_REF] in resonant Auger spectra are due to the bound nature of these two states. We showed that higher-lying 1 Π and 2 1 Σ + OH + states could also be reached but they dissociate to O + fragments. We propose that these states have a UFD origin based on their similar KER to the already confirmed non-dispersive UFD final states ( 1 ∆ and 1 Σ + ) as well as the KER-independence of the O + electron kinetic energy observed in the region including these higher-lying OH + final states.

However, these UFD-populated states are overlapped with molecular states coming from early Auger decays which is a dynamic process occurring all across the O-H bond elongation Chapter 5

Conclusion and outlook

In this thesis dissertation, I focused on studying the molecular dynamics through the interaction of photons, in the soft x-ray energy regime (1 to 1000 eV), with two isolated small polyatomic molecules in the gas phase; ammonia and water. These isoelectronic molecules share similar characteristics. However, ammonia has one more degree of freedom being consisted of 4 atoms compared to the three-atomic water molecule which could lead to more complex dynamics. The study was centered on the core-excitation of these molecules, i.e.

promoting their innermost electrons, N 1s and O 1s to their lowest unoccupied molecular orbitals, 4a 1 . Previous studies have shown that the lowest core-excited states of hydrides such as water and ammonia have a repulsive character leading to a possible fragmentation of the molecule. The core-hole lifetime at this binding energy regime is about a few femtoseconds. This is the timescale where nuclear dynamics can also take place. The unstable core-excited molecule would undergo relaxation through the emission of Auger electrons while the system could bear the nuclear dynamics such as dissociations. In this respect, two scenarios could happen: either an early Auger decay occurs first in the intact molecule and depending on the nature of the reached cationic states, it would undergo a further dissociation or an ultrafast dissociation (UFD) takes place first before a late Auger relaxation in the excited fragment. This ultrafast dynamical process, initially observed in HBr, was identified in ammonia and water with a high-resolution (around 100 meV) resonant Auger electron spectroscopy about 20 years ago. The main purpose of my study was to obtain deeper understandings of the UFD mechanism. This was motivated by conducting this research using the Auger electron photoion coincidence spectroscopy (AEPICO) method which has not been sufficiently used for this type of study in the soft x-ray regime. Moreover, by virtue of the progress in technology during the last several years, giving rise to more powerful light sources and setups, achieving a more profound vision of such ultrafast phenomenon has become possible.

The experiments were performed at two synchrotrons, SOLEIL in France and MAX IV in Sweden, being the first 4 th generation light source of its kind, at two soft x-ray beamlines, PLEIADES and FinEstBeAMS, both housing electron-ion coincidence end stations, EPICEA and GPES, respectively. One of the motifs of this study was to compare the 25-year-old homemade EPICEA setup, which has gone to several upgrades of its electrostatic lens and TOF spectrometer including the last upgrade in 2011, with the new designed GPES setup, equipped with a slightly modified commercial electron analyzer. GPES allows the recording of high energetic (hundreds of eV) Auger electrons with a relatively low electron kinetic energy resolution (less than 200 meV). We showed that the coincidence method is a powerful approach to disentangle the dynamics resulted from the core excitation of these molecules. This is particularly demonstrated by the observation of the additional cationic final states populated after UFD in these systems to what was recognized in previous studies.

Coincidence measurements provide the ions KER during the UFD giving an important key to identify the possible UFD-reached final states hidden by, typically more intense, molecular states. complementary high resolution (about 40 meV) RAS measurements were also conducted on ammonia at PLEIADES which corroborated the findings from coincidence data, related to the population of the higher-lying NH + 2 states. The recent GPES setup, made available after the starting of my Ph.D. project, revealed its competency in resolving the N-H stretching vibrations for the 1 A 1 NH + 2 state. This led to an unprecedented recognition of the Auger-Doppler effect in water and ammonia molecular fragments, formerly observed only in atomic fragments. Similar measurements were planned to carry out on the water at MAXIV using GPES which were unluckily canceled several times due to the Covid-19 pandemic. The results obtained during this thesis project have shown beyond doubt the potency of coincidence measurements in shedding light on nuclear dynamics arising in these small polyatomic molecules during the femtosecond timescale of ultrafast dissociations by laying out information on each fragment and ejected electrons as well as their correlation.

Furthermore, the coincidence technique unveiled its effectiveness in revealing results invisible to conventional photon electron spectroscopy.

The immediate conceivable continuation of this project is to perform equivalent measurements on water using the GPES setup at MAXIV following the promising results obtained for ammonia. Another prospective prolongation of this work could be carrying out similar coincidence measurements in the expanding HAXPES (Hard X-ray Photoelectron Spectroscopy) domain. The ultrafast dissociation during the short sub-femtosecond core-hole lifetimes in this x-ray regime has already been observed because of the cascade Auger effect [START_REF] Travnikova | Hard-x-ray-induced multistep ultrafast dissociation[END_REF]. The ultrafast nuclear motion taking place in the excited state can be amplified through the dissociative intermediate states leading to UFD. Meanwhile, Auger electron photoion coincidence measurements in the hard x-ray domain are not possible due to lacking sufficient luminosity of the x-ray and/or electron analyzers. The team in which I was involved during my Ph.D. at LCPMR, Sorbonne Université, is working on a project called "MUSTACHE" which is in its preliminary phase where a new Auger electron-ion coincidence setup is being built with this outlook. This apparatus could contribute to broadening the ultrafast dynamic studies to larger molecular systems including molecules with biological interest.

It is supposed to have its first light in the GALAXIES beamline, dedicated to HAXPES, at SOLEIL in a near future. Another way of tracing the molecular dynamics is to probe them with time-resolved experiments. The pump-probe experiments where the nuclear dynamics are induced with the absorption of the first photon and is probed by the second photon are made possible by x-ray free-electron lasers (XFELs) having a pulse duration equivalent to nuclear dynamics timescale. Coincidence measurements have not been widely implemented in XFELs especially because of the low interaction rates needed in such experiments. However, with the rise of high-repetition-rate XFELS, electron-ion coincidence measurements are becoming more realizable in these light sources, hence paving the way to a comprehensive time-resolved picture of x-ray induced molecular dissociations [START_REF] Kastirke | Double corehole generation in o2 molecules using an x-ray free-electron laser: Molecular-frame photoelectron angular distributions[END_REF][START_REF] Li | Electron-ion coincidence measurements of molecular dynamics with intense x-ray pulses[END_REF].

  to write poems or painters to paint for reconstructing or re-imagining their perception of what they have observed. It also inspires scientists to try understanding and explaining what happens and what is the mechanism involved in what is being observed. Sunrise at the port of Le Havre, in the north of France, inspired Claude Monet
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 11 Fig. 1.1 Electromagnetic radiation consists of synchronized oscillations of electric and magnetic fields.
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 12 Fig. 1.2 Elementary particles of the Standard Model

  Figures 1.3 and 1.4 show the molecular orbital diagram of (NH 3 ) and (H 2 O),
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 13 Fig. 1.3 Molecular orbital diagram of NH 3 .
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 14 Fig. 1.4 Molecular orbital diagram of H 2 O.
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 15 Fig. 1.5 Lewis structure shows lines between atoms to represent shared pairs in a chemical bond as well as the pairs of dots representing the lone pairs the molecule has.

Fig. 1 . 6

 16 Fig. 1.6 Angular distribution of photoelectrons for different β parameter: -1, 0, 1 and 2. Angles are in respect to the light's polarization plane; the figure is from [7].

Fig. 1 . 7

 17 Fig. 1.7 Schematics of valence ionization and core ionization/excitation as well as their subsequent decay pathways. Spectroscopy methods are also indicated for each case, see section 1.4

Fig. 1 . 8

 18 Fig. 1.8 Auger and Fluorescence yields for atoms with Z smaller than 110 for K and L shell transitions (data extracted from [11])

Fig. 1 .

 1 Fig.1.7. A part of the absorbed photon energy is released as ejected Auger electrons. The remaining energy in the system can be transferred to the internal energy of the molecular systems, such as nuclear motion, including chemical bond dissociation leading to neutral or charged fragments which carry the excess energy as kinetic energy, and in the case of molecular fragments, excess energy can be transferred to vibrational or rotational degrees of freedom.

Fig. 1 .

 1 Fig. 1.9 PES recorded at (a) 70, (b) 70.6, and (c) 71.6 eV photon energy plotted on a kinetic-energy scale from Ref. [21].

Fig. 1 .

 1 Fig. 1.10 shows a schematic of the UFD mechanism following a resonant core excitation and the spectral features in resonant photoemission (RPE, or RAS): early Auger decay in an un-fragmented system leads to broad molecular features, and late Auger decay, occurring in already dissociated fragments leads to sharp atomic lines.

Fig. 1 .

 1 Fig.1.10 Ultrafast dissociation (UFD) process is represented where a resonant x-ray absorption promotes the ground state to a core-excited intermediate state having a repulsive potential energy surface. Auger decay occurs in the core-excited state at different interatomic distances. An early Auger decay gives rise to molecular decay before a significant bond elongation (blue arrows). This relaxation from nonparallel PESs of core-excites sate to ionic final states is seen as a broad molecular feature in the RPE spectrum. At longer interatomic distances, where the Auger decay occurs in an already dissociated fragment (pink arrow), the sharp atomic peaks would be observed in the RPE spectrum as the relaxation takes place in parallel PESs from core-excited fragment to ionic final states (Schematics is from Travnikova et al.[START_REF] Travnikova | On routes to ultrafast dissociation of polyatomic molecules[END_REF]).

Fig. 1 .

 1 Fig. 1.11 (a) Resonant Auger decay recorded across the N1s -> 4a 1 resonant excitation. The sharp peaks attributed to Auger decay in dissociated excited fragments are indicated with dash lines. (b) The photoelectron spectrum of ammonia showing the three outermost occupied states, from Ref.[START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] 

Fig. 1 .

 1 Fig.1.12 UFD schematics in water, showing a cut through the three-dimensional PES along the HO-H bond length, from Ref.[START_REF] Hjelte | Evidence for ultra-fast dissociation of molecular water from resonant auger spectroscopy[END_REF] 

Fig. 1 .

 1 Fig. 1.13 Mass selected resonant Auger spectra after Cl 2p → σ * resonance. Dash line shows nominal energy of atomic state of Cl + 3 P [49].

  2 if it were to happen according to the pseudo-diatomic model only along the C-Cl or C-Br bonds. Simulations showed that in the BCE molecule the carbon atoms experience a significant displacement in the very early stage of photodissociation relative to Cl and Br atoms. This displacement was described as a rotation of the C 2 H 4 -linkage around the second halogen atom which is represented in Fig. 1.14.

Fig. 1 .

 1 Fig. 1.14 Nuclear relaxation in Cl 2p → σ * in trans-and gauche-isomers of BCE. The position of Br is fixed and the motion of carbon atoms are shown in 4 frames where the lightest colour represents the latest position. [24]

Fig. 1 .

 1 Fig. 1.15 Top: Core excitation followed by ultrafast dissociation and Auger decay in the fragment Bottom: Core excitation followed by Auger decay in the molecule and then dissociation in the molecular ion [55].

Fig. 1 .

 1 Fig. 1.18 shows Doppler splitting observed in Auger decay of O 2 ion fragments following O 1s excitation.

Fig. 1 .

 1 Fig. 1.18 Top: Resonant Auger spectrum from O 2 molecule. Bottom: A zoom in a region where atomic Auger lines following UFD in O 2 molecule measured parallel and perpendicular to the polarization direction of the exciting electromagnetic radiation [59].

Fig. 2 . 1

 21 Fig. 2.1 Electromagnetic spectrum including the x-ray ranges mostly produced in synchrotrons; the figure is from [60].

Fig. 2 . 2

 22 Fig. 2.2 Main parts of a synchrotron facility, modified figure from [62].

  3 rd generation synchrotrons are planned to undergo an upgrade to a 4 th generation one. In France, ESRF has already been upgraded and provides a new storage ring, consisting of an ESRF-developed hybrid multi-bend achromat (HMBA), producing extremely brilliant x-rays, in operation since 2020. The date for the SOLEIL synchrotron upgrade is not yet decided at the time of writing this thesis.The 1.5 GeV storage ring has a circumference of 96 m and is dedicated to soft x-ray and UV users. The multi-bend achromat lattice is not applied to this storage ring. It is based on a compact double-bend achromat lattice. For being compact, the same magnet technology as in the 3 GeV ring is applied here to keep its circumference under 100 m.As of January 2021, there are 10 beamlines under user operation, 5 in the 1.5-GeV storage ring and 5 in the 3-GeV storage ring as well as 4 beamlines in the commissioning stage in the 3-GeV storage ring. We performed our measurements at the FinEstBeAMS beamline of the 1.5-GeV storage ring as it operates in the soft x-ray range. More details about this beamline are presented in section 2.3.2.

FinEstBeAMS

  uses one insertion device as its photon source. It is an Elliptically Polarizing Undulator (EPU) with a 95.2 mm period and a length of 2.48 m. It has an Apple II design with permanent magnets. It covers the photon energy range from 4.5 to 1300 eV and provides linear, circular and elliptical polarization. A collimating plane grating monochromator (cPGM) is installed at this beamline. After the monochromator, the toroidal mirrors are integrated to focus the beam into each branch. The flux at sample is about 10 9 -10 13 photons per second (4.5 -1300 eV). Maximum flux is reached at a photon energy of 100 eV. The beam size at samples is typically around 200 (H) x 200 (V) µm 2 .
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 24 Fig. 2.4 Schematics of EPICEA setup including a double troidal electron analyzer and an ion TOF spectrometer.

Fig. 2 . 5

 25 Fig. 2.5 Schematics of GPES setup including a modified hemispherical electron analyzer and an ion TOF spectrometer.

Fig. 2 . 6 A

 26 Fig. 2.6 A 2D representation of the double toroidal analyzer showing its transfer lens. L0 is the collimator slit. L1, L2, L3 and L4 form the transfer lens. Correction rings (C-Ring) are installed just after the entrance slit for compensating the fringe fields. ID1, ID2, OD1, and OD2 constitute the four deflecting plates of the analyzer. An electron trajectory simulation with 250 eV kinetic energy electrons with a pass energy of 250 eV is also shown in the bottom panel. The source volume is defined as a 0.4×0.4 mm 2 , the figure is from [77].

Fig. 2 . 8

 28 Fig. 2.8 Main components of the modular TOF mass spectrometer of GPES setup, from [91].

Fig. 2 . 9

 29 Fig. 2.9 Blue lines (numerical simulations) show ion trajectories in the ion TOF spectrometer, changing the angle of their initial momentum from the x-axis. Black lines illustrate the crosscuts of the spectrometer's components, see Fig. 2.8, and the applied voltages indicated on each component. The multi-coloured curves show isopotential surfaces, from most negative, red color, to most positive, violet color, values. (a): The N + ions with 4 eV initial kinetic energy, created in a point source. Voltages are optimized for best momentum imaging; (b): same conditions as for (a) with the added extraction pulse delay of 500 ns; (c): same conditions as for (a), except using the optimized lens voltage to obtain the best contrast for the momentum image, from [91].

Fig. 2 .

 2 Fig. 2.9 (a) shows the optimal voltages including the lens aperture for the best resolution of the transverse momentum component of ions. The ions are generated with 4 eV kinetic energy in the centre of the source region and are emitted at different angles in respect to the TOF axis. The best lens voltage for this condition was found at U L = -380 V. In this first simulation, the delay between the emission of ions and the application of the extraction voltage was not taken into account. In the coincidence mode when the extraction pulse is

  After ionization or excitation of a molecule, photoelectrons or Auger electrons are emitted from the molecule with certain kinetic energy (E k ) and one or several ions are created. When an electron is detected by the electron analyzer, a trigger is launched by applying an extraction electromagnetic field to pull the ions towards the ion detector. It means that the detection of an electron starts (triggers) the measurement of the time that it takes for an ion created in the interaction zone to reach the ion detector, known as ion time-of-flight (TOF), during a certain time window after the trigger launch.

Fig. 2 .

 2 Fig. 2.10 Schematic representation of the EPICEA coincidence setup. The setup consists of two position-sensitive detectors and the data acquisition electronics; the figure is from [85].

Fig. 2 .

 2 Fig. 2.11 Signal triggering and processing schemes. Panel (A): signal conditioning for the coincidence measurements. Panel (B): signal processing for electron energy recording, from [91].

1. 11 .Fig. 2 .

 112 Fig. 2.12 Ar 2p lines are seen as two circular shapes due to the shape of DTA of the EPICEA setup.

Fig. 2 .

 2 Fig. 2.14 Electrons impact image on the PSD in polar coordinate, before (left) and after (right) the correction of the wavy shapes of the lines.

  photon energies, 96, 98 and 100 eV with a pass energy of 50 eV, dispersive coefficients are obtained as a = -0.16504 [eV.mm-1 ] and b = 110.7 [mm.eV]. Measuring the photoelectron spectrum with a photon energy of 258 eV and a pass energy of 250 eV (i.e. 5 times more than in the previous measurement), they reported that the coefficients a and b are also multiplied by 5.In our case, we measured Ar 2p lines at several photon energies with a pass energy of 180 eV and E k = 388 eV. Changing the photon energy makes Ar 2p lines sweep the detector from one border to the other, see Fig.2.15. The binding energy of 2p 1/2 and 2p 3/2 states are 250.6 eV and 248.4 eV, respectively[97]. The photon energy is varied between 620 and 640 eV resulting in photoelectrons having kinetic energies between 370 to 390 eV. This method provided us with several (r 0 , E 0 ) couples which is used to be interpolated in Eq. 2.4 to find the dispersive coefficients, a and b. These measurements were done with 2 different polarizations -linear vertical and magic angle in respect to the axis of the EPICEA setupto use later for deriving the corrective matrix for the possible inhomogeneities of the MCP resulting from a varying detection sensitivity over the MCP surface as it is not used equally over the years. The central area of the MCP is used more than the borders, which leads to the degradation of the efficiency in the central area of the detector faster and creates these inhomogeneities over time. This correction is necessary before extraction of angular anisotropy for electron emission from the data.

Fig. 2 .Fig. 2 .

 22 Fig. 2.15 shows the electron spectra for 2p photolines of Ar at different photon energies after processing all above-mentioned steps. This shows the accuracy in Ar 2p lines separation,

  During the coincidence measurements, 2D positions of ions are recorded, like the electrons, in matrices shown as 2D histograms on Igor software. The final 2D histogram (ion image on the detector) is a circular spot whose radius is a function of the kinetic energy of fragment ions. Moreover, the time of flight (TOF) of the ions is measured, a spectrum showing the number of ions counts as a function of their arrival time on the detector, see Fig. 2.16.

Fig. 2 .

 2 Fig. 2.16 ion time-of-flight spectrum

  with EPICEA are shown next to Iwayama et al spectra in Fig.2.20. These coincidence spectra along the theoretical PECs in Fig.2.19 (i) informs about the stability of several of these states as well as the dissociative character of others. The first three states, X 1 Σ + g , A 1 Π u and c 3 Σ + u are metastable states as they have potential wells in the Franck-Condon (FC) region and the metastable N ++ 2 ion yield shows the intensity around these states, see Fig.2.20 (i) and (ii). Previous studies have confirmed the stability of X 1 Σ + g and A 1 Π u states, label 1 and 2, of the N ++ 2[START_REF] Eberhardt | Auger-electron-ion coincidence studies of soft x-ray-induced fragmentation of n2[END_REF][START_REF] Ahmad | Structure and fragmentation dynamics of n22+ ions in double photoionization experiments[END_REF][START_REF] Lundqvist | Doppler-free kinetic energy release spectrum of n2+2[END_REF]. The D 1 Σ + u state of the N ++ 2 , label 7, is also metastable to a certain

Fig. 2 .

 2 Fig. 2.18 (i) Iwayama et al N 2 KVV Auger electron spectrum [94]; N 2 spectrum, recorded with EPICEA setup at SOLEIL, in a smaller kinetic energy range marked with dash lines on Iwayama et al spectrum.

Fig. 2 .

 2 Fig. 2.19 (i) PECs [99] for 1 to 7 N ++ 2 states listed here and labeled on the spectra. The Franck-Condon region of the ground state is shown by the grey shaded area; (ii) Binding energies of 8 N ++2

Fig. 2 .

 2 Fig. 2.20 Ion yield in coincidence with Auger spectra for N ++ 2 (i): reported by Iwayama et al (ii) recorded with EPICEA and for N + (iii), (iv).

Fig. 2 .

 2 Fig. 2.21 2D AEPICO maps for N ++ 2

Fig. 2 .

 2 Fig. 2.22 An enlarged view of 2D AEPICO map for N ++ 2 --→ N + + N + in the electronic region of the N ++ 2 final states labeled 4 to 7 recorded with EPICEA. The calculated binding energy position of these states are indicated as well as two diagonal lines corresponding to dissociation limit energy at 38.8 eV (A) and 40.7 eV (A').

Fig. 2 .

 2 Fig. 2.23 The calibrated KER of N + fragment ions recorded with EPICEA

Fig. 2 . 1

 21 Fig. 2.24 DFKER spectrum recorded for N ++ 2 ions (i) our calibrated spectrum (in red) superimposed with this spectra; (ii) vibrational structures in the KER region between 6 to 9.5 eV; (iii) vibrational structures in the KER region between 9.5 to 13 eV.

1 (

 1 1.5. It has the following electronic configuration in its ground state written in order of orbital energy, HOMO)4 a 1 (LUMO)2 e(LUMO + 1)5 a 1 (LUMO + 2) Schirmer et al studied the K-shell excitation of three hydride molecules 1 , H 2 O, NH 3 and CH 4[START_REF] Schirmer | K-shell excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption spectroscopy[END_REF]. They showed that there exists an admixture of valence excitation to the Rydberg manifolds to form unoccupied states near the ionization threshold by studying the variation of X-H bond length. In a water molecule, the two lowest-energy orbitals have a strong valence character having the width indicating that they are dissociative, see Fig.4.1. In NH 3

  10 electrons) molecular systems. The water molecule has fewer degrees of freedom as it contains 3 atoms compared to 4 atoms in the ammonia molecule. As a consequence, HO being the largest fragment resulting from dissociation in H 2 O can only have stretching modes while NH 2 , the by-product of fragmentation in NH 3 molecule, could also have bending modes.

  singlet excited state) Ziegler found the vibrational lifetime of the excited valence à state in ammonia molecule less than 140 fs. The molecule in the à state then predissociates into NH 2 + H. Later, Wei et al investigated the ultrafast dynamics of the excited à state in ammonia clusters in a pump-probe experiment including an ion TOF spectrometer [111]. The observed protonated cluster ions (NH 3 ) n H + n = 2 -6 manifested two distinct features: a sharp peak when two pulses had no delay and an exponential decrease as the delay increased, see Fig. 3.1.

Fig. 3 . 1

 31 Fig. 3.1 Pump-probe spectra of protonated clusters (NH 3 ) n H + n = 2. The circles connected by the dotted lines are the experimental data points (200 fs/step). The solid curve is the best fit to a single exponential decay function; When the probe is ahead of the pump, the signals remain unchanged. The protonated cluster ion intensities reach a maximum when the pump and probe are temporally overlapped. Then, the signals show exponentially decay with respect to the pump-probe delay time. The intracluster reactions which lead to formation of the long-lived radicals (NH 3 ) n NH 4 are responsible for these signals, from [111].

  intercluster reaction Then the probe laser pulse at λ pump = 312 nm (h probe = 3.98 eV) creates the protonated clusters. If the pump and probe pulses are overlapped temporarily, i.e. no delay in time, the ionization of the excited à state (4) is dominant over predissociation (2) and intracluster reactions (3). Subsequently, the protonated cluster, (NH 3 ) n NH + 4 , are formed (5), i.e. AID mechanism. When two pulses are delayed in time, long-lived radicals are formed by intracluster reaction (3) and subsequently, they are ionized by probe pulse to create protonated cluster ions, i.e. ADI mechanism. (NH 3 )* m + hν probe --→ (NH 3 ) + m (4) ionization of the à state (NH 3 ) + m --→ (NH 3 ) n NH + 4 + (m-n-2) NH 3 + NH 2 (5) the protonated cluster Therefore, both AID and ADI are operative in the excited à state of ammonia clusters.

Fig. 3 . 2

 32 Fig. 3.2 The N1s photoabsorption spectra of NH 3 and ND 3 showing the pre-edge peaks in the region below the ionization threshold, from [13].

Fig. 1 .

 1 Fig. 1.11 shows Auger decay spectra obtained by Hjelte et al for 5 photon energies across the N1s -1 4a 11 resonance[START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. The spectra obtained by EPICEA are similar to those of Hjelte et al. However, the electron kinetic energy resolution of EPICEA is estimated at 1.44

Fig. 3 .

 3 Fig. 3.7 shows the time-of-flight (TOF) spectrum of all ions in coincidence with Auger electrons with kinetic energies ranging from 365 to 395 eV, the kinetic energy window of resonant Auger decay spectra of Fig. 3.4. The spectrum is obtained at photon energy detuned positively, 200 meV, from the maximum of the N 1s→ 4a 1 resonance. For other photon energies, similar TOF spectra were obtained. Therefore, the results shown in this section are discussed based on the data set with only one photon energy. The TOF spectrum manifests four main peaks, each for an ion fragment resulting from the dissociation in NH 3 molecule including the parent ion (NH +3 ). After converting the ions TOF spectrum to the mass-over-charge spectrum and subtracting false coincidences, see 2.4.3, we identify peaks

Fig. 3 . 5 2 1 2 1

 3522 Fig. 3.5 Resonant Auger decay spectra recorded on and across the N1s -> 4a 1 resonant excitation. The vibrational peaks of the NH + 2 1 A 1 state are marked with black dashlines. The position of the NH + 2 1 B 1 and 2 1 A 1 states at 110°H-N-H angle are also marked with blue and red dashlines, respectively. The population of these final states are discussed during this chapter.

Fig. 3 . 6

 36 Fig. 3.6 Resonant Auger decay spectrum recorded at photon energy 200 meV above the N1s -> 4a 1 resonance. The vibrational peaks of 1 A 1 and 1 B 1 states of the NH + 2 are marked. This high-resolution spectrum is recorded during 24 hours.

Fig. 3 . 7

 37 Fig. 3.7 Mass over charge spectrum from EPICEA measurements showing NH +x (x=0-3) fragments as well as N + 2 fragment originating from the residual N 2 gas in the chamber.

Fig. 3 . 8

 38 Fig. 3.8 Schematics representation of core excitation, Auger decay and dissociation pathways of NH 3 molecule.

Fig. 3 . 9

 39 Fig. 3.9 Coincidence results obtained by EPICEA setup, (i): Resonant Auger spectra in coincidence with different ions at + 0.2 eV photon energy detuning. A to E mark the 5 distinguishable regions for which the ions time-of-flights are plotted in (ii): Ions time-offlights for the photon energy detuning of + 0.2 eV.

  transferred to the molecule or fragments as translational, vibrational, or rotational energies depending on the geometry and the size of the dissociating molecule. The vibrational modes of fragments resulting from NH 3 molecule are discussed further in this chapter.

Fig. 3 .

 3 Fig. 3.10 The image of the impact on the ion PSD for the parent molecular ions, NH + 3 .

Fig. 3 .

 3 Fig. 3.11 The NH + 2 ions images on the detector corresponding to electron kinetic energy regions, A to D in Fig. 3.9.

Fig. 3 .

 3 Fig. 3.12 NH + 2 TOF peaks in the UFD region (380-383 eV) at 3 photon energies across the resonance.

Fig. 3 .

 3 Fig. 3.14 (i): 2D energy map from Fig. 3.13 is marked with regions B and C from Fig. 3.9. Each region is divided into three sub-regions from less to more KER. (ii): The NH + 2 TOF peaks are sliced into three components each in correlation with three sub-regions from (i).

Fig. 3 .

 3 Fig. 3.15 2D PEPICO map from GPES results with E pass =200 eV correlating the TOF of the fragments with electron kineic energy. Four NH + x (x=0-3) fragments are shown on this map.

Fig. 3 .

 3 Fig. 3.16 Schematic representation of the potential energy curves showing the ground state, intermediate core excited state and final cationic states accessible through Auger molecular dissociation (i) or ultrafast dissociation (ii). The Born-Haber cycle, Eq 3.1, is also illustrated.

In Fig. 3 .

 3 14 (i) distinguishable islands are seen for NH + 2 fragments for which different kinetic energy for electrons and kinetic energy releases (KERs) of NH + 2 fragments are observed. Molecular or fragment deexcitation on various potential energy surfaces can lead to different final cationic states. A schematic representation of PECs are shown in Fig.

Fig. 3 .

 3 Fig. 3.19 (i) shows three electron-ion correlation maps for the three different photon energies across the N 1s→ 4a 1 resonance indicated on Fig. 3.3. Looking at region C, the UFD region, which is delimited by a red square on each map we observe a visible change in the efficiency of the UFD in this region as a function of the photon energy. Two competitive mechanisms should be taken into consideration to understand this variation as the photon

Fig. 3 .

 3 Fig. 3.18 Potential energy surface cuts along the H-N-H angle coordinate for the four lowestlying NH + 2 from [127]. The difference in energy between 1 A 1 state and 1 B 1 and 2 1 A 1 ( 1 A * 1 ) at 108°H-N-H angle are indicated in eV.

Fig. 3 .

 3 Fig.3.19 (i) compares 2D electron-ion energy correlation map for the three different photon energies across the resonance: below, top, and above the resonance where electronic regions C and B are marked. Sub-regions in C and B, corresponding to KER between 1.2 and 3.2 eV, where the UFD region is observed are framed with red and dark blue solid squares, respectively. NH + 2 final states expected in these regions are also indicated on the map for the positive detuning. (ii) shows a cut along the whole range of electron kinetic energy region on which the two above-mentioned squares are marked. These spectra are normalized to the total counts observed for the whole regions at the three different photon energies.

Fig. 3 .

 3 Fig. 3.20 NH 3 RAS spectra recorded with electron energy resolution of about 75 meV. The change in intensity around the higher-lying NH + 2 final states is observed in these spectra as a function of the photon energy across the resonance.

2 1

 2 resonance and one detuned by + 0.2 eV from the top, where the highest NH+ 2 fragment yield associated with UFD is observed in previous measurements. The measurements were carried out in several series where the photon energy and the pass energies are changed. Changing the pass energy provides different electron energy windows and energy resolutions. Three pass energies were chosen for recording electron spectra: 50, 100, and 200 eV providing electron kinetic energy windows of about 5, 10, and 20 eV, respectively. The entrance slit of the spectrometer at 0.8 mm (for E pass = 50 and 100 eV) and 1.5 mm (for E pass = 200 eV) give an estimated electron energy resolution of 160, 315 and 900 meV full-width at half-maximum (FWHM), respectively. The exit slit of the monochromator was set to 20-30 µm to give a sufficiently low electron rate of 10-20 el/s, which corresponded to the estimated photon bandwidth of 60-80 meV FWHM. Two sets of the ion extraction and acceleration voltages U S = 100 V, U A = -620 V and U S = 200 V, U A = -1240 V were used, to allow checking for consistency in ion momentum determination. These kinetic energy windows are centered around the energy of previously observed vibrational lines of NH + A 1 state. Depending on the pass energy, one or more fragments are present in a data set. We have NH+ 2 and H + in all data sets. For the sets with higher pass energies (100 and 200 eV), we also observe NH + and N + .

Fig. 3 .

 3 Fig. 3.21 RAS and ion yield of all fragments, recorded with GPES setup at the a pass energy of 200 eV, covering the electron kinetic energy region from 374 to 393 eV. The electron kinetic energy windows corresponding to pass energies of 100 and 50 eV are indicated. The position of three expected NH + 2 final states also marked on these spectra.

Fig. 3 .

 3 Fig. 3.21 illustrates ion yield of all fragments observed in measurement with 200 eV pass energy providing an electron resolution of about 900 meV covering the kinetic energy of electrons from 374 to 393 eV, comparable with EPICEA results shown in Fig. 3.9 (i). The 200 eV pass energy was a choice in GPES to record series of data providing a larger kinetic energy window allowing an overview and also laying out a comparison with EPICEA data sharing the same kinetic energy window range. The windows covered by the measurements with the pass energies 100 and 50 eV are also shown in this figure. It is clearly seen that in the window recorded with E pass = 50 eV, we only have NH + 2 and H + and only in the window

Fig. 3 .

 3 Fig. 3.22 (i) shows the time of flight spectrum in nanosecond (ns) for a 200 eV pass energy measurement, where H + fragment is seen. In Fig. 3.22 (ii), this spectrum is shown in mass-over-charge unit and the peaks corresponding to different ions are identified.

Fig. 3 .

 3 Fig. 3.22 (i): time-of-flight spectrum from GPES (E pass = 200 eV) in ns; (ii) converted to m/q.

Fig. 3 .

 3 Fig. 3.23 (i): Resonant Auger spectrum from GPES (E pass = 200 eV), recorded with a photon energy detuned by 230 meV from the top of the resonance. (ii): Ion yield spectra for NH + 2

Fig. 3 .

 3 Fig. 3.27 compares EPICEA with GPES (200 eV pass energy) results concerning electron kinetic energy and ion KER. We clearly observe a better electron resolution of around 900 meV with E pass of 200 eV in GPES compared to an electron resolution of around 1.4 eV of the EPICEA with E pass of 180 eV. However, for ion kinetic energy, EPICEA performs better compared to GPES. It is shown that one of the reasons can be related to the extraction pulse

Fig. 3 .

 3 Fig. 3.24 2D PEPICO map showing correlation between the kinetic energy of electrons and the time of flight of ion fragments recorded with GPES (E pass = 200 eV).

Fig. 3 .

 3 Fig. 3.25 PEPICO maps for (i): NH + 2 ; (ii): H + , showing correlation between the kinetic energy of electrons and the time of flight of ion fragments.

Fig. 3 .

 3 Fig. 3.26 2D energy correlation map for NH + 2 KER and electron kinetic energy, recorded with pass energy 200 eV, with photon energy detuned +230 meV above the resonance, comparable to 2D map from EPICEA in Fig. 3.13.

Fig. 3 .

 3 Fig. 3.27 Comparison between EPICEA and GPES (E pass = 200 eV) (i) KER for NH + 2 fragments in the electron kinetic energy region of the 1 A 1 state of NH + 2 . (ii) NH + 2 ion yields for the whole KER region.

Fig. 3 .

 3 Fig. 3.28 RAS and ion yields of all fragments observed with GPES, recorded with the pass energy of 100 eV, covers the kinetic energy of electrons from 376 to 385 eV.

Fig. 3 .

 3 Fig. 3.29 PEPICO map for (i): NH + 2 , (ii): H + and (iii): NH + , showing correlation between the kinetic energy of electrons and the time of flight of ion fragments recorded with the pass energy 100 eV.

. 4 . 2 1

 42 The measurements with this pass energy are performed for two different photon energies at the top of the resonance and the detuning of +200 meV above the resonance. The ion fragments present in these data sets are NH+ 2 and H + shown in Fig.3.30 (i) for the data set above the resonance and in Fig.3.31 (i) for the top of the resonance. Vibrational lines for NH + A 1 state are resolved as expected. The H + appears for electrons with lower kinetic energy than 382 eV. Moreover 2D PEPICO maps are constructed for these ion fragments, see Fig.3.30 (ii) and (iii) for above the resonance and Fig.3.31 (ii) and (iii) for the top of the resonance.

Fig. 3 .

 3 Fig. 3.30 (i)Ion yield for NH + 2 and H + , recorded with the pass energy of 50 eV at the photon energy detuned by 230 meV above the resonance, covers the kinetic energies of electrons from 379 to 384 eV. PEPICO maps for (ii): NH + 2 , (iii): H + , showing correlation between the kinetic energy of electrons and the time of flight of the ion fragments. Fragment peaks of the 1 A 1 state are observed as separate lines.

Fig. 3 .

 3 Fig. 3.31 (i)Ion yield for NH + 2 and H + , recorded with the pass energy of 50 eV at the top of the resonance, cover the kinetic energy of electrons from 379 to 384 eV. PEPICO maps for (ii): NH + 2 , (iii): H + , showing correlation between the kinetic energies of electrons and the time of flight of the ion fragments.

Fig. 3 .

 3 Fig. 3.33 (i) 2D energy correlation map for NH + 2 -ion kinetic energy and electron kinetic energy, recorded with the pass energy of 50 eV and the photon energy at top the resonance, comparable to UFD region C in 2D map from EPICEA in Fig. 3.19 (i), (ii) NH + 2 kinetic energy plot from this data set.

Fig. 3 .

 3 Fig. 3.34 Ion yield for NH +2 , within the UFD KER region, compared for two photon energies: top and 230 meV above the resonance, recorded with the pass energy of 50 eV. The spectra are normalized to the total counts for both sets of data. NH + 2 final states in this kinetic energy region are also indicated. A photon energy dependence of these states is observed here in agreement with the previous observations.

Fig. 3 .

 3 Fig. 3.35 Schematic diagram showing a Doppler-like electron kinetic energy shift resulting in inclined lines in the PEPICO map (modified figure is from [131]).

Fig. 3 .

 3 Fig. 3.36 The PEPICO map for the NH + 2 fragment before and correction of the Auger-Doppler effect. The inclined lines from fragments become vertical after the correction. The NH + 2 ion yields are plotted and fitted before and after the Doppler correction. A decrease in the width of the peaks is observed after being corrected for the Doppler effect.

Fig. 3 .

 3 Fig. 3.37 High-resolution RAS spectra recorded with horizontal and vertical light polarization. The change in the width of the fragment peaks is observed due to the Auger-Doppler effect.

  Water molecule consists of one oxygen and two hydrogen atoms. The presence of two electron lone pairs makes a non linear arrangement of these three atoms giving H 2 O molecule an angular geometry. It has a C 2v symmetry with the bond angle (H-O-H) of 104.5°[108], see section 1.2.1 and Fig. 1.5. The electronic configuration of H 2 O in its ground state is as follows, see also Fig. 1.3:

Fig. 4 .

 4 Fig. 4.2 x-ray absorption spectrum and potential energy surfaces of gas-phase water. (a) Simulated x-ray absorption spectrum for the three lowest O1s -1 4a 1 1 , O1s -1 2b 1 2 and O1s -1 2b 1 1 core-excited states of water. (b) PEC (1D) of the bending vibrational mode for the ground and core-excited states. The solid horizontal lines show the global minima of the 3D potentials (c) Stretching potential energy surfaces (2D) as a function of two bond lengths for the core-excited states. The colour bars represent the energy range of the surfaces in eV, relative to the bottom of GS potential (d) The squared integral wave packet for each of the core-excited states plotted against the contour curves of the ground-state potential for 2D stretching motion. (e) 2D stretching potential energy surfaces of the ground electronic state; the figure is from [134].

Fig. 4 .

 4 Fig. 4.3 (i) Angle-Cut through the PESs of five of the calculated core-excited states and the ground state. The OH distances are kept at the equilibrium value of the ground state of H 2 O. (ii) O-H bond cut through the calculated core-excited states and the ground state. One OH bond and the H-O-H angle are kept at the equilibrium value of the ground state of H 2 O. O1s -1 4a 1 1 state (1 1 A 1 ) is indicated in red. The potentials of the core-excited states are shifted downward by 530 eV, the figure is from [135].

Fig. 4 . 4

 44 Fig. 4.4 The Auger decay spectra of the molecular water following O1s -1 4a 1 1 core excitation. (i) The dashlines underline the dispersive behaviour of different features in the Auger spectra as the photon energy is varied across the resonance. (ii) An enlarged view of the vibrationally resolved fragment lines from UFD in molecular water. Two corresponding OH + final states are assigned, from [40].

4. 4 .

 4 We show the time-of-flight (TOF) spectrum of all ions in coincidence with Auger electrons with kinetic energies ranging from 495 to 521 eV (measured with the pass energy of 180 eV) in Fig. 4.6 (i) and from 505 to 515 eV (measured with the pass energy of 80 eV) in Fig. 4.6 (ii). The TOF spectrum manifests three main peaks, each for an ion fragment resulting from the dissociation in H 2 O molecule including the parent ion H 2 O + and two fragments OH + and O + . These ion fragments can be associated with the following different dissociation pathways, see Fig. 4.7.

4

 4 Fig.4.5 Resonant Auger decay spectra taken at two photon energies at top and below the resonance with E pass = 180 eV (i) and with E pass = 80 eV (ii). OH + final states from[START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] are assigned on these spectra. Among them, vibrationally resolved fragment lines from UFD were previously observed for the 1 ∆, 1 Σ + OH + final states[START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF], see Fig. 4.4.

  Fig.4.5 Resonant Auger decay spectra taken at two photon energies at top and below the resonance with E pass = 180 eV (i) and with E pass = 80 eV (ii). OH + final states from[START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF] are assigned on these spectra. Among them, vibrationally resolved fragment lines from UFD were previously observed for the 1 ∆, 1 Σ + OH + final states[START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF], see Fig. 4.4.

Fig. 4 .

 4 Fig. 4.6 (i) Ion time of flight measured at two photon energies recorded with the pass energy of 180 eV. (ii) Ion time of flight measured at two photon energies recorded with the pass energy of 80 eV.

Fig. 4 . 7

 47 Fig. 4.7 Schematics representation of core excitation, Auger decay and dissociation pathways of H 2 O molecule.

Fig. 4 .

 4 Fig. 4.8 (i) Angle-cut through the PESs of six of the calculated H 2 O + cationic states and the ground state. (ii) O-H bond cut through the cationic states. The potentials of the states are shifted downward by 10 eV; the figure is from [135].

4

 4 

. 4 .

 4 This spectrum has only one peak corresponding to OH + . Looking more closely into this region C, in Fig.4.9 (i) we

Fig. 4 . 9

 49 Fig. 4.9 Coincidence results obtained by EPICEA setup recorded with E pass = 180 eV, (i): Resonant Auger spectra in coincidence with different ions at two photon energies. A to E mark 5 electronic regions for which the ions time-of-flights are plotted in (ii): Ions time-of-flights for the photon energy at top of the resonance.

Fig. 4 .

 4 Fig. 4.10 The experimental Auger decay spectrum and the calculated Auger decay spectra for OH* fragment, from [40].

Fig. 4 .

 4 Fig. 4.11 (i) Calculated PESs cut along the O-H bond for 1 ∆, 1 Σ + , 1 Π and 5 Σ -states of OH + . (ii) PESs for 2 1 Σ + and 1 Σ -states. (iii) OH + and O + ion yields recorded with pass energy of 180 eV with two photon energies where OH + states from (i) and (ii) related to our study are assigned.

Fig. 4 .

 4 Fig. 4.11 (ii), leading to O + ( 2 D) + H which explains the rise of the intensity in the O + ion yield around the 2 1 Σ + final state of OH + . Fig. 4.12 represents electron kinetic energy and ion KER correlation 2D map recorded with E pass = 180 eV for the ion fragments OH + and electron kinetic energy and ion kinetic energy correlation 2D map for O + . The maps shown here are recorded with the photon energy corresponding to the top of the resonance. The above-mentioned OH + final states are indicated on both maps. Fig. 4.13 illustrates OH + and O + ion yields with a filter of the KER from 1 to 5 eV, delimited with white dashlines on OH + map in Fig. 4.12.

3 . 5 .

 35 The effect was observed in PEPICO maps of NH + 2 as an inclination of vibrationally resolved fragment lines, owing to the sufficient electron energy resolution provided by the GPES set-up. The resolution of EPICEA ( > 600 meV) does not allow observing the vibrational progression for the NH + 2 fragment neither for OH + in the case of UFD in water, see Fig. 4.14.

Fig. 4 .

 4 Fig. 4.14 PEPICO map for core-excited H 2 O showing correlation between the kinetic energy of Auger electrons and the time of flight of ion fragments. The dashlines indicate the Auger Doppler energy shift assigned for populated OH + states related to our study.

  

  

  

  

  

  

  

  

  

  

  

  

  For example, we can show the PEC of the water molecule in its ground state as a function of the H-O-H for fixed O-H bond lengths or as a function of O-H internuclear bond distance for a fixed bond length and a fixed H-O-H angle. More details on the PESs of

	ammonia and water molecules are presented in chapter 3, section 3.2, and chapter 4, section
	4.2, respectively.

). For example, in a water molecule (H 2 O) we can present the energy of the system as a function of the H-O-H angle and the O-H bond length. However, useful information can be obtained by representing one slice of a PES as a PEC.

  Optimized Light Source of Intermediate Energy of LURE". LURE was a laboratory pioneered in synchrotron radiation research and hosted several machines such as ACO and SUPER ACO, the predecessors to SOLEIL. SOLEIL is located near Paris, on the Plateau de Saclay in Saint Aubin, Essonne. It is a 3 rd generation synchrotron and had its first light in 2009.The nominal energy of SOLEIL is 2.75 GeV, which is the energy reached by electrons in a storage ring with a circumference of 354 m. This energy should not be confused with the energy of the photons in the synchrotron radiation collected at beamlines. SOLEIL has a LINAC of 16 meters where the electrons are accelerated to an energy of around 100 MeV.

However, it is an acronym in French, "Source Optimisée de Lumière d'Energie Intermédiaire du LURE", for "Then they are directed towards the Booster to reach the 2.75 GeV energy. Afterwards, SR produced in bending magnets and insertion devices (wigglers and undulators) is directed into 29 beamlines, as of today, in the operation of this facility. However, it has the place for 43 slots. The energy domain of the beamlines is from infrared to hard x-rays, it can be reached up to 100 keV in PSICHE beamline. The beamline served for this project is PLEIADES, in which I am involved as a PhD student member for my thesis project. PLEIADES is a soft

  [START_REF] Rovelli | The First Scientist: Anaximander and His Legacy[END_REF] antibonding molecular orbital to reach the first core-hole excited state (H 2 O * ). Non-dispersive fragment lines were observed on Auger decay spectra indicating their UFD origin. The results of this study were discussed in section 1.4.6.1.Core-excited H 2 O molecule was previously investigated with EPICEA setup where the O1s core electron was promoted to the second unoccupied molecular orbital (LUMO+1), 2b 2 , in[START_REF] Céolin | Dynamique de relaxation de molécules excitées en couche interne[END_REF], see Fig.4.3 for PECs of the lowest core-excited states of H 2 O. The second excited state, 1 1 B 2 , is not dissociative in contrary to the first excited state which is the target of our study in UFD investigation. They did the measurements at different photon energies across the 2b 2 resonance and showed a greater production of the H + 2 ion on the higher energy part of the 2b 2 resonance than on the top of the resonance, which is explained by an accentuated excitation of high levels of vibration coupled with folding and symmetrical elongation of the intermediate state.As in the case of NH 3 , presented in chapter 3, the goal of my work was to apply the electron-ion coincidence technique in studying ultrafast dynamics of H 2 O where O 1s electron is excited to the 4a 1 molecular orbital. Coincidence measurements allow correlating resonant Auger final states to the energies of the fragment ions.

The polarization of electromagnetic waves refers to the direction of the electric field. In linear polarization, the fields oscillate in a single direction. In circular or elliptical polarization, the fields rotate at a constant rate in a plane as the wave propagates.

Planck constant has the value h = 6.62607015 × 10

J.s in SI units[START_REF] Einstein | Über einen die erzeugung und verwandlung des lichtes betreffenden heuristischen gesichtspunkt[END_REF] The well-known Annus mirabilis (miracle year) papers are the papers of Albert Einstein published in the Annalen der Physik scientific journal in 1905. They explain the theory of the photoelectric effect, Brownian motion, special relativity, and mass-energy equivalence, respectively. Together, these papers significantly changed modern physics.

Molecular shape resonance is a resonance process above ionization threshold. It appears as a broad continuum shape in photoabsorption or photoionization cross-sections and is located usually a few eV above the threshold[START_REF] Piancastelli | The neverending story of shape resonances[END_REF].

The interest of using magic angle is described in section 1.3.1

EPICEA is an acronym in French: "Etude de PhotoIon en coïncidence avec des Electron Auger" which means the study of photoions in coincidence with Auger electrons.

SIMION is a software package that calculates electric fields and trajectories for charged particles.

chemical compounds that contain covalent hydrogen bonds are called hydrides. Water is a hydride of oxygen, ammonia is a hydride of nitrogen, etc.

The cycle is first developed independently by Max Born (1882-1970), Fritz Haber (1868-1934), and Kasimir Fajans (1887-1975). They published with their agreement in the same issue of a journal in 1919 thus a more correct name would be Born-Fajans-Haber thermochemical correlation[START_REF] Morris | The born-fajans-haber correlation[END_REF]. It was initially worked out to find a correlation between different energy-consuming or energy releasing processes involved in lattices such as alkali halides

Koopman ion states are referred to the cationic states created by the removal of an electron from the ground state configuration.

Acknowledgements will be added ...

Coincidence data analysis provides more information on TOF spectra and Auger decay spectra. In this respect, in Fig. 3.9 we have applied different filters to electron and ion data. Fig. 3.9 (i) shows the Auger decay spectrum (in black) recorded for the photon energy detuning of + 200 meV from the top of the resonance, which is sliced into a series of Auger spectra (in colors) in coincidence with one of the ion fragments. For example, the green one is the Auger spectrum in coincidence with NH + 2 , the red one with N + , etc. Five kinetic energy regions, named A to E, from lower to higher kinetic energy regions are marked on these spectra. Fig. 3.9 (ii) shows 5 TOF spectra in coincidence with electrons corresponding to these five kinetic energy regions. It means that the TOF spectrum in black shows the TOF peaks for ions only in coincidence with Auger electrons within the region A, energies ranging from 373 to 376 eV, etc. In the same figure, the green TOF spectrum is the ion counts in coincidence with electrons having the kinetic energy ranging from 380 to 383 eV which is the known region for fragment peaks resulting from UFD [START_REF] Hjelte | Evidence of ultra-fast dissociation in ammonia observed by resonant auger electron spectroscopy[END_REF]. This spectrum has only one peak corresponding to NH + 2 . Looking more closely into this region C, in Fig. 3.9 (i) we also find that most of the electrons in this region come from NH + 2 fragments. We can confirm, based on coincidence measurements, that NH + 2 ion is the main fragment involved in the UFD process in this electron kinetic energy region.

The TOF peak of each fragment has a different shape and intensity which depends on the kinetic energy of each fragment. Fig. 3.9 (ii) illustrates the variation of the shape of each peak as a function of the kinetic energy of Auger electrons. We observe that not all 5 ion TOF spectra contain 4 fragment peaks. For example, if we investigate the region E, i.e. the electrons with the highest kinetic energies, we see mostly the NH + 3 ion. A narrow width of the peak indicates that ions have a very small kinetic energy. Going to the regions corresponding to the lower kinetic energy of electrons, we observe that other fragments appear. Again, if we look only at the NH + 2 ion peak shapes from E to A regions, we conclude that this peak becomes broader, which means that the ion fragments have more kinetic energies. NH + 2 peak in the region E, from 388 to 393 eV, does not appear which corresponds to the 8 to 13 eV binding energies, remained in the system after the Auger decay. Based on the BH conservation energy cycle, because of the more energetic emitted electrons in In the spectra recorded at the top of the resonance, Fig. 3.31 (i), we observe the three fragment lines resolved in our coincidence data which is comparable to our RAS measurements previously discussed. We can see in Fig. 3.32 both spectra, coincidence and RAS, in the same electronic region including the 1 A 1 state. The 2D electron-ion energy correlation maps are also constructed for all data sets of GPES as it was previously shown for the 200 eV pass energy in Fig. 3.26. In Fig. 3.33 we show this map for the 50 eV pass energy at the top of the resonance. In this map the vibrational progression of the 1 A 1 state is resolved.

The NH +

2 ion yield fragments from data sets, recorded with E pass =50 eV, data sets at the top and above the resonance are compared in Fig. 3.34. The spectra are shown for KER only in the UFD region, comparable to Fig. 3.19 (ii) from EPICEA results. These spectra are normalized to the total number of counts in each data set. We observe that the ion yield is photon energy-dependent in the region including the final states of the NH + 2 fragment, reached by UFD. The UFD efficiency is increased in this region by a factor of 1.75 when the photon energy is detuned above the resonance compared to the top which is in line with the value of 1.85 extracted from EPICEA data.

Results and discussion

The H 2 O molecular system was studied with the AEPICO spectroscopy method with EPICEA set-up at the PLEIADES beamline. The electron energy resolution of EPICEA is lower than in the previous single-channel RAS study on the water by Hjelte et al [START_REF] Hjelte | Evidence for ultra-fast dissociation of molecular water from resonant auger spectroscopy[END_REF], described in 1.4.6.1. We knew resolving the vibrational fragment peaks observed therein was not possible in our EPICEA measurements. However, the coincidence measurements could shed light on molecular dynamics with information coming from the correlation between emitted Auger electrons and ion fragments as was the case for ammonia. Our results are also compared to the recently published coincidence study on core-excited water molecule [START_REF] Sankari | Non-radiative decay and fragmentation in water molecules after 1 a 1-1 4 a 1 excitation and core ionization studied by electron-energy-resolved electron-ion coincidence spectroscopy[END_REF]. Other series of measurements were planned especially at MAX IV lab with GPES set-up of FinEstBeAMS, similarly to what was carried out for NH 3 molecule. However, this experiment was postponed several times due to the COVID-19 pandemic. The experiment

has not yet been performed at the time of writing this thesis.

EPICEA coincidence measurements

First, a series of measurements were performed to optimize the set-up and calibrate the electron and ion kinetic energies. A photon absorption spectrum (a total ion yield spectrum) was recorded to find the position of the 4a 1 resonance, see Fig. 4.1. Four series of measurements were performed at two different photon energies: one at the top of the resonance (Ω = 0) and another one detuned negatively (Ω = -450 meV). At each photon energy, the measurements were performed with two pass energies, 180 eV and 80 eV which provide a kinetic energy range of about 22 eV and 10 eV, respectively, both centered around the electron kinetic energy of 510 eV where fragment lines from UFD were previously identified [START_REF] Hjelte | Evidence for ultra-fast dissociation of molecular water from resonant auger spectroscopy[END_REF], see Fig.

4.4.

The Auger decay spectra recorded with EPICEA are shown in Fig. 4.5 at two photon energies on top of each other for E pass = 180 eV, in Fig. 4.5 (i) and for E pass = 80 eV, in Fig.

(ii).

The spectra obtained by EPICEA should be compared to those of Hjelte et al, in Fig. 4.4. However, the electron kinetic energy resolution of EPICEA is estimated about 1.5 also find that most of the electrons in this region come from OH + fragments. We can confirm, based on the coincidence measurements, that OH + ion is the fragment for which vibrational progression observed for the 1 ∆ and 1 Σ + final states at 510.79 and 509.37 eV, respectively [START_REF] Hjelte | Evidence for ultra-fast dissociation of molecular water from resonant auger spectroscopy[END_REF].

In region D, we observe the OH + fragment. The appearance energy for this fragment is 18.01 eV [START_REF] Norwood | A photoelectron -photoion coincidence study of h2o, d 2o, and (h2o)2[END_REF] thus OH + could appear in coincidence with electrons having energies about 516 eV or less. Previous studies have shown that direct valence ionization could lead to OH + fragments from the dissociation of the H 2 O + 1b -1

1 state [START_REF] Norwood | A photoelectron -photoion coincidence study of h2o, d 2o, and (h2o)2[END_REF][START_REF] Hult Roos | Dissociations of water ions after valence and inner-valence ionization[END_REF]. It was shown that two following transitions between H 2 O + states are possible. A fast transition of less than 10 fs can take place from 1b -1 2 to 3a -1 1 through a conical intersection and a slower transition of several ps could occur from 3a -1 1 to 1b -1 1 due to Renner-Teller coupling [START_REF] Suárez | Nonadiabatic quantum dynamics predissociation of h2o+(b 2b2)[END_REF], see Fig. 4.8 (i). The 1b -1 1 can dissociate to OH + + H. The region C includes 1 ∆ and 1 Σ + OH + final states populated by Auger decay of OH* originating from UFD in core-excited H 2 O*. More details on OH + final states resulting from UFD will be presented in the following section. In regions A and B we observe an increase of the O + fragment formation. The appearance energy of O + is at 18.7 eV [START_REF] Norwood | A photoelectron -photoion coincidence study of h2o, d 2o, and (h2o)2[END_REF]. However, a weak ion yield is reported at this energy [START_REF] Sankari | Non-radiative decay and fragmentation in water molecules after 1 a 1-1 4 a 1 excitation and core ionization studied by electron-energy-resolved electron-ion coincidence spectroscopy[END_REF][START_REF] Hult Roos | Dissociations of water ions after valence and inner-valence ionization[END_REF]. The rise in O + around the 1 Π OH + final state can be due to dissociation of this OH + state to O + + H, as discussed further.

OH + final states

Hjelte et al [START_REF] Hjelte | Evidence for ultra-fast dissociation of molecular water from resonant auger spectroscopy[END_REF] provided calculations of Auger transition rates for a core-excited OH* state to OH + final states in the corresponding part of the spectrum in order to assign UFD fragment contributions. Calculations were performed with the "one centre approximation" [START_REF] Siegbahn | The auger electron spectrum of water vapour[END_REF] implementation in an ab initio CI program that describes deexcitation electron spectra of coreexcite states to final cationic states, described in [START_REF] Fink | Theoretical autoionization spectra of 1s → * excited n2 and n2o[END_REF]. The four possible final states reached by electronic decay of the fragment, 1 ∆(1π 2 ), 1 Σ + (1π 2 ), 1 Π(3σ 1 1π 3 ) and 1 Σ + (3σ 1 1π 3 ) are assigned in our spectra, see Fig. 4.9 (i), which are expected at calculated kinetic energy values of 511.09 eV (experimentally observed at 510.76 eV), 509.58 (experimentally observed at 509.37 eV), 507.87 eV and 501.69 eV, respectively. Fig. 4.10 shows a theoretical resonant