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Résumé étendu en français

Cette thèse est dédiée à l'étude de la dynamique de photoionisation (PI) d'atomes et de molécules diatomiques à l'échelle de temps attoseconde, basée sur la mesure des distributions angulaires des photoélectrons dans le référentiel du laboratoire (PADs) et dans le référentiel moléculaire (MFPADs), respectivement. Dans le but de déterminer les délais de photoionisation dans le domaine XUV en fonction de l'angle d'éjection de l'électron dans le référentiel moléculaire (MF) de petits systèmes, deux approches complémentaires ont été mises en oeuvre, i.e., l'étude résolue en temps à l'échelle attoseconde de la PI d'atomes (Ar, Ne), et l'étude résolue en énergie d'excitation de la PI de molécules (N 2 , CO, NO), en vue d'expériences résolues en temps sur des cibles moléculaires. Ces expériences combinent la spectroscopie 3D en coïncidence des moments du photoélectron et du photoion, et l'utilisation de deux sources de rayonnement XUV performantes à l'Université Paris-Saclay: la ligne XUV 10 kHz de la plateforme laser ATTOlab (CEA, Orme des Merisiers) et les lignes PLEIADES et DESIRS du Synchrotron SOLEIL. Les expériences réalisées reposent sur la corrélation des vecteurs vitesses des électrons et ions coïncidents, mesurée à l'aide de détecteurs sensibles au temps et à la position.

La première partie concerne les études résolues en temps et en angle de la PI d'atomes réalisées sur la ligne FAB 10 at Attolab en appliquant un schéma RABBITT à deux photons XUV-IR. La PAD s'exprime alors en fonction du retard temporel entre les champs XUV et IR et de l'angle d'émission de l'électron par rapport à la polarisation du rayonnement. Utilisant un développement en polynômes de Legendre, on démontre qu'elle est entièrement décrite par un ensemble de neuf coefficients caractérisant les composantes statiques et dynamiques du signal de PI, incluant la détermination des délais de PI pour chaque angle d'émission. Ce formalisme a été utilisé pour analyser les nouveaux résultats expérimentaux obtenus pour l'ionisation de l'orbitale de valence np des cibles Ar(3p 6 ) et Ne(2p 6 ) dans un schéma RABBITT XUV-IR, où les harmoniques XUV produisent des photoélectrons d'énergie maximale de 20 eV. Les observables caractérisant les PADs pour les bandes latérales et harmoniques du spectre de photoélectrons sont comparées aux résultats expérimentaux et théoriques existants. Elles constituent une référence pour qualifier les résultats préliminaires obtenus pour la PI des molécules NO et O 2 et les expériences futures impliquant d'autres petites molécules dans le schéma RABBITT XUV-IR.

La deuxième partie est consacrée aux expériences « complètes » de PI en couche vii de valence interne pour les molécules isoélectroniques N 2 et CO réalisées au synchrotron SOLEIL, pour des énergies d'excitation correspondant aux énergies des harmoniques XUV utilisées dans les études résolues en temps dans le domaine 25 eV-60 eV. Les nombreux processus de photoionisation dissociative (DPI) en jeu dans l'ionisation des couches de valence interne sont identifiés par l'énergie de liaison des états ioniques excités et leurs limites de dissociation, constituant un corpus d'informations spectroscopiques. La dynamique de PI pour les processus dominants est déduite de la mesure des MFPADs associées pour chaque énergie d'excitation, conduisant aux amplitudes et phases des éléments de matrice dipolaires pour chaque onde partielle dans la fonction d'onde de l'électron, puis à l'amplitude de PI complexe pour chaque direction d'émission. Pour les processus de DPI de N 2 et CO sélectionnés, on s'intéresse en particulier à la dépendance en énergie des MFPADs caractérisant les résonances de forme qui influencent la transition parallèle de PI. La comparaison entre MFPADs mesurées et calculées par le Pr. R.R Lucchese via la méthode MCSCI donne une information plus approfondie sur les états ioniques impliqués et la dynamique des résonances 2σ g → σ u and 3σ → σ * dans N 2 et CO. Les délais de PI résolus en angle dans le MF sont discutés dans l'étude de la résonance de forme 4σ → σ * dans la DPI en couche de valence interne de la molécule NO menée parallèlement.

Abstract in English

This thesis investigates the photoionization dynamics of atoms and diatomic molecules at the attosecond time-scale, by probing photoelectron angular distributions in the laboratory frame (PADs) and in the molecular frame (MFPADs), respectively. With the main objective to access photoionization time delays for each emission direction in the molecular frame of simple targets in an extended XUV energy range, two complementary approaches have been implemented, i.e., attosecond time-resolved studies in atomic photoionization (Ar, Ne) and spectrally resolved studies in molecular photoionization (N 2 , CO, NO), that are both relevant for future time-resolved experiments in molecules. The experiments combine electron-ion coincidence 3D momentum spectroscopy and two advanced light sources at Université Paris-Saclay: the 10 kHz XUV beamline at ATTOlab laser facility (CEA, Orme des Merisiers) and the PLEIADES and DESIRS beamlines at Synchrotron SOLEIL. The reported experiments rely on the velocity vector correlation of the coincident electron and ion fragments, measured using time and position sensitive detectors.

The first part of the thesis deals with the time and angle-resolved studies of photoionization of atoms performed at the FAB 10 beamline at Attolab, using an XUV-IR two-photon RABBITT scheme. We address the general form of the PAD for two-photon ionization, expressed as a function of the delay between the XUV and IR fields and the electron emission angle relative to the light polarization axis. Expanding the PAD in terms of angle dependent Legendre polynomials, we show that it is fully described by a set of nine coefficients characterizing the static and dynamic components of the photoionization signal. The developed formalism was used to analyze the experimental results obtained for the angle-resolved two-photon RABBITT valence ionization of Ar(3p 6 ) et Ne(2p 6 ), where XUV harmonics produce photoelectrons of kinetic energy up to 20 eV. Herein, we extract relevant static and dynamic observables characterizing sideband and harmonic signals for the np two-photon ionization, up to the angle-dependent ionization time delays, and compare them to the existing experimental and theoretical results. These time-resolved benchmark measurements on atoms support the preliminary investigation on photoionization of the NO and O 2 molecular targets and future experiments on other small molecules based on the XUV-IR RABBITT scheme.

The second part of the thesis reports complete photoionization experiments for the N 2 ix and CO isoelectronic molecules performed at the synchrotron SOLEIL, at photon energies in the 25 eV-60 eV range, selected to match the energies of the XUV harmonic combs used in time-resolved studies. The numerous dissociative photoionization (DPI) processes at play in the inner valence region are identified by the binding energy of the highly excited ionic states and their dissociation limits, providing useful spectroscopic knowledge. Their photoionization dynamics is determined by measuring the corresponding MFPADs at each photon energy, giving access to the magnitudes and phases of the dipole matrix elements for each partial wave contributing to the continuum electron wave function, and thereby to the complex valued photoionization amplitudes for each MF emission direction. For the dominant DPI processes identified for N 2 and CO, we report in particular the energy dependence of the MFPADs across the shape resonances which influence the parallel PI transitions. Comparing the measured MFPADs with those computed by Pr. R R Lucchese using the MCSCI method provides further insight into the ionic states involved, and the dynamics of the 2σ g → σ u and 3σ → σ * shape resonances in N 2 and CO, respectively. Subsequent MF angle resolved time delays are discussed in a parallel investigation of the 4σ → σ * shape resonance in inner valence DPI of NO.

Chapter 1 Introduction

"The beauty of a living thing is not the atoms that go into it, but the way those atoms are put together."

-Carl Sagan Fundamental research on atomic and molecular spectroscopy is still an exciting research topic even centuries after coining the term 'atom' from the Greek word atomos (meaning 'indivisible') and 'molecule' from the French word molécule (derived from the Latin word moles) for the first time 1 . Several experimental and theoretical discoveries add to its evolution to date to reach the study of electron dynamics in its natural length and time scale. The complete historical development is out of the scope of the thesis work. Nonetheless, a summary is provided in a few lines. J.J. Thomson's experiment on the determination of charge to mass ratio using the deflection of cathode rays, Millikan's oil drop experiment to find the charge of the electron, theory of quantization of atomic levels by Niels Bohr, experimental evidence of photoelectric effect by P Lenard and its theoretical explanation by Albert Einstein were few of the notable contributions in the late 19th and early 20th century in this research area [1]. Several advancements followed, and the last century saw a significant experimental leap in the field of light-matter interaction. Photoelectron/photoion spectroscopy (PES-PIS) which can be energy-resolved, angle-resolved or time-resolved, are realized with various spectrometers (mass spectrometer, time of flight spectrometer, velocity map imaging spectrometer, COLTRIMS or reaction microscopes...) and detectors (MCP + delay line anode, CCD cameras, phosphor screens...) after atomic and molecular ionization induced by X-ray, XUV or UV photons (cathode ray tubes, cyclotrons, Synchrotron facilities, femtosecond lasers, attosecond light sources, Free electron laser..). The cutting edge detection schemes (imaging methodologies) and new-generation light sources provide access to the real-time imaging of electron motion in molecules during a reaction.

Imaging of the charged particles (electrons, ions), with its application in molecular studies and chemical dynamics, gained attention after the photodissociation experiments of methyl iodide by Chandler and Houston [2]. The authors recollected in the book 'Imaging in Molecular dynamics' [3], that the plan of the possible two-dimensional projection of the full 3D velocity distribution of the photofragmentation dynamics "worked out over beer" after the 1986 Faraday Discussions, Bristol! The first image of the methyl fragment after photodissociation of CH 3 I (figure 1.1) was photographed using a standard camera and provided velocity information of the photofragments. Moving on to an electron imaging method, Helms and coworkers (1993) were the first to image electron distribution and showed the relevance of the energy and angle-resolved studies of photoelectrons in a multi-photon ionization experiment [4]. Since then, the ion imaging method and electron imaging method were applied to several areas studying electron spectroscopy, photoionization, photodissociation etc. fragment produced after photodissociation of CH 3 I [2, 3] that revolutionized the field of charged particle imaging. Reprinted from [2], with the permission of AIP Publishing.

A significant advancement in the field of charged particle imaging came after the introduction of electrostatic lenses in an ion imaging method, labelled as 'Velocity Map Imaging' (VMI) by Eppink and Parker. The authors reported the images of the O + ion and photoelectron obtained after photodissociation of O 2 following the two-photon Rydberg excitation [5]. The ion and electron image obtained in such experiments allowed the extraction of asymmetry parameters characterizing the angular distribution of the emitted ion and electron. Recently, the VMI technique coupled with polarized light fields provided new insights on various areas such as the investigation of chirality in molecules, photoionization, double ionization, the study of excited states after molecular axis orientation and/or alignment, time-resolved molecular dynamics [references in [3,6,7]].

One another milestone in the field of imaging was the advent of electron-ion coincidence spectroscopy [8][9][10][11]. A breakthrough occurred with the development of the position-time sensitive detection systems [12] and the availability of high repetition light sources such as synchrotron sources or kHz laser sources, providing access to the three momentum components of the coincident ion and electron fragments. These coincidence studies further allowed the measurement of the angular distribution of the emitted photoelectrons in the molecular frame (MF), often referred to as Molecular Frame Photoelectron Angular Distributions (MFPADs) in dissociative photoionization or dissociative photodetachment studies. These observables prove to be a sensitive tool in understanding photoionization or photodissociation studies, allowing the extraction of the phases and magnitudes of the matrix elements characterizing the process [13].

Recent advancements in the field of light sources, e.g. Xray-FELs, attosecond sources using High Harmonic generation, combined with multielectron (multi-ion) -ion(electron) coincidence detection methodologies or the laser molecular alignment techniques, provide new scientific insight into the creation of 'electron' movies or 'molecular' movies in the attosecond to picosecond time scale [7,14].

At ISMO, CNRS-University of Paris Saclay, our group probes molecular photoionization dynamics in diatomic and small polyatomic molecules by measuring MFPADs using electron-ion coincidence 3D momentum spectroscopy and well-characterized XUV radiation sources (Synchrotron SOLEIL and Attolab laser facility). During my PhD, we performed measurements on atoms and preliminary measurements on NO, O 2 at the newly developed Attolab laser facility and a series of measurements on dissociative photoionization of N 2 , CO and NO at Synchrotron SOLEIL. The energy and angular properties of the main processes in the inner-valence region are studied in the extended energy range, providing information on amplitudes and phases of the photoionization matrix elements.

Outline of thesis

The main objective of my doctoral thesis is to gain better insight into molecular photoionization dynamics using electron-ion coincidence spectroscopy. Molecular photoionization of simple molecules like O 2 , N 2 , NO, CO contains rich information. The 'complete photoionization' experiments extracting the amplitudes and phases of the ionization matrix elements gained interest for a long time. One of the hot topics in the recent history of the atomic and molecular physics community is the extraction of photoemission time delays using advanced detection techniques and light source facilities. In 2016, the first paper on theoretical calculations on MF angle-resolved photoionization time delays in isoelectronic N 2 and CO was published [15]. I started my thesis, addressing the challenges involved in the experimental realization of this theoretical study. Figure 1.2 displaying the angle and energy-dependent time delays in N 2 and CO for the molecules aligned parallel to the polarization axis of incoming radiation provides a glimpse of the complex picture of the molecular ionization. As a result of the anisotropic nature of molecular potential and the interaction with incoming radiation, emission time delays presented in figure 1.2 vary from -200 to 200 as for these two cases, as a function of the emission angle and photoelectron energy. The thesis outlines the journey to the goal of extracting photoionization time delays in molecular targets.

Chapter 2 provides some of the relevant background knowledge on atomic and molecular photoionization. A brief theoretical description of photoionization of a one-electron system is addressed in terms of the Cooper-Zare formalism, which was extended to atoms and molecules. The general aspects of the matrix elements describing the photoionization reaction, their magnitude and phase determined using photoelectron and photoion angular distributions leading to a "complete" photoionization study, are detailed. MFPADs and their expansion using a set of five F LN functions of the polar emission angle, which give access to the photoionization dynamical parameters are further introduced. Chapter 3 deals with the experimental techniques and methodologies required for this study. It includes (i) the vector correlation method and the extraction of energy observables and angular observables, (ii) experimental setups, detection system, (iii) light sources (Synchrotron SOLEIL and Attolab laser facility) used for the electron-ion coincidence spectroscopy.

The results obtained in the course of the current study are reported in chapters 4, 5 and 6 and their connection to the goal of obtaining angle-resolved time delays is schematized in figure 1.3. Chapter 4 is dedicated to the angle-resolved two-photon XUV-IR RABBITT studies of Argon and Neon, which stand as the first experiments performed at the FAB-10 beamline at the recently developed Attolab laser facility. The angular distributions corresponding to the sidebands and harmonics obtained in these time and angle-resolved experiments are described in terms of nine parameters after an expansion in Legendre polynomials. Relying on a similar experimental methodology as adopted for atoms, preliminary measurements dedicated to dissociative photoionization of NO in the XUV-IR RABBITT scheme were done at the Attolab facility and provided a solid ground for future experiments on NO and other molecules. Chapters 5 and 6 deal with the photoionization studies of N 2 and CO at Synchrotron SOLEIL, providing a spectroscopic characterization at photon energies relevant for the time-resolved experiments at the Attolab laser facility. In parallel, we report the MFPADs for the main dissociative photoionization processes encountering shape resonances in these two molecules in the photon energy range 24 eV to 60 eV (48 eV for CO). These are compared to the results of multichannel Schwinger configuration interaction (MCSCI) calculations performed by Pr. R.R. Lucchese. In conclusion and perspectives, the relevance of the results presented in the manuscript is illustrated in two directions: (a) Extraction of MF angle-resolved two-photon electron emission delays in molecules (b) Extraction of one-photon emission delays in molecular photoionization. The thesis work was carried out in the framework of the European Union Funded Horizon 2020 Marie Sklodowska-Curie Innovative Training Network "ASPIRE" (Angular Studies of Photoelectron in Innovative Research Environments), focussing on the study of Molecular Frame Photoelectron Angular Distributions (MF-PADs). Within this framework, the research work is carried out at ISMO-CNRS, University of Paris Saclay and two secondment trainings were undertaken at RoentDek-Goethe University, Frankfurt, Germany and Max Born Institute, Berlin, Germany. In the first secondment, I received training on the position and time sensitive detection system (MCP, Delay line anode, constant fraction discriminator) at RoentDek Company and participated in an experiment at Synchrotron Bessy, Berlin. In the second secondment, I participated in the initial phase of a RABBITT experiment in molecules, taking advantage of the 100 kHz attosecond HHG source developed at MBI, quite favorable for coincidence techniques, and a COLTRIMS setup.

The results obtained in the current thesis on the angle and time-resolved atomic and molecular photoionization were presented in a few conferences and reported in one article that is published and another one that is submitted recently, as listed in the manuscript (page 215).
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Angularly resolved photoionization in atoms and molecules

The earliest investigations on the ejection of electrons from metal surfaces laid the foundation of quantum mechanics. Postulated by A. Einstein as the 'photoelectric effect', these investigations opened up new possibilities in the field of atomic and molecular physics. Atomic and molecular 'photoeffect' is basically the photoionization (PI) process where the photons induce photo ejection of valence, inner-valence or inner shell electrons. The photoionization process, in general, includes the description of a half scattering event where the photoelectron emitted from the atomic (molecular) core after photon absorption is scattered in the presence of an ionic potential. Its description enables the extraction of the matrix element characterizing the transition from an initial bound state to a final continuum state. The outgoing electron wavefunction is commonly expanded in terms of partial waves, or angular momentum components, which superpose to form interference patterns. These patterns result from the coherent sum of the complex amplitudes associated with each of these individual partial wave components. The interference patterns or the observed photoelectron flux characterize the angular distribution of the photoelectrons.

In the study of photoionization processes, a major goal is to extract information on the magnitudes and phases of the matrix elements assigned to these individual partial waves. Such an analysis, referred to as a 'complete PI' experiment, is realized experimentally through the extraction of photoionization observables such as partial cross-section, angular distribution, spin polarization of the photoelectron and so on [1]. The partial cross-sections for given final states, which are experimentally determined through photoelectron spectroscopy, give access to the amplitude of the photoionization matrix elements but they are not sensitive to phase information. One of the phase-sensitive observables is the angular distribution of photoelectrons characterized by the interference of different partial waves. This thesis focuses on performing complete photoionization experiments on randomly 2.1. PHOTOIONIZATION : BASIC CONCEPTS oriented targets relying on the determination of angular distributions. In such cases, the intensity determines the total cross-section, and the angular distributions of electrons in the laboratory frame for atoms and the molecular frame for molecules give access to the ratio of the magnitudes and phase shifts of the pairs of partial waves constituting the outgoing electron wave function [1]. This chapter discusses the general aspects of the determination of photoionization matrix elements. The concept is introduced by studying one and two-photon ionization of one-electron systems and extended to multielectron cases and molecular targets. For nonaligned atoms, the ionic core has spherical symmetry and the dipole selection rules restrict the number of partial waves in the continuum to one or two. In contrast, for molecular photoionization, the process involves an ionic potential of non-spherical symmetry and the introduction of several electron partial waves. Photoionization into the ionic states undergoing dissociative photoionization is discussed after recording energy observables and angular properties in the laboratory frame and the molecular frame. The analysis of photoemission in the molecular frame is a sensitive tool in photoionization studies, which directly outlines the contribution of complex valued partial waves to the electron wavefunction in the continuum.

Photoionization : Basic concepts

In atomic and molecular photoionization, the potential V (r) governs the scattering of the photoelectron from the ionic core and thus determines the outcome of the emission process. The scattering phases characterize the interaction of the ejected electron with this ionic potential. Figure 2.1(a,b) taken from reference [2] describes the 2D potential for a single centre system and a linear multicenter system. For a point charge or a single centre system, the potential is Coulombic and decays as a function of (1 r). In the case of linear multicenter systems, each of the point scatterers is Coulombic, summing up all the contributions to generate an additional short-range potential (∝ 1 r n ) decaying faster than the Coulombic potential. In such cases, we define two regions, the asymptotic region and the ion-core region, as shown in figure 2.1(c). At small radial distances (shortrange or ion-core region) for r < r c (figure 2.1(c)) the potential is anisotropic whereas for larger distances (far-field or asymptotic behaviour) it is mainly Coulombic. Such a nonspherical or anisotropic short-range potential is referred to as non-Coulombic potential. In the asymptotic region, the effect of the Coulombic and non-Coulombic parts of the potential will contribute to the phase of the outgoing electron wavefunction. On studying molecular systems, even for the simple diatomic molecules (say N 2 ), the presence of two (similar) atomic targets or individual scatterers makes the description of the potential complex.

Photoionization (PI) is studied by investigating the energy and angular properties of [2]. (c) Schematic representation of the photoionization process showing an ion-core region and an asymptotic region redrawn from [3]. Reprinted from [2], with the permission of Morgan Claypool Publishers. the emitted electron waves, which are described in terms of the constituent partial waves. The characteristic features of the scattering process in the presence of the potential and the interaction with the light field are then encoded in partial wave dipole matrix elements. Thus, describing the PI properties in terms of electron wavefunction expanded in partial waves will be relevant. In the following section, we focus on the angular distribution of photoelectrons in terms of the constituent electron partial waves. This facilitates a deeper understanding of electron wave function and the composition in terms of different partial wave channels. The simplest systems to study the basic concepts of photoionization are the atoms consisting of only one electron in their ionized atomic shell. These results under a few assumptions, are extended to multielectron systems to study atomic targets with several atomic shells (or principal quantum number) such as Ar, Ne or diatomic molecular targets, as studied in this thesis.

Photoionization of one electron atoms

The fundamental theoretical description of photoionization of one-electron atoms in this section follows references [2,4,5] and is addressed as Cooper Zare formalism. For a onephoton transition from an initial bound state Ψ initial to a final state in the continuum Ψ f inal , the ionization matrix element for the one-electron atom which is purely electronic 2.1. PHOTOIONIZATION : BASIC CONCEPTS is given in [2] as,

M

(1) i→f = ⟨Ψ f inal μ.E Ψ initial ⟩ = ⟨Ψ e μ.E Ψ i ⟩ .

(2.1)

This will be called interchangeably as photoionization dipole amplitude (PDA) or photoionization (transition) matrix element. μ is the electric dipole operator and E is the electric vector of the incoming radiation. In the dipole approximation, all the higher order terms in the expansion of E are neglected and we define, μ.E as the interaction (dipole) operator describing the interaction of the atom and incoming photon. For linearly polarized light, with polarization axis along z direction, one can express the interaction operator μ.E using spherical harmonic Y 10 (θ), μ.E = r.z = rY 10 (θ).

Initial bound state: The initial bound state Ψ i is expressed in terms of a radial function χ nl ′ (r) and a definite angular momentum state l ′ , m ′ ⟩ represented in terms of spherical harmonics as,

Ψ i (⃗ r) = χ nl ′ (r)Y l ′ m ′ (θ, φ) (2.2)
Final continuum state: The final continuum state, which a priori involves the summation of several partial waves, can be expanded accordingly. It is then expressed in terms of radial functions χ kl (r) and angular functions, given by spherical harmonics Y lm (θ, φ), corresponding to different angular momentum states l and magnetic quantum number m in the final electron wavefunction. Here r and k denote the unit vectors for the position and momentum of the electron. The coordinate system (r, θ, φ) is defined with respect to the atom scattering centre, using the light-quantization axis as a reference axis in the laboratory frame (figure 2.2).

Ψ e (⃗ r) = lm ψ lm (⃗ r) = lm A lm χ kl (r)Y lm (θ, φ) (2.3) 
The spherical harmonic functions Y lm (θ, φ) constitute the angular part of the wavefunction [5]. A lm in equation 2.3 characterizes the angular dependence of the photoelectron emission process, as

A lm = 4πi l e -iη lm (k) Y * lm ( k) (2.4)
η lm represents the (electron) energy-dependent scattering phase associated with the electron in a particular final angular momentum state (l, m). The phase of each partial wave contains a coulomb phase σ l and an additional scattering phase δ lm portraying the effect of the non-Coulombic part of the potential [2] η lm = σ l + δ lm . (2.5) This can also be written as the argument of each partial wave channel, η lm = arg(ψ lm (r)).

In the matrix element given in equation 2.6 derived from equation 2.1 for the transition from a state l ′ , m ′ → l, m, the C l ′ l angular coefficients denote the angular components ⟨Y lm (θ, φ) Y 10 (θ) Y l ′ m ′ (θ, φ)⟩ and the term ⟨χ kl (r) r χ nl ′ (r)⟩ is the radial overlap integral.

C l ′ l can be solved analytically using Wigner 3j symbols or Clebsch Gordon coefficients whereas the radial integral is numerically solved for a given system [2,4]. Each of these partial wave channels has a radial part and an angular part.

M (1) i→f ∝ lm A * lm ⟨Y lm (θ, φ) Y 10 (θ) Y l ′ m ′ (θ, φ)⟩ C l ′ l ⟨χ kl (r) r χ nl ′ (r)⟩ σ l ′ l e iΦ l ′ l ∝ lm (-i) l e iη lm (k) Y lm ( k) M l ′ l e iΦ l ′ l (2.6)
For a better representation, partial wave resolved dipole matrix elements M l ′ l are introduced, leaving aside the scattering phase and spherical harmonic terms linked to the final photoelectron wavefunction. This will be later addressed by the acronym DME for partial wave resolved dipole matrix element to be differentiated from the photoionization matrix element (or PDA in equation 2.1) (M

i→f ). M l ′ l is the magnitude of the M l ′ l DME comprising of angular, radial parts of the transition matrix element and the electric field terms. Φ l ′ l denotes the phase of the M l ′ l DME, which is mainly arising from the radial integral. In the case of single-photon ionization of one-electron atoms, the radial integral is real and is thus defined only by the magnitude σ l ′ l . For two-photon ionization, we note that DMEs are complex and one needs to consider their magnitude σ l ′ l and their phase Φ l ′ l .

The total phase (η) of the transition matrix element or PDA in equation 2.1 (M (1) i→f ) has contributions from individual scattering phases η lm , angular terms Y lm ( k) and phases from M l ′ l (if any). The energy derivative of the phase (η) of (M 

Differential cross section or angular distribution

The coherent squaring of the PDA provides the differential cross section or the angular distribution of the photoelectrons. At a particular photoelectron energy, the differential cross-section or the observed photoelectron flux averaged over all initial states or orientations varies as a function of the emission angle, given in references [2,4] as,

I(θ k ) ∝ M (1) i→f M (1) i→f * ∝ m ′ l 1 m 1 l 2 m 2 A l 1 m 1 A * l 2 m 2 C l ′ l 1 C * l ′ l 2 σ l ′ l 1 σ * l ′ l 2 (2.8)
For obtaining equation 2.8, one needs to perform a summation over (m ′ ) after considering the contributions from all the pairs of partial wave channels (l 1 , l 2 ) with a definite σ l ′ l 1(2) , A l 1(2) m 1 (2) and C l ′ l 1(2) contributing to the photoelectron wavefunction. This superposition of different partial waves constituting the wavefunction generates interference 2.1. PHOTOIONIZATION : BASIC CONCEPTS patterns or the so-called photoelectron angular distributions (PADs), depending on the magnitude and the relative phase of each partial wave component.

As an illustration we consider two simple cases (a) ionization of an s type electron (m=0) (b) ionization of a p type electron (m = 0, ±1) as given in figure 2.3(a) and (b,c). In these cases, transition from l ′ → l is considered with an angular coefficient C l ′ l as given in the figures. In the case of ionization of an s type electron with l ′ = 0 in the initial state, the electron in the final continuum will have p (s → p) character following the selection rules. The presence of a single partial wave channel in the continuum thus provides a 'simple' angular dependence of the electron emission process, which does not vary with electron energy. Whereas, for ionization of a p type electron, the angular pattern after the emission process results from the interference of s and d partial waves in the continuum (see figure 2.3(b,c)) which is influenced by the scattering phase shift η sη d and radial parts (cross-section) σ d and σ s . In such a case, we see an energy evolution of the angular distribution. This is further developed in section 2.2.2 after introducing asymmetry parameters β e which quantify the electron angular distribution obtained in an experiment.

It is shown in [4] that ionization from an initial bound state to a final continuum state in a multielectron atom is identical to that of a one-electron atom under the assumption that there is no configuration mixing. In the presence of configuration mixing for onephoton ionization, one needs to consider the superposition of continuum wave functions with more than two partial waves arising from the bound state mixing. In the absence of configuration mixing, one can use the Cooper Zare formalism developed for one-electron atoms and apply to atoms like Ar, Ne, He and describe the PI properties.

Considering the Cooper Zare formalism for one-electron atoms discussed above as the CHAPTER 2. ANGULARLY RESOLVED PHOTOIONIZATION IN ATOMS AND MOLECULES foundation for the development in terms of partial waves, this synthesis is extended to two-photon ionization studies discussed below and developed further in chapter 4. The transition matrix element for two photon ionization using second order perturbation theory [6,7] takes the form,

Two-photon ionization

M (2) i→f ∝ 1 i ⃗ E XU V ⃗ E IR lim →0 + ⨋ λ int ⟨Ψ e z Ψ λ ⟩ ⟨Ψ λ z Ψ i ⟩ i + Ω -λ + i (2.9)
The XUV and IR fields are polarized in the ẑ direction having complex amplitudes given by ⃗ E XU V and ⃗ E IR respectively. Similar to the description followed in single photon ionization, the complex two photon transition matrix element can be expressed in partial 

M (2) i→f ∝ 1 i ⃗ E XU V ⃗ E IR l,m λ i -l e iη lm Y lm ( k)σ l ′ λl e iΦ l ′ λl ⟨Y lm (r) Y 10 (θ) Y λµ (r)⟩ C λl ⟨Y λµ (r) Y 10 (θ) Y l ′ m ′ (r)⟩ C l ′ λ ∝ l,m λ (-i) l e iη lm ( k) Y lm ( k) M l ′ λl e iΦ l ′ λl e iΦ XU V e iΦ IR ∝ l,m λ M l ′ λl e iδ l ′ λl Y lm ( k)e iΦ IR (2.10)
where the final, intermediate and initial states [4,6,7] take the form,

Ψ e (⃗ r) = lm A lm χ kl (r)Y lm (θ, φ),
where

A lm = 4πi l e -iη lm (k) Y * lm ( k), Ψ λ (⃗ r) = χ k ′ λ (r)Y λµ (θ, φ)
and

Ψ i (⃗ r) = χ nl ′ (r)Y l ′ m ′ (θ, φ)
respectively. Similar to the discussion on single photon ionization C if represents the angular coefficients for the transitions from the initial state i to the final state f . The radial integral in this two photon process is complex and has a magnitude σ l ′ λl and a phase Φ l ′ λl . In equation 2.10 Φ XU V and Φ IR characterize the phase associated with the complex XUV and IR fields. Also, the (i) angular coupling terms C l ′ λ C λl , (ii) magnitude of the radial overlap integral σ l ′ λl and (iii) magnitude of the XUV and IR fields which are contributing to the magnitude of the DMEs are clubbed together in the entity labelled M l ′ λl . All the phase terms (Φ l ′ λl , Φ XU V , η lm excluding Φ IR ) are summed up to form the total phase given by δ l ′ λl for a transition l ′ → λ → l.

An advanced version of this two-colour two-photon ionization pathway is discussed in chapter 4 in the context of the studies on time delays in atomic photoionization utilizing the RABBITT scheme. This interferometric technique considers two different two-photon ionization pathways reaching the same final state through absorption and emission of an IR photon after ionization induced by two XUV photons separated by an energy of (2E hν IR )(see figure 3.12). These pathways consist of two-colour two-photon ionization processes and thus can be described using the second-order perturbation theory discussed above. More on this scheme is discussed in chapters 3 and 4.
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Molecular Photoionization

In atomic PI with l being a good quantum number, it was possible to adopt the concepts from the one-electron systems directly and to consider two partial wave channels in the final continuum superposing to produce interference patterns. However, in molecules, with the loss of spherical symmetry and complex molecular potential, simple atomic selection rules in the dipole approximation are not valid, and it is no longer possible to describe the final state simply by two l waves. While the atomic orbitals are labelled by the (l, m) electron orbital and magnetic quantum numbers, for simple molecules as considered here, molecular orbitals are characterized by (l, λ) where l is the orbital momentum quantum number and λ is its projection on the molecular axis. The selection rule in the molecular frame writes as ∆λ = 0, ±1 for one-photon absorption. A larger number of partial wave channels (up to 4) contributing to the final wave function are considered for the description of angular distributions.

General concepts on molecular photoionization

The molecular photoionization studies are simplified to an extent with the Born Oppenheimer approximation. In the Born Oppenheimer approximation, electronic and nuclear motions are treated independently as the mass of the electron is much smaller than that of the nucleus m e M N ≈ 10 -3 -10 -5 and the nuclear motion is much slower than the electronic motion [8]. The nuclei are assumed to be fixed, and the electronic states are studied for each inter-nuclear separation.

The kinetic energy associated with the electronic motion (magnitude of the electronic energy) E el is of the order of a few eV, where the transitions between two electronic levels lie in the ultraviolet (UV), and visible region [8]. One can consider the translational, rotational, and vibrational motion of the nucleus around the equilibrium position in the nuclear level. Typical vibrational transitions lead to the 'first-order' splitting of the electronic lines in the spectra occurring in the infrared (IR) region with an energy of about 0.1 eV, whereas the rotational motion produces 'second-order' splitting of the lines of the order of about 0.001 eV and the corresponding transitions are observed in the IR and microwave region. For a definite electronic level, transitions between different vibrational levels with quantum number v are possible. Similarly, for each of these vibrational levels, transitions between different rotational levels occur.

As described by the Franck Condon (FC) principle, transitions from the ground state to different electronic states induced by absorption of a photon occur near the equilibrium internuclear distance R 0 , as schematized by the shaded region in figure 2.5. As an example, within the FC region, the electronic transition from the v=0 lowest vibrational level of state A to the v ′ =2 vibrational level of state B or to any other states shown in figure 2.5, is highly probable after the absorption of an XUV photon of energy hν, and emission of a photoelectron with energy E e . Each of the ionic states labelled A to E is associated with an adiabatic dissociation limit L n for which the molecular ion AB + dissociates to form ionic and atomic fragments at large internuclear distances. As given in figure 2.5(a), the potential energy curves of the ionic states can be of different nature depending on the position of their minima, either featuring a bound ionic state which holds vibrational levels as in A, B, D or being repulsive within the FC region. In the latter case, they can display a minimum at some internuclear distance (e.g. state C) or be repulsive for all distances like state E. Additionally, the presence of a curve crossing as seen for states C and D can induce predissociation through non-adiabatic couplings to other dissociation limits.

For the current discussion, we choose the Nitrogen molecule as a prototype and illustrate the potential energy curves of different ionic states in figure 2.5(b). In an interaction with the XUV photons of energy 15 to 50 eV, the molecule undergoes different ionization mechanisms listed in the following subsection 2.1.3.3 which are relevant for the studies presented in chapters 5 and 6.

Electronic structure and symmetric properties

In the case of diatomic molecules with internuclear axis along z, L z commutes with the Hamiltonian H describing the electronic motion whereas L x , L y , L 2 do not commute with H. Unlike in the case of atomic levels, L is not a good quantum number here. For H and L z , an electronic eigenfunction Φ s [8] is defined as,

L z Φ s = M L ̵ hΦ s M L = 0, ±1, ±2 = ±Λ ̵ hΦ s (2.11)
where Λ = M L is the projection of the electronic angular momentum on the molecular axis z. Similar to the description of atomic electronic states, where one associates S, P, D, F spectroscopic term symbols, in molecules one defines states corresponding to Λ = 0, 1, 2, 3.. as Σ, Π, ∆, Φ.. respectively. For representing individual electrons, the lower case is used for λ = m l where λ = 0, 1, 2, 3.. corresponds to σ, π, δ, φ...

For Σ states (Λ = 0) of a diatomic molecule, the wavefunction can be of either Σ + or Σ -symmetry, indicating that the sign of the wavefunction is unchanged or changed under the operation of reflection in the plane containing the molecular axis. Additionally for linear homonuclear diatomic molecules (H 2 , N 2 , O 2 ..) the electronic wavefunction is either of even ('gerade' or 'g') or odd ('ungerade' or 'u') parity, depending on the invariance under the inversion of the electron coordinates with respect to the midpoint of the two nuclei (r i → -r i ). If on operation (r i → -r i ), the electron wavefunction does not change sign, it is of 'gerade' symmetry and if it changes then it is of 'ungerade' symmetry. Thus for a homonuclear diatomic molecule we represent ionic states by

Σ + g , Σ - g , Σ + u , Σ - u , Π g , Π u .. symmetries.
The state of a linear molecule is further defined by the spin quantum number S, where S denotes the total electron spin, (2S + 1) is the degeneracy, and S(S + 1) ̵ h 2 represent the eigenvalues of S 2 [8] (spin-orbit coupling and other fine structure effects are neglected). The term symbol for an electronic state is represented by 2S+1 Λ. In particular, the ground state for most of the closed-shell diatomic molecules is X 1 Σ + (S = 0) for heteronuclear and X 1 Σ + g (S = 0) for homonuclear molecules. Under the dipole approximation for the photoionization process, the selection rules characterizing the transition between the ground state and the continuum state are as follows,

∆Λ = 0, ±1, ∆S = 0, Σ + ↔ Σ + , Σ -↔ Σ - g ↔ u
For randomly oriented linear molecules, on considering the absorption of a linearly polarized incoming XUV radiation, one can define two cases corresponding to the excitation of molecules oriented preferably parallel and perpendicular to the polarization axis. These are defined as parallel and perpendicular transitions where the parallel transition corresponds to ∆Λ = 0 and the perpendicular transition to ∆Λ = ±1. For the parallel transition, considering, as an illustration, the ionization of N 2 (X 1 Σ + g ) molecule (ground state) to N + 2 (F2 Σ + g ) (final ionic state), the excited state of N * 2 in the continuum has a Σ u symmetry, and the photoelectron must therefore be of σ u symmetry.

N 2 (X 1 Σ + g ) → N * 2 (Σ + u ) → N + 2 (F 2 Σ + g ) + e -(σ u ).
The parallel transition in this case is in short represented as

Σ + g Σ + u → Σ + g . Whereas for the perpendicular transition (Σ + g Πu → Σ + g ) 2 , N 2 (X 1 Σ + g ) → N * 2 (Π u ) → N + 2 (F 2 Σ + g ) + e -(π u )
the emitted electron is of π u symmetry.

Partial waves associated with the emitted photoelectrons can thus be pσ u , f σ u ... for the parallel transition or pπ u , f π u ... for the perpendicular transition. The discussion involving the characterization of the electron angular distribution in terms of electron partial waves will be found in detail in chapters 5 and 6.

Main ionization mechanisms

The current work mainly involves XUV photoionization of small molecules in the presence of photons of energy ranging from 25 eV to 60 eV, corresponding to inner-valence photoionization and involving dissociative ionization of the molecular ionic state. We illustrate the ionization mechanisms of interest and the related concepts using photoionization of the N 2 molecule as an example. These are described and illustrated using transitions into various ionic states featured in figure 2.5(b). They include (a) single-photon ionization constituting valence and inner valence ionization (b) dissociative photoionization (DPI) (c) atomic autoionization/indirect double ionization (d) direct double ionization (e) dissociative double ionization (f) molecular autoionization. Within this list of mechanisms, we focus on the study of the dynamics of inner valence photoionization associated with 1) adiabatic and non-adiabatic dissociation 2) predissociation, 3) transitions into highly excited ionic states that dissociate or autoionize, 4) transitions to Rydberg ionic states, 5) transitions to ionic states which feature a shape resonance in the ionization continuum.

The first group of transitions is single photon ionization producing a bound molecular 

(1π u ) -1 (3σ g ) -1 (1π g ) +1 , respectively.
ion and a photoelectron.

N 2 (X 1 Σ + g ) + hν(> 15.6 eV ) → N + 2 + e - single photon PI
These transitions can either be valence ionization or inner valence ionization depending on the molecular orbital from which the photoelectron is emitted and the photon energy relative to its ionization potential. As an example, the transitions happening from the ground state N 2 (X 1 Σ + g ) to N + 2 (A 2 Π u ) (labelled T1 in figure 2.5(b) involve the removal of electrons from the (1π u ) valence orbital resulting in valence ionization with a single hole (1h) configuration as shown in figure 2.6(b).

For increasing energy, there is the possibility of emission of electrons giving rise to inner valence ionization, which can be of 1h or 2h-1p (2hole-1particle) configurations as in figure 2.6(c,d). Such an example is represented by T2 in figure 2.5(b) for the transition from the N 2 (X 1 Σ + g ) state to the N + 2 (F 2 Σ + g ) state. These inner valence ionic states with binding energy (BE) above the first dissociation limit (L 1 ) can undergo either direct dissociation or predissociation, producing N + and N fragments.

N 2 (X 1 Σ + g ) + hν(> 24.29 eV ) → N + 2 + e -→ N + + N + e - dissociative PI
Direct dissociation occurs when the molecule in an ionic state, say D in figure 2.5(a) produces fragments linked to its adiabatic dissociation limit L D , whereas predissociation occurs when the molecule in the D ionic state predissociates through a non-adiabatic coupling with, e.g. the C ionic state, producing fragments associated with the L C limit.

As the photon energy increases, the molecular ion produced will be in highly excited states (N + * 2 ), either undergoing dissociative single photoionization or dissociative indirect double ionization via atomic autoionization.

N 2 (X 1 Σ + g ) + hν → N + * 2 + e -→ N + + N * + e - single ion DPI → N + + N + + e A + e - atomic autoionization
For binding energies above the D 1 limit and below the double ionization threshold, indirect double ionization may also occur, involving dissociation and atomic autoionization.

The discussion on highly excited states in the inner valence region also requires the knowledge on the population of the Rydberg states converging to the N 2+ 2 core and other dominant features such as shape resonances, shake up states. Our main results on DPI of N 2 and CO are concerned with the PI dynamics around shape resonances, introduced in section 2.3.

The final class of transitions involve double ionization and dissociative double ionization. For photon energies above the double ionization threshold, the molecule is ionized into a dicationic state (N 2+

2 ), producing two photoelectrons. The class of transitions result in double ionization and are presented in figure 2.5(a) as T3. For higher photon energies, the molecular dication N 2+ 2 can also undergo dissociation producing N + +N + ion pair [9] and constitute direct dissociative double ionization.

N 2 (X 1 Σ + g ) + hν → N 2+ 2 + 2e - double Ionization → N + + N + + 2e - dissociative double ionization
An extensive discussion on DPI of N 2 and CO is done in chapters 5 and 6 based on the transition to different ionic states, dissociation limits and the DPI processes produced.

Theoretical concepts of Molecular Photoionization

PI of molecular targets is also investigated in a similar way as the single centre partial wave expansion discussed in section 2.1.1. A short description on photoionization, dipole matrix elements and time delays in one-photon and two-photon molecular photoionization is given in this section, following references [6,[10][11][12]. The photoionization matrix element for the one-photon ionization of a molecular target in the molecular frame is given by [6,11],

D( k, Ω, E) = ⟨Ψ - f,k ⃗ r. ⃗ E( Ω) Ψ i ⟩ = D( k, Ω, E) e iη( k, Ω,E) (2.12)
It is referred to as photoionization dipole amplitude (PDA). Here Ψ - f,k refers to the wavefunction of the final state in the continuum where the electron having an asymptotic momentum k is emitted in a direction k = (θ k , φ k ) 3 .

Ψ i is the wavefunction denoting the initial bound (unionized) state, which is composed CHAPTER 2. ANGULARLY RESOLVED PHOTOIONIZATION IN ATOMS AND MOLECULES of several partial waves and requires summation over l ′ , ⃗ r is the position operator and ⃗ E is the electric field. Ω denotes the Euler angles (γ, χ, β) representing the orientation of the molecular axis in the field frame 4 , which in turn characterize the rotation of the molecular frame into the field frame.

D( k, Ω, E) = µ ⟨Ψ - f,k r µ Ψ i ⟩ R µ,h ( Ω) (2.13)
where R µ,h ( Ω) is the rotation matrix, r µ is the dipole operator, µ is the projection of the angular momentum of the photon on the molecular axis and h is the helicity of the light:

h=0 for linear polarization and h=±1 for circularly polarized light. .

The wavefunction of the N electron final state comprises that of (N-1) ion state and that of the emitted electron given as,

Ψ - f,k (E) ∝ lm i l e -iσ l ψ - f,lm (E)Y * lm ( k) (2.14)
σ l is the Coulomb scattering phase. One can decompose the PDA in terms of partial wave components and define a partial wave dipole matrix element (DME) D l,m,µ for each partial wave component. The complex DMEs are then decomposed into their magnitude d l,m,µ and phase η l,m,µ for each partial wave component,

D l,m,µ (E) = (-i) l e iσ l ⟨ψ - f,lm (E) r µ Ψ i ⟩ = d l,m,µ e iη l,m,µ (2.15) 
For single photon ionization, the differential cross section T i,f represents the PAD in the molecular frame

T (1) if ∝ D( k, Ω, E) D( k, Ω, E) * = ⟨Ψ - f,k ⃗ r. ⃗ E Ψ i ⟩ 2 (2.16)
The time delay of the electron wave packet which is emitted after molecular photoionization is given by the energy derivative of the phase of PDA, η( k, Ω, E)

τ ( k, Ω, E) = dη( k, Ω, E) dE (2.17)
The PI time delay depends on the photoelectron energy E, the emission direction in the MF( k), and the molecular orientation axis ( Ω). The extraction of single-photon emission time delays is illustrated for the case of N 2 in the 'future perspectives' (chapter 7).

ANGULAR DISTRIBUTIONS

Angular distributions

Photoelectron spectroscopy has been widely used to study photoionization, providing direct access to the ionization potential and binding energies of ionic states, to their internal structure through energy-resolved high-resolution photoelectron spectra, and to the cross-sections of the various ionization channels. In terms of PI properties, crosssections provide information on magnitudes of the transition matrix elements but they are not phase-sensitive, and one cannot access the phase information of the matrix elements. Theoretical and experimental developments of angularly resolved photoelectron spectroscopy in atoms and molecules, therefore, became an essential tool in probing ionization processes giving access to magnitudes and relative phases of the dipole matrix elements of different ionization channels [5].

As noted in the previous section 2.1.1, scattering phase shifts are induced between partial waves or ionization channels as a consequence of the half collision (interaction) between the transmitted electron wave, the ionic scattering potential and the dipole operator. The relative phase shifts modify the emission probability and dynamics (or time delays) as a function of the emission angle, resulting in the generation of angular interference patterns. These interference patterns depend on the nature of the scattering ionic potential from which the electrons are emitted, on the initial state of the system and the interaction with the incoming radiation. In the experiments reported therein, we perform angle-resolved PI studies using the electron-ion velocity vector correlation approach discussed in section 3.1. This section outlines the importance of angular distributions in the study of photoionization dynamics, some elements of the historical developments, the concepts on laboratory frame and molecular frame photoelectron angular distribution and the extraction of DMEs (magnitude and phase) from the measured angular distribution.

Basics

The general expression for the angular distribution of ions and electrons emitted from randomly oriented targets in the laboratory frame of reference defined as the field frame is developed in terms of asymmetry parameters (β i e ) and Legendre polynomials P N (cosχ) [13,14] dσ dΩ

∝ N L=0 B L P L (cosχ) = σ 4π (1 + β 2 P 2 (cosχ) + ...β N P N (cosχ)). (2.18)
Here χ is the polar angle between the emission direction of the photofragment (photoion or photoelectron) and the polarization vector of the incident radiation taken as a reference axis (figure 2.10). σ is the total cross-section and P N (cosχ) denotes the Legendre polynomials of the order N. N is related to the number of photons (N=2n) involved in the process. For a single photon process, N = 2 and for a two-photon process, N takes CHAPTER 2. ANGULARLY RESOLVED PHOTOIONIZATION IN ATOMS AND MOLECULES the value 4. The expression of the differential cross-section reduces to a form in equation 2.18 as a result of the random orientation of the targets [14].

If the targets have a definite orientation, then the general expression takes the form as in equation 2. 19. The angular distribution is then described for a definite orientation of the target with respect to the polarization axis of the light and is expanded in terms of partial wave components (angular momentum channels l 1 and l 2 ) and spherical harmonics involved [5,14,15].

I(θ e , φ e ) = dσ dΩ ∝ Lmax L=0 L M =-L B LM Y LM (θ e , φ e ) (2.19) 
(θ e and φ e ) are the polar and azimuthal angle of the photoelectron measured relative to the molecular axis (figure 2.10). Here L = l 1 + l 2 , M varies from -L to L, and L max = 2max(l 1 , l 2 ). B LM are the electron energy dependent expansion coefficients which describe the angular properties of the distribution, characterize the photoionization dynamics, provide information on the orbital from which the electron is emitted and experimental geometry [5].

In the case of unaligned atomic targets, we obtain electron asymmetry parameters from equations 2.18 and 2.19 as there is no orientation dependence involved and PADs depend only on the polarization of the incoming radiation and the atomic orbitals from which the electron is emitted. Whereas for molecules, equation 2.18 is used for extracting ion and electron asymmetry parameters describing the laboratory frame angular distribution and equation 2.19 is used to obtain the complete information on the photoionization dynamics. This is done by studying the photoelectron angular distribution in the molecular frame by recording it for different orientations of the molecular axis relative to the quantization axis of the incoming radiation. Following subsections 2.2.2 and 2.2.3 detail the LFPAD (Laboratory Frame Photoelectron (or photoion) Angular Distribution) and MFPAD (Molecular frame Photoelectron Angular Distribution).

Laboratory Frame angular distributions

From equation 2.18, the general form of the angular distribution of a fragment (electron/ion) in the laboratory frame (see figure 2.10) characterizing single-photon ionization (SPI) and two-photon ionization (TPI), of a randomly oriented target (atoms, molecules) ionized by linearly polarized light takes the form,

SP I dσ dΩ (χ) = σ 4π [1 + β 2 P 2 (cosχ)] T P I dσ dΩ (χ) = σ 4π [1 + β 2 P 2 (cosχ) + β 4 P 4 (cosχ)],
(2.20)

2.2. ANGULAR DISTRIBUTIONS P 2 (cosχ) = 1 2 (3cos 2 χ -1) and P 4 (cosχ) = 1 2 (35cos 4 χ -30cos 2 χ + 3) are the Legendre polynomials of the order 2 and 4. β 2 and β 4 are the asymmetry parameters characterizing the angular distribution of the second and fourth order terms.

For single photon ionization, β 2 takes values between -1 and 2 and β 4 = 0. Briefly, the one dimensional (1D) dependence of angular distributions and their corresponding polar plots for the four cases of β 2 = 2, 1, 0, -1 are illustrated in figure 2.7. In the case of two photon processes, β 2 and β 4 obey equation 2.20 and take values such that dσ dΩ (χ) > 0 and -1 < cos(χ) < 1 [16,17]. Figure 2.8 shows the polar diagram for different combinations of (β 2 , β 4 ) as adapted from [17], where β 2 is no longer limited to (-1,2) as for SPI.

Furthermore, the angular distribution of photofragments (electron/ion) when measured relative to the propagation axis is written as

SP I dσ dΩ = σ 4π [1 - β 2 2 P 2 (cosχ ′ )] T P I dσ dΩ = σ 4π [1 - β 2 2 P 2 (cosχ ′ ) + 3β 4 8 P 4 (cosχ ′ )] (2.21)
Here χ ′ is the angle subtended by the emitted photofragment with respect to the propagation axis of the incoming radiation (circularly polarized, elliptically polarized, unpolarized light).

Photoelectron angular distributions

I(χ e ) photoelectron angular distributions (PADs) generated after the ionization of atomic and molecular targets obey equations for single-photon and two-photon ionization (equa- tion 2.20) and from these set of equations we obtain electron asymmetry parameters (β e 2 4 ) for one-photon and two-photon processes. 5 

Physical outcome of photoelectron angular distributions

The relation of photoelectron asymmetry parameters to the partial wave components of the photoelectron wavefunction was pioneered by Cooper and Zare [4,18,19] using an independent electron model and the LS coupled scheme. In the simplest case of atomic targets, this can be linked to the initial orbital from which the electron is emitted. As already discussed in section 2.1.1, for the emission of electrons from an ns subshell for targets like He (figure 2.3), there are no partial wave interferences as there is a single possible ionization channel and the distribution is of the form I(χ e ) ∝ cos 2 (χ e ) having an asymmetry parameter β e 2 = 2 for all energies. Experimentally this leads to an electron image with two lobes in the direction of the polarization axis for all energies, which typically characterize a p-partial wave in the continuum.

For ionization from an np subshell as in Ar and Ne, the angular pattern is more complex with the interference of s and d partial waves (see figure 2.3) as illustrated in section 2.1.1. Following the Cooper-Zare formalism, the asymmetry parameter is then expressed in terms of phases shifts and partial cross-sections for an np (l ′ =1) ionization in [18] as

β e 2 C-Z(l ′ =1) = 2σ 2 d -4σ d σ s cos(η s -η d ) (σ 2 s + 2σ 2 d ) . (2.22)
As a result of the energy dependence of σ s d and η s d , PADs (and β e 2 ) evolve as a 5 In chapter 4, for studying two photon ionization of Ar and Ne, we use β 2 4 without superscript for referring to electron asymmetry parameters β e 2 4 . In chapters 5 and 6 for studying one photon ionization of N 2 and CO we use β e and β i for referring to β e 2 and β i 2 .
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function of the electron energy and as an illustration, the electron energy dependence of the electron asymmetry parameter for PI of Ar is given in figure 2.9, as taken from literature and compared to the results obtained in this thesis work. Additionally, the energy dependence of these PADs is influenced by the correlation effects such as intra or inter shell correlations, relativistic and dipole effects that can eventually differ from one atom to another [20]. E.g., for the valence np ionization of Ar and Ne, different energy dependence of the asymmetry parameters is observed, even though they have a similar orbital character. These differences mainly arise from the interaction between 3p subshell and d type states (intrashell coupling), which occurs for 3p ionization of Ar but is absent for the case of 2p ionization of Ne. For heavier atoms such as Xe, intershell coupling and additional relativistic effects such as spin-orbit coupling contribute to the angular distribution [20]. ) compared to reference [21] as taken from [22]. (b) Sudden change in the asymmetry parameter β SR 2 extracted for Ar (3s 2 3p 6 ) → Ar (3s3p 6 4p) autoionization resonance (taken from [22]). The results are compared to the parameters reported in Berrah et al. [23]. These measurements were performed at PLEIADES beamline, Synchrotron SOLEIL.

In addition, there are features in the continuum such as Cooper minima, autoionizing resonances, shape resonances where the PADs and cross-sections are significantly affected. Figure 2.9(b) presents one such example, where the variation of the asymmetry parameter is plotted as a function of photon energy in the range 26.4 eV to 26.9 eV, for a process corresponding to an autoionizing resonance (3s → 4p) observed in Ar. The change in the asymmetry parameters from β e ≈ 1.8 to β e ≈ 0 for an energy window of 0.5 eV is resulting from the interferences between direct ionization (Ar(3s 2 3p 5 )) and resonant ionization through autoionization [23]. The photoionization dynamics of such electronic interactions, which were highlighted and characterized by one-photon ionization PAD studies in the past decades, are now the subject of time-resolved studies that aim to characterize them in terms of attosecond time delays using attosecond technologies.
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In the case of molecules, the interpretation is more complex as there are several partial waves involved for each orientation of the molecule and we average over all the orientations when studying electron emission in the laboratory frame. The asymmetry parameters in such a situation reveal the distribution of the photoelectrons after ionization but are not directly linked to the dipole matrix elements as for the atomic targets.

For molecules, the complete information is obtained by measuring electron angular distributions in the molecular frame as discussed in section 2.2.3.

Photoion angular distribution

For the studies on DPI of randomly oriented molecules, the angular distribution of the ionic fragments can also be measured, and an asymmetry parameter β i 2 4 can be extracted following equation 2.20. Under the axial recoil approximation, when the molecule dissociates faster than its rotation, the emission direction of each ionic fragments is a signature of the molecular orientation at the instant of the photoionization. The axial recoil approximation is generally obeyed when the processes are characterized by non-zero asymmetry parameters or have strong anisotropies. For the ionic fragments after the single PI, following equation 2.20, β i 2 lies in the range -1 < β i 2 < 2. For β i 2 = 2, a strong anisotropy in the direction of the polarization axis indicating a pure parallel transition (∆Λ = 0) is observed. This involves Σ → Σ or Π → Π (initial state to continuum state) transitions described in subsection 2.1.3.2. From equation 2.20, we note that the distribution is of the form I(χ i ) ∝ cos 2 (χ i ). When β i 2 =-1, a strong asymmetry in the direction perpendicular to the polarization axis corresponding to a perpendicular transition (∆Λ = ±1) i.e Σ → Π or Π → Σ, ∆ transitions is seen. The angular distribution in such a case is I(χ i ) ∝ sin 2 (χ i ). The asymmetry parameter β i 2 = 0 denotes an isotropic distribution with equal contribution from parallel and perpendicular transitions. This also indicates the possibility of the breakdown of axial recoil approximation. In such a scenario, the molecule undergoes rotation at a time scale faster than the dissociation process, and thus the emitted ionic fragments will not be displaying any significant features. If the asymmetry parameter is greater than zero β i 2 > 0, the process is dominated by parallel transition and when β i 2 ≤ 0, perpendicular transition dominates the ionization process.

Molecular Frame Photoelectron Angular Distributions

In molecular photoionization, the interaction of the molecular gas targets with the XUV photons induces transitions from an initial bound state to a final state in the continuum. As there is no quantization of energy possible for the final continuum state ('infinite degeneracy'), photoelectrons are emitted in all possible directions with respect to the molecular axis [11]. Molecular Frame Photoelectron Angular Distributions (MFPADs) are then defined as the differential cross-section

T (1)
if which is a function of the polar and azimuthal angles (θ e , φ e ) of electron emission in the MF as written in equation 2.16 [11]. These angular patterns, resulting from the interference of different partial waves constituting the photoelectron wavefunction, probe PI dynamics by providing access to the partial wave character of the photoelectron wavefunction, molecular potential, geometry of the molecular system and so on.

In the axial recoil approximation, the process of electron emission is well explained in the molecular frame and the MFPAD is obtained by referencing the electron velocity vector ⃗ v e with respect to that of the ion fragment ⃗ v i . Using a set of Euler angles, velocity vectors ⃗ v i and ⃗ v e are transformed from LF to MF and one can define the spherical coordinates (θ e , φ e ) of the electron emission with respect to the MF. A schematic diagram for a typical rotation of LF to MF is shown in figure 2.10 and all the angles are defined in their respective frames of reference. The molecular axis is directed along z M F in the MF. y M F is perpendicular to the plane x M Fz M F containing the molecular axis and light quantization axis ⃗ e. MFPADs are defined for a particular orientation χ i of the molecular axis with respect to the quantization axis ⃗ e. With this definition of MF coordinate system (x M F , y M F , z M F ) with unit vector (x M F , ŷMF , ẑMF ), the polar angle and azimuthal angles of the electron emission with respect to the direction of the outgoing ion are given by,

cos(θ e ) = ⃗ v e .ẑ M F ⃗ v e tan(φ e ) = ⃗ v e .ŷ M F ⃗ v e .x M F (2.23) CHAPTER 2.
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In this work, we record MFPADs of various DPI processes for any orientations of the molecule with respect to the quantization axis of the incoming radiation. Linearly polarized and circularly polarized light were used for the extraction of MFPADs and F LN functions [24]. The following sections lay out the importance of MFPADs, the F LN functions and extraction of MFPADs using these set of F LN functions. For the discussion, we mainly follow references [5,11,24,25].

Historical development

In his seminal work, Dill proposed molecular photoionization studies in the molecular frame to be able to access the full information on photoionization dynamics [14]. The author obtained expressions for the differential cross-section for 'fixed molecule angular distribution' for different orientations of the molecule in terms of the dynamical parameters of the photoionization [14]. Experimental measurements of MFPADs in inner-shell ionization of N 2 [26], valence shell ionization of O 2 [27] became the first few measurements in this direction, which later on became an important probe of molecular photoionization. For the extraction of MFPADs or angular distributions of fixed in space molecules, there are three main approaches, as presented in [11].

1. 'Post-orientation' approach: In this methodology, one can measure the MFPADs for ionization of randomly oriented molecules into dissociative ionic states. From the information on the photoelectron emission, photoion emission and direction of polarization axis, one can measure MFPADs. Molecular orientation is determined under the axial recoil approximation and reconstructed after the ionization event. This approach is restricted to DPI processes, and their interpretation is simplest in the framework of axial recoil approximation. For larger (polyatomic) molecules or when the molecules have larger dissociation times, recoil frame PADS (RFPADs) are recorded instead of MFPADs, which are eventually capable of determining the dissociation time on comparing with the theoretical RFPADs [28,29]. This methodology of 'post-orientation' approach is used by several groups studying inner shell and inner valence ionization, notably [24,27,30] to list a few. The current thesis work follows this methodology with the help of the vector correlation approach studying DPI processes of N 2 , CO, NO and coincident detection of the produced photo-fragments.

2. Concurrent orientation: Partial alignment/ orientation of the molecules is achieved by (n+1) multiphoton ionization, where the transition from an initial bound state to a final excited state (bound) by n photon transitions induces a partial alignment of the molecule and a final photon ionizes the partially aligned molecular target. This approach plays a significant role in the studies of excited states (references in [15]).

ANGULAR DISTRIBUTIONS

3. Pre-orientation approach: Another possibility is aligning the molecule prior to the ionization event using strong laser pulses. For the particular orientation achieved, PADS of the fixed in space molecules are recorded and their PI parameters are extracted [31][32][33][34].

Expansion of the MFPAD using F LN functions

As discussed in the previous sections, the differential cross-section T

if is a function of the polar and azimuthal angles (θ e , φ e ) defining the electron emission direction in the MF and Euler angles (molecular orientation) for the rotation of MF to laboratory frame (LF) featuring the orientation of the molecular axis in the field frame. For single-photon ionization of linear molecules in the dipole approximation, it was shown that T (1) if can be expressed as a linear combination of products of one-dimensional functions F LN (θ e ) of the polar emission angle and simple trigonometric functions: (cosine, sine) of the azimuthal angle (φ e ) and simple associated Legendre polynomials of the χ i Euler angle [11]. The F LN (θ e ) are further decomposed in terms of Legendre polynomials and contains all the information about the PI dynamics of the studied molecule.

T if (χ i , θ e , φ e ) = L=0,2 L N =0 F LN (θ e )P LN (cos χ i ) cos(N φ e ) (2.24) 
The derivation of the general form of the T

if MFPADs in terms of the F LN (θ e ) functions, and the associated differential cross sections in the MF for different molecular orientations using linearly, circularly and elliptically polarized light is reviewed in various references [11,24,25,[START_REF] Dowek | Photoemission in the molecular frame using the vector correlation approach: from valence to inner-valence shell ionization[END_REF]. In this thesis, as experiments are mainly performed on diatomic molecules using linearly and circularly polarized light, we restrict the discussion to these two specific cases.

The complete photoelectron angular distribution I(χ i , θ e , φ e ) for photoionization of a diatomic molecule induced by linearly polarized light (LP) is given as [START_REF] Dowek | Photoemission in the molecular frame using the vector correlation approach: from valence to inner-valence shell ionization[END_REF].

I(χ i , θ e , φ e ) LP = F 00 (θ e ) + F 20 (θ e )P 0 2 (cos(χ i )) + F 21 (θ e )P 1 2 (cos(χ i ))cos(φ e ) + F 22 (θ e )P 2 2 (cos(χ i ))cos(2φ e ) (2.25) 
where θ e , φ e characterize the polar and azimuthal angles of the emitted electron in the MF. χ i represents the polar angle of the molecular axis with respect to the polarization axis of linearly polarized light. These functions are retrieved from the Fourier analysis of In the above expression, the s 3 Stokes parameter [START_REF] Born | Principles of Optics 6e[END_REF] is known (s 3 = ±1 for circularly polarized). If s 3 ≠ 1, the only difference is the introduction of s 3 in the equation after considering a general case of elliptically polarized light. The 3D I(χ i , γ i , θ e , φ e ) MFPADs for the general case for an elliptically polarized light with a definite (s 1 , s 2 ¸s3 ) stokes parameters are a function of the polar and azimuthal angles of ion emission (χ i , γ i ) in the laboratory frame and (θ e , φ e ) of electron emission in the molecular frame. The general expression is given in [START_REF] Lebech | Vector correlations in dissociative photoionization of small polyatomic molecules[END_REF] and further used in [START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF] and [START_REF] Veyrinas | Photoémission dans le référentiel moléculaire: une sonde de la dynamique électronique et nucléaire et de l'état de polarisation du rayonnement ionisant[END_REF]. The integration of the general expression over the azimuthal angle γ i reduces the 3D I(χ i , γ i , θ e , φ e ) into an expression similar to the one reported in expression I(χ i , θ e , φ e ) in 2.26. Here, on using elliptically polarized light, the coefficient F 11 for P 1 2 (cos(χ i )) is multiplied by s 3 as given below, This knowledge is used to determine the polarization state of light with an unknown s 3 parameter, to be implemented in the application of molecular polarimetry [START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF][START_REF] Barreau | Evidence of depolarization and ellipticity of high harmonics driven by ultrashort bichromatic circularly polarized fields[END_REF] discussed further in section 3.1.3.

I χ 1 -χ 2 (
I s 3 (χ i , θ e , φ e ) EP = F 00 (θ e ) - 1 
As an illustration, figure 2.11 displays the measured and theoretical F LN functions as a function of polar emission angle θ e extracted for photoionization into the NO + (c 3 Π) state which is discussed in detail in previous works [28,[START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF][START_REF] Veyrinas | Photoémission dans le référentiel moléculaire: une sonde de la dynamique électronique et nucléaire et de l'état de polarisation du rayonnement ionisant[END_REF]. The five (electron) energy dependent F LN quantities give access to the dipole matrix elements, magnitudes and phases through their expansion in Legendre polynomials as illustrated in section 2.2.3.4. From expression 2.25, the azimuthal dependence of the MFPADs is encoded in the F 21 (θ e )cos(φ e ) and F 22 (θ e )cos(2φ e ), F 11 (θ e )sin(φ e ) terms. The whole integration of the MFPAD (equation 2.25) in polar and azimuthal angles provides the total cross-section [START_REF] Veyrinas | Photoémission dans le référentiel moléculaire: une sonde de la dynamique électronique et nucléaire et de l'état de polarisation du rayonnement ionisant[END_REF] and further developed in [START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF][START_REF] Veyrinas | Dissociative photoionization of NO across a shape resonance in the XUV range using circularly polarized synchrotron radiation[END_REF].

of the process studied and is reduced to an expression in terms of F 00 function as,

C = 2π
F 00 (θ e )sin(θ e )dθ e (2.28)

Again from the F LN functions, we obtain ion asymmetry parameters given by, For the case of linear molecules, a simplification of F LN functions arises when the transition is happening from an initial bound state of Σ + symmetry to a final state of Σ + symmetry (Σ + → Σ + ) as in the case of N 2 and CO or (Π → Π) as in NO or (Σ -→ Σ -). In this special case, F 22 is related to F 00 and F 20 [11,25] and this reduces the number of independent F LN functions to 3 for the case of linearly polarized light and 4 for circularly polarized light. In such a case, F 22 function is positive for all emission angles.

β i = ∫ F 20 (
3F 22 (θ e ) = F 00 (θ e ) - 1 2 F 20 (θ e ) F 22 > 0 for (Σ → Σ) or (Π → Π) (2.30)
With the set of five functions, we thus can determine the circular dichroism in the molecular frame for any molecular orientation with respect to the propagation axis of the incoming light. We define a parameter circular dichroism in photoelectron angular distribution (CDAD) for a molecule, with the axis oriented at an angle χ i = 90 ○ with respect to the propagation axis and for electron emission perpendicular to the propagation axis (φ e = 90 ○ ) [28]. From the set of F LN functions, one obtains the 3D MFPAD I χ i (θ e , φ e ) 6 for any molecular orientation. For the discussion in this work, we mainly focus on chosen orientations of the molecule, i) parallel (χ i = 0 ○ ) ii) perpendicular (χ i = 90 ○ ) iii) magic angle (χ i = 54.7 ○ ) or at 45 ○ with respect to the polarization axis of linearly polarized light and iv) χ i = 90 ○ with respect to the propagation axis of circularly polarized light. [START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF][START_REF] Veyrinas | Photoémission dans le référentiel moléculaire: une sonde de la dynamique électronique et nucléaire et de l'état de polarisation du rayonnement ionisant[END_REF][START_REF] Veyrinas | Dissociative photoionization of NO across a shape resonance in the XUV range using circularly polarized synchrotron radiation[END_REF]. Used with permission of ROYAL SOCIETY OF CHEMISTRY, from [START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF]; permission conveyed through Copyright Clearance Center, Inc.

I CDAD (θ e ) χ i =90,φe=90
The molecular orientations χ i = 0 and χ i = 90 ○ describe well the parallel transition (∆Λ = 0) and perpendicular transition (∆Λ = ±1) which are introduced in section 2.1.3. We highlight these two orientations often in the discussion of the results.

For χ i = 0 ○ or 180 ○ , the MFPAD with an azimuthal symmetry is then expressed using F 00 and F 20 functions as,

I ∥ (θ e , φ e ) = I χ i =0 (θ e , φ e ) = I ∥ (θ e ) = F 00 (θ e ) + F 20 (θ e ) (2.32)
In the case of perpendicular orientation χ i = 90 ○ MFPADs show an (φ e ) azimuthal (angle) dependence and is then expressed as, The integration of the MFPAD over the azimuthal angle (φ e ) gives the 1D polar angle distribution for orientations χ i = 0 and χ i = 90 denoted by I ∥ (θ e ) and I ⊥ (θ e ) (without considering the term 2π) 

I ⊥ (θ e , φ e ) = I χ i =90 (θ e , φ e ) = F 00 (θ e ) - 1 
I ∥ (θ e ) = I χ i =0 (θ e ) = F 00 (θ e ) + F 20 (θ e ) I ⊥ (θ e ) = I χ i =90 (θ e ) = F 00 (θ e ) - 1 
Figure 2.12 presents the MFPADs at different orientations of the molecular axis with respect to the quantization axis of the incoming radiation.

The formalism based on F LN functions has been extended to multiphoton ionization in previous MPI studies of the NO 2 molecule in a REMPI scheme [START_REF] Poullain | Recoil frame photoemission in multiphoton ionization of small polyatomic molecules: photodynamics of NO 2 probed by 400 nm fs pulses[END_REF]. In the case of two photon ionization processes relevant for the RABBITT scheme, the general form of the MFPADs I(θ e , φ e , χ i ) expands as, 

I(θ e , φ e , χ i ) = L=0,2,4 L N =0 F LN (θ e )P LN (cos χ i ) cos(N φ e ) ( 2 
F LN (θ e ) = 2lmax L ′ C L ′ LN P N L ′ (cosθ e ) (2.39) 
Here the coefficients C L ′ LN are functions of the DMEs. Their complete expression is developed in reference [24].

The complex-valued DMEs are extracted either from a fit of the experimental data by using a non-linear fit of the C L ′ LN coefficients as described in [24] or from a fit of the retrieved MFPADs for different (θ e , φ e ) emission direction as in [28]. In [28] the steps involved in the fitting process are well explained: using C L ′ LN coefficients obtained from a circularly polarized experiment, the MFPADs for different geometries are retrieved and fitted using a linear least-square fit of the C L ′ LN coefficients' leading to the extraction of the magnitudes and phases of the experimentally derived DMEs.

Shape resonances

Molecular shape resonances appear as a broad feature in photoabsorption and photoionization cross sections [START_REF] Piancastelli | The neverending story of shape resonances[END_REF]. The phenomenon, as described by Dehmer in [START_REF] Dehmer | Shape resonances in molecular fields[END_REF] is a 'quasibound' state where the electron is trapped in a potential barrier from which the electron tunnels out and escapes. These resonances produce intense spectral features as a result of the localization of the shape resonance arising from the enhancement of the electron density in the molecular core [START_REF] Dehmer | Shape resonances in molecular fields[END_REF]. Such a quasibound state influences the PI properties such as photoelectron spectra, branching ratio, photoelectron angular distribution, Auger electron distribution. Experimentally, the identification of a shape resonance is carried out mainly by studying the cross-section curve or the photoelectron or photoion angular distribution characterized by the asymmetry parameters. A well-defined orbital angular momentum character is transferred to the emitted electron, which is later on encoded in the PADs in the molecular frame. In such a case, the dominance of a single partial wave component is seen in the photoelectron wave function.

Such a resonance near-threshold was first studied for the σ u resonance of the K shell ionization of N 2 in [START_REF] Dehmer | Shape resonances in K-shell photoionization of diatomic molecules[END_REF][START_REF] Dehmer | Molecular effects on inner-shell photoabsorption. K-shell spectrum of N2[END_REF]. 7 A photoelectron with an angular momentum l=1 is produced in this case, where the molecular potential scatters the p partial wave electron into different angular momentum states corresponding to σ (∆λ =0) and π (∆λ =1) ionization channels. The higher angular momentum component (l=3) of σ u continuum wave function undergoes a sudden penetration into the molecular core region and is trapped, where a phase shift 2.3. SHAPE RESONANCES of π is seen for a range of electron kinetic energies. An enhancement of the photoelectric current with l=3 character is seen in the σ continuum. With the advancement in angleresolved spectroscopic studies, it was shown that the shape resonances affect mainly the σ channel in the continuum. These resonances are generally observed 10 eV or so above the respective ionization threshold (various orbitals). Results were reported on the dramatic shape resonance behaviour in polyatomic molecules such as SF 6 , BF 3 and other simple systems like NO, O 2 , CO (references in [START_REF] Dehmer | Shape resonances in molecular fields[END_REF]).

In this work, we report on the photoionization dynamics across strong shape resonances which exhibit a maximum about 10 eV above threshold in the inner valence region of N 2 , CO described in chapters 5 and 6 and NO. An electron is excited from a σ orbital to a σ * orbital as seen in 2σ g → kσ u of N 2 , 3σ → kσ * of CO, 4σ → kσ * of NO. [START_REF] Wallace | Shape resonant features in the photoionization spectra of NO[END_REF]. Reprinted from [START_REF] Wallace | Shape resonant features in the photoionization spectra of NO[END_REF], with the permission of AIP Publishing. [START_REF] Wallace | Shape resonant features in the photoionization spectra of NO[END_REF] shows the evolution of the cross section and electron asymmetry parameter of the c 3 Π ionic state of NO across the σ * shape resonance featuring a maxima and minima around 30 eV, respectively. The σ → σ * resonance included in 4σ → kσ channel is clearly identified by their strong evolution. [START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF]. Used with permission of ROYAL SOCIETY OF CHEMISTRY, from [START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF]; permission conveyed through Copyright Clearance Center, Inc.

CHAPTER 2. ANGULARLY RESOLVED PHOTOIONIZATION IN ATOMS AND MOLECULES

The influence of this uprising shape resonance in the MFPADs is presented in figure 2.14 for the dominant parallel transition where the molecular axis is oriented parallel to the polarization axis of linearly polarized light. Figure 2.14 shows the MFPADs in the photon energy region 24 eV to 33 eV with changes in the PADs corresponding to the influence of a strong f partial wave character and a phase shift of π observed in the matrix elements [28,[START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF]. There is a strong electron emission anisotropy observed in the direction of the O end of the NO molecule around 30 eV at the maximum of the shape resonance. The dominance of f partial wave and phase shift of π for l =3, m = 0 is seen for a photon energy 30 eV in figure 2.15 adapted from reference [28]. Reprinted from [28], with the permission of AIP Publishing.

Recently these shape resonance features gained interest for the studies using attosecond light sources for extracting time delays in photoemission [START_REF] Huppert | Attosecond delays in molecular photoionization[END_REF][START_REF] Nandi | Attosecond timing of electron emission from a molecular shape resonance[END_REF][START_REF] Loriot | High harmonic generation-2ω attosecond stereo-photoionization interferometry in N 2[END_REF]. The trapping of the electrons in the molecular potential leads to larger emission delays across these structures.

In this thesis work, the main discussion is on the shape resonances in the inner valence region of N 2 and CO, featuring a σ u or σ shape resonance in the ionization threshold of 2σ g in N 2 or 3σ in CO. The photoionization properties such as ion and electron asymmetry parameters, MFPADs, magnitudes and phases of DMEs are extracted for a photon energy range 25 eV to 60 eV across various shape resonances identified in this region.

Conclusion

The fundamental concepts required for achieving the main goal of performing an angleresolved (atomic and molecular) PI experiment in this thesis are reviewed in this chapter. From the basic Cooper Zare formalism developed for a one-electron atom, the angular distribution of the photoelectrons is expressed in terms of magnitudes and phases of the DMEs, realizing a complete PI experiment. This formalism is extended to multielectron atoms undergoing single and two-photon ionization and further studied for single-photon ionization of molecular targets. In the case of molecular photoionization, we focus on angle-resolved experiments involving dissociative processes in the inner valence ionization region, where the 3D MFPADs are extracted using an expansion in the F LN functions. This investigation on the PADs in the MF provides information on the energy-dependent DMEs and thus becomes a sensitive tool in probing the PI dynamics. The experimental methodology for achieving the goal using electron-ion coincidence 3D momentum spectroscopy and advanced light sources employing the Vector correlation method is developed in the following chapter (chapter 3).

Chapter 3 Experimental Methods

The studies on photoionization (PI) of atoms and dissociative photoionization (DPI) of molecules using the vector correlation approach, after collecting ions and electrons in coincidence, are realized using XUV radiation at FAB10 beamline Attolab laser facility, CEA and Synchrotron SOLEIL facility (DESIRS and PLEIADES Beamlines). The supersonic gas jet, either molecular (N 2 , CO, NO) or atomic (Ar, Ne, He) interacts with the pulsed XUV photons at the centre of an electron-ion coincidence 3D momentum spectrometer. The electrons and ions generated after the ionization process are collected on two position and time sensitive detectors at the two ends of the spectrometer, after being accelerated through the extraction region in the presence of electric and magnetic fields. The position and time of flight of the photoelectrons and ions detected in coincidence are recorded employing a multidimensional data acquisition and data analysis software, facilitating the reconstruction of 3D momentum vectors and MFPADs. The schematic diagram figure 3.1 shows an outline of various steps or protocols followed for studying the DPI of molecules. This chapter describes the vector correlation principle and basic components of the experimental setup used for our photoionization experiments. Section 3.1 briefly describes the vector correlation method outlining the extraction of energy and angular observables and their significance in a PI experiment. Section 3.2 gives a brief description of the CIEL-CV 80 spectrometer and Helmholtz coils providing electric and magnetic fields that guide the photofragments and subsection 3.2.3 sketching the data detection and data acquisition procedures. This is followed by section 3.3 which provides the basic description of the two light sources: Attolab laser facility, CEA and Synchrotron SOLEIL facility used for the completion of the work.

Vector Correlation method

For studying dissociative photoionization (DPI) processes in molecules leading to the production of an ionic fragment A + , a neutral fragment B and a photoelectron, we employ the ( ⃗

V A + , ⃗ V e , ê)
Vector Correlation method where correlated 3D velocity vectors of the produced ionic fragments ( ⃗ V A + ) and electron ( ⃗ V e ) produced in a DPI event are measured for each detected DPI event and used for the determination of the full 3D momentum vectors of the photo fragments. Here ê is the light quantization axis, which is the polarization axis for linearly polarized light and the propagation axis for circularly polarized light. For each DPI event, the determination of the 3D momentum vectors enables us to extract energy and angular observables/3D MFPADs leading to the complete characterization of the photoionization dynamics. The vector correlation method was studied earlier for the fragmentation dynamics of diatomic molecules and extended to small polyatomic molecules [1][2][3][4].

For the implementation of the vector correlation method, we adopt electron-ion coincidence momentum spectroscopy detailed in the following section 3.2.

Energy observables

Following the basic description given in section 2.1.3, photoionization of a diatomic molecule (AB) produces a molecular ion (AB + ) in an ionic state with binding energy (BE) and photoelectrons of energy (E e ) given by E e = hν -BE, where hν is the photon energy. The molecular ion (AB + ) further dissociates through a dissociation limit L n with energy E D producing an ionic fragment (A + ) and a neutral fragment (B) with energies E i and E N respectively. The DPI process can be formulated after obeying energy and 

E D =

Electron energy

E e +

Ion energy

E i + Neutral fragment energy E N = E e + KER = E e + (1 + m i m N )E i , (3.1) 
where KER is the kinetic energy release, which is the sum of ion and neutral fragment energy. m i and m N denote the mass of the ionic and neutral fragment, respectively.

The kinetic energy correlation of the coincident ion and electron fragments in a DPI event is presented in a bidimensional colour plot, called kinetic energy correlation diagram (KECD). A typical (A + , e -) KECD is shown in figure 3.2 with electron energy E e along y-axis (left) and binding energy (BE) along y-axis (right), energy of A + ion (E i ) along x-axis (bottom) and kinetic energy release (KER) along x-axis (top). The red diagonal lines labelled L n (in figure 3.2(a) we see the L 1 limit) represent different dissociation limits associated with the formation of ion and neutral fragments. In figure 3.2 DPI processes dissociating to produce (A + , e -) fragments leads to peaks/structures in the KECDs after accumulation of the data points, corresponding to definite electron energy, ion energy, dissociating through a specific dissociation limit marked L 1 in figure 3.2(a). Several other processes dissociating to higher dissociation limits such as L 2 , L 3 are identified and 3.1. VECTOR CORRELATION METHOD labelled in figure 3.2(b). Each of the peaks is chosen after defining an energy window in terms of electron energy, ion energy and dissociation energy as shown by selections made in figure 3.2(a) for process I and in figure 3.2(b) for processes III and IV. Later on, the selected (A + , e -) events are studied for their energy observables and angular properties.

Branching ratio

For each selections made in figures 3.2(a,b) one can extract the branching ratio, which quantifies the relative importance of a DPI process. The branching ratios (BR) in an experiment with a complete (4π) collection of electrons and ions are then determined integrating the number of counts within a selection made in the KECD. BR is then formulated here as,

BR =
Number of events in a selection Total number of events in a KECD Other energy correlation diagrams Similar to the (A + , e -) KECD in terms of (E i , E e ) or (KER, BE) given in figure 3.2, one can present the energy correlation in terms of dissociation energy and the corresponding CHAPTER 3. EXPERIMENTAL METHODS ion/electron energy. Figure 3.3 presents the (A + , e -) KECD in terms of (a) (E i , E e ) (b) (E i , E D ) and (c) (E e , E D ) containing similar information on the DPI process. Corresponding projections on x and y axis of the plots produce the (d) 1D ion energy spectrum (e) 1D electron energy spectrum and (f) 1D dissociation energy spectrum.

Information on the reaction pathway

The kinetic energy correlation of the coincident electron and ion fragments provides information on the reaction pathway and the corresponding DPI process. For the DPI of diatomic molecules, three main classifications are made depending on the characteristics of the ionic state involved.

1. Process (I) identified as a sharp peak in figure 3.2(a) is associated with ionization to a well resolved ionic state in the continuum, e.g. a given vibrational level, which is later dissociating through a dissociation limit. A well-defined electron and ion energy are obtained for such processes.

2. Process (II) in figure 3.2(a) corresponds to an ionization into a bound ionic state which is holding vibrational levels within the Franck Condon region and later predissociating through a single dissociation limit. One can identify different processes resolved vibrationally with different electron and ion energies. A selection is made in terms of dissociation energy (marked as white dash-dot lines) to show the vibrational transitions.

3. Processes (III or IV) in figure 3.2(b) are displaying an elongated structure along the diagonal, with a range of electron and ion energies. Such a structure is associated with a transition into an ionic state with a repulsive potential in the Franck Condon region, where continuous sharing of electron and ion energy takes place.

Relevance of the bidimensional KECD in a PI experiment

The importance of a bidimensional correlation diagram and vector correlation approach lies in its ability to resolve each DPI process based on ion energy, electron energy and dissociation energy. As an illustration, we chose a selection of (A + , e -) coincident events lying in the binding region above BE = 34 eV in figure 3. region. As an example, for selecting (isolating) process IV in figure 3.2(b), we make the following energy windows as shown in the 2D diagrams in figure 3.4(a-c) (marked by white dash lines) or in the corresponding 1D spectra as given by the shaded region in figure 3.4(d-f). The (A + , e -) coincident events in this selection with a definite or continuous (E e , E i , E D ) are then isolated and further studied for energy and angular observables at different photon energies. This possibility of isolating a process within a binding energy selection as done for process IV is solely due to the energy correlation of the coincident (A + , e -) events illustrated in the (A + , e -) KECD. In chapter 5 and 6, we report on (N + , e -) and (C + , e -)/ (O + , e -) KECDs obtained after DPI of N 2 and CO at different photon energies, which support our investigation on the photoionization dynamics of these simple molecular targets.

Angular observables

Each of the selected processes is studied for its angular properties, where we extract ion and electron asymmetry parameters and MFPADs at definite photon energies. Recalling the definitions in section 2.2.3, the ion emission angle χ i is defined by the polar angle of ⃗ V A + with respect to the polarization axis ê. This characterizes the orientation of the molecular axis. The electron emission angle χ e is defined by the polar angle of ⃗ V e with respect to ê. (θ e , φ e ) are the polar and azimuthal angles of ⃗ V e with respect to ⃗ V A + characterizing electron emission in the molecular frame.

Extraction of Asymmetry parameters

Ion and electron asymmetry parameters characterizing the ion and electron angular distribution in the laboratory frame are extracted for each selection in the (A + , e -) KECD after fitting the 1D polar angle distribution (I(χ i e )) with equation 2.18. Figures 3.5(a-d) present the ion and electron images obtained and the corresponding 1D ion and electron angular distributions in the lab frame for a selected process with their fits providing β i and β e . The ion asymmetry parameter obtained is in close agreement with the β i extracted through the F LN functions using equation 2.29. The error reported for determining the asymmetry parameters corresponds to the statistical uncertainty obtained from a chi-square fit of the data. 

Extraction of F LN functions

In section 2.2.3.2 we note that the 3D MFPAD I(χ i , θ e , φ e ) for each process is expressed in terms of the F LN functions. From the analysis of the measured 3D MFPAD I(χ i , θ e , φ e ) using circularly polarized light, we extract all the five F LN functions (or extract four F LN functions using linearly polarized light) and reconstruct the 3D MFPADs for any orientation of the molecule. These F LN functions are extracted through a Fourier analysis in φ e for different selections in ion emission angle χ i . For the case of circularly polarized light, different ion angular selections 0 ○ < χ i < 180 ○ , 0 ○ < χ i < 90 ○ and 60 ○ < χ i < 120 ○ are made, and the angular distributions 

I χ i 1 -χ i 2 (θ e ,
If the polarization state is not known, we rely on equation 2.27 and perform Molecular Polarimetry using NO to retrieve the s 3 parameter and characterize the light.

Characterization of the light polarization state

Most of the experiments related to dissociative ionization of molecules reported in this work aimed to use circularly polarized light, for which the quantization axis is the light propagation axis which is well defined. As for any polarization state of the light, when using the propagation axis as a reference axis, the general form of the MFPAD function of three angles I(χ i , θ e , φ e ) is expressed as given in section 2.2.3.2. The Fourier analysis of the I(χ i , θ e , φ e ) expansion leads readily to the four F 00 , F 20 , F 21 , F 22 functions, and to the product s 3 *F 11 . The complete information about the PI process, therefore only requires the knowledge of the s 3 parameter characterizing the helicity of the light. Although several beamlines in the XUV range deliver radiation with different polarization states, linear or circular, very few are equipped with in-situ optical polarimeters giving access to the precise polarization state, and the preparation of well controlled circular polarizations with s 3 Stokes parameters close to ±1. This is the case on the DESIRS beamline at SOLEIL, where an optical polarimeter [5] is installed just before the end station. This possibility to fully characterize the polarization state of the XUV photons by s 1 , s 2 , and s 3 Stokes parameters on DESIRS beamline lead the opportunity to demonstrate a method entitled "molecular polarimetry" [4,6] based on the general expression of the I(χ i , γ i , θ e , φ e ) MFPAD in terms of the Stokes parameters when PI is induced by elliptically polarized light, as mentioned in Chapter 2. Thereby, using the CV-40 spectrometer and the SAPHIRS setup on DESIRS, a series of reference F LN functions could be established for a prototype DPI reaction of the NO molecule with s 3 close to ±1, up to a photon energy of 35 eV which is basically the limit of the available energy region at the beamline. In addition, the close agreement between the theoretical and the measured reference F LN functions for this reaction in the energy region up to 35 eV provides confidence in using the information on the theoretical F LN functions for the experiments where the references are not readily available (such as experiments on NO above 35 eV). Finally, when performing experiments on PLEIADES beamline, a consistent evaluation of the s 3 Stokes parameter was obtained in the energy range qualified by the reference functions. This context supports the assumption that s 3 is close to 1 for the data reported at higher energies. On the other hand, when linear polarization was used at Attolab, we also took advantage of the molecular polarimetry to control the polarization state [7].

CIEL experimental set up

The experiments performed in this work used the CIEL COLTRIMS-type setup, constituted of a CV-80 spectrometer (where CV stands for Corrélations Vectorielles and 80 features the diameter of the detectors in mm); however, few results presented were obtained using the previous CV-40 electron-ion coincidence 3D momentum spectrometer installed in the SAPHIRS vacuum chamber equipped with a supersonic expansion (DESIRS beamline). This section briefly outlines the main characteristics of the two spectrometers and setups, their common components and structural differences.

Supersonic expansion

In both electron-ion coincidence 3D momentum spectrometers, photoionization occurs in the interaction region defined at the crossing of a supersonic gas jet and the light beam. The supersonic expansions (SAPHIRS [8], CIEL [9]) use a dedicated jet chamber with a high pumping capability (1000 l/s) where the gas expands from the nozzle (typically 70 µm diameter) to the first skimmer (≈ 500 µm), then an intermediate chamber equipped with a differential pumping giving access to the interaction chamber through a second skimmer (≈ 700 µm). This selects the central part of the supersonic gas jet and reduces the transverse components of the velocity vectors of the gas target, significantly improving the resolution.

The flow of the gas target with a backing pressure of a few bars (1 to 1.5 bar) is optimized by a three-axis manipulator before the entry into the vacuum chamber (approx 10 -8 mbar UHV). The optimization is done by maximizing the relative importance of the 'real events' in the interaction region, which are produced after PI of the target localized in the supersonic gas jet compared to that of the 'thermal events' produced after the 3.2. CIEL EXPERIMENTAL SET UP ionization of the residual gases in the spectrometer. Typical supersonic/thermal ratios in the range 5 to 10 are obtained depending on the target.

Double velocity spectrometers

Ions and electrons resulting from photoionization (or DPI) are extracted from the interaction region and driven to their respective detector on each side of the double velocity spectrometer through two different sets of electrostatic (CV-40) [10] and electrostatic plus magnetostatic (CIEL) fields [11], as described below. The E and/or B fields govern the trajectories of the charged particles which hit the detector at a specific impact position and arrival time. Measuring the impact coordinates and arrival time for each particle enables us to determine its initial velocity vector. The extraction conditions are chosen to ensure a 4π collection of ions and electrons.

CV-40

CV-40 or Corrélations Vectorielles-40 , where 40 stands for the size of the detector in mm, was developed during the thesis of M Lebech [12] and was used for the DPI experiments on NO, N 2 O, CO [2,6,10,13]. CV-40 is divided in four main regions 1) interaction zone 2) extraction zone 3) time of flight tube 4) acceleration zone before the detector. A series of electrodes is providing a uniform extraction field. There is a grid G1 at the end of the extraction zone, followed by two electrodes E1 and E2, providing additional potential generating an electrostatic lens. This set of electrodes produces a focusing effect, thereby reducing the effect of the size of the interaction zone and increasing electron TOF resolution [12], which both contribute to improve the resolution of the spectrometer. Then the particles travel through a field-free time of flight tube, which is twice the length of the extraction region (Wiley-Mac Laren conditions) (drift region) with a grid G2 at the end of the tube. Two position and time-sensitive detectors DLD-40 from RoentDek are placed at the ends for collecting coincident ions and photoelectrons. More detailed discussion on CV-40 and SAPHIRs gas jet is presented in [10,12,14].

During the current thesis work, few experiments done using CV-40 and SAPHIRS gas jet in 2012 were analyzed and are reported. Even though this setup provided an energy resolution of 0.1 eV at 10 V/cm (with focalization), and was sufficient to resolve vibrational structures in molecules (N 2 , CO, O 2 ) or 2 P 1 2 -2 P 3 2 fine structure of Argon, it was not possible to collect high energy electrons without compromising the energy resolution. For the present studies involving high energy electrons, the CIEL set up, based on the principle of a Cold target Recoil ion Momentum spectrometer (COLTRIMS) or reaction microscope, with CV-80 spectrometer and an additional magnetic field is used. 

CIEL

For our photoionization experiments we used the COLTRIMS type [15] set-up, CIEL, derived from the previous versions [9,11]. Combining the use of cold target recoil ions with electric and magnetic fields, the COLTRIMS or Reaction microscope [15][16][17] ensures a 4π solid angle collection of energetic electrons confirming a better momentum resolution.

In the COLTRIMS type CIEL set up, in addition to the electric fields in the experimental geometry of CV-40/ CV-80, uniform magnetic fields are introduced in the B z direction (along the spectrometer axis) after passing current through two large Helmholtz coils shown in figures 3.6 and 3.8. Additionally, compensation coils eliminate the influence of earth's magnetic field or other stray fields, ensuring a homogeneous field along the z-axis. The spectrometer combining the use of electric and magnetic fields governs the helical trajectories of the electron fragments and parabolic trajectories of the ion fragments as given in section A. The spectrometer (figure 3.7) consists of a series of 15 electrodes on the electron side and 16 electrodes on the ion side that are capable of providing a uniform extraction field of about 4 to 60 V/cm. There are four main regions i) zone of interaction ii) zone of acceleration (extraction) of about iii) acceleration free region (drift region) iv) acceleration region before the detector. Along with these electrodes, there is an electrostatic lens in the ion side of the spectrometer [10] providing focusing effects for the ions and ensuring an increase of the acceptance angle. Electrodes in the CIEL set up have larger diameters due to the helical motion of the electrons.

Choosing E and B fields: As ion fragments follow a parabolic path, the maximum ion energy ensuring a 4π collection determines the limit on the extraction field used in an experiment. Equation A.6 gives the relationship between E, B and the maximum radius of electrons that are collected on the detector. In the current experimental setup, for the chosen 1 1 2 turns for the helical trajectory of electrons and a detector size of R D =40 mm, the strength of the B field is determined from the known E field. As an illustration for ion energy of 1 eV, the extraction field required is 10 V/cm to ensure a radius of 37.20 mm less than R D . Table 3.1 presents the typical electric fields and the corresponding TOF and position observables for ions of energy 1 eV and 5 eV guided by different electric field configurations in the 1) absence of focalization 2) presence of focalization. As seen here, the application of electrostatic lenses in the ion side reduces the size of the ion image in the detector. With an extraction field of 10 V/cm and an imposed condition to have 1 1 2 revolutions for the current length of the electron spectrometer, the B field chosen is 8.4 G for electron energy of 10 eV. Under similar electric and magnetic field conditions, the radius of the electron trajectory and time of flight determined are given in table 3.2.

With the increase in photon energy up to 60 eV in our experiments, we collect electrons of high kinetic energies ranging up to 40 eV while the maximum ion fragment energy amounts to 7 eV. In the current experimental geometry, the magnetic fields of the order 8 to 12 G and low extraction fields of 8 to 20 V/cm allow a complete collection of high energy electrons with a good energy resolution of the order of a few fractions of eV. However, for the collection of high energy ions, we are required to use electric fields as high as 60 V/cm, which eventually reduces the electron energy resolution, as will be seen in KECDs presented in chapters 5 and 6. The radius and time of flight of the helical trajectory of CHAPTER 3. EXPERIMENTAL METHODS electrons with energies 5 eV to 30 eV in the presence of an electric field of 10 to 60 V/cm and magnetic field of 8 to 22 G are tabulated in table 3.2. Table 3.1: Estimated values of radius and TOF of (N + ) ions for specific energies (1 eV and 5 eV) under the influence of an electric field of (a) 10 V/cm (b) 6 V/cm withfocalization (c) 12 V/cm with and without focalization (d) 30 V/cm with focalization (e) 60 V/cm. 
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Detection and data acquisition

The detection of ions and electrons after a photoionization event is done using a position and time sensitive detection system. The detection system installed in the CIEL set up, on the two sides of the double velocity spectrometer comprises of a stack of two microchannel plates (MCP), a delay line anode (DLA), feedthrough with signal decoupling, power supply assembly and front end electronics comprising of an ATR-19 (or amplifier +CFD) from RoentDek1 . The signals are then fed into a 8 channel Time to Digital converter TDC DTPI and Time to Amplitude converter and then to an acquisition PC. The schematic given in figure 3.9, display all the steps in data detection and acquisition. Steps involved in data acquisition (adapted from [14]).

In the current set up, electrons and ions accelerated through the electromagnetic fields are guided through two sides of the spectrometer to an MCP stack in Chevron configuration, with an active diameter of 80 mm and a thickness of 1.5 mm. The ions and photoelectrons incident on the front end of the MCP causes secondary electron emission and are accelerated through a potential difference of about 1900-2400 V between the front end and back end electrodes of the MCP stack. The electron signal associated with the electron cloud on the MCP front plate serves as the start signal for determining the timing information of the events for experiments at synchrotron SOLEIL (figure 3.10(a)). On emerging out of the MCP stack, the electron cloud created, are accelerated towards the delay line anode due to a potential between the MCP back electrode and delay line anode. The DLA technique provides an optimized imaging and timing precision and is developed further for studying multi-hit events. Using a feedthrough with signal decoupling, the signal is then connected to the front end electronics provided by RoentDek.

The experiments performed in this work use ATR-19 combining an amplifier and a constant fraction discriminator (CFD), which amplifies the electric pulses, discriminates the noise and delivers NIM logic signals. These NIM outputs from ATR-19 are fed into a CTNM (convertisseur temps numérique multivoies) Time to digital converter (TDC) and into a Time to Amplitude converter-Amplitude to digital converter (TAC-ADC) via a RoentDek distributor, to determine the position and time of flight of the photofragments. The position of impact of photofragments and TOF of ions are then measured using the CTNM whereas time of flight of electrons are determined using the TAC-ADC.

For the measurement of TOF signal of electrons, two protocols are adopted, depending on the repetition rate of the light sources, schematized in figure 3.10. The trigger (START signal) for the acquisition of the coincident events is then determined depending on the repetition rate of the light source. For the experiments performed using radiation from Synchrotron SOLEIL, the repetition rate is of the order of 1-8 MHz and in order to increase the efficiency of the collection of real photoionization events, the trigger is basically the electric pulse generated after the arrival of one electron at the MCP detector. Whereas for the experiments using XUV harmonics at the Attolab laser facility, with a repetition rate of 10 KHz, it is possible to trigger on the light pulse and the signal from the MCP acts as the STOP signal. 

Light sources

The experiments performed in this work utilize two advanced light source facilities in University of Paris Saclay, Plateau de Saclay region in Ile de France. Spectrally resolved measurements at different photon energies are done at Synchrotron SOLEIL and time resolved experiments using attosecond pulses at the Attolab laser facility.

Experiments at SOLEIL

The Synchrotron SOLEIL, acronym for 'Source Optimisée de Lumière d'Energie Intermédiaire du LURE' is a 3rd generation synchrotron light source covering a range of photon energies from IR region (few µeV ) to hard X rays (100 keV) [18] at L'Orme des Merisiers, France. The electron accelerator produces pulsed synchrotron radiation with high brilliance and variable polarization (linear, circular, elliptical) in a wide range of energies. Currently, there are about 29 beamlines operating in this high-tech facility giving access to the French and international scientific community for performing advanced experiments in fundamental sciences with applications in various fields like medicine, chemistry, industrial purposes, environmental sciences, gas phase and condensed matter studies and so on [18].

The electron beam is accelerated in a 16 m linear accelerator (Linac), reaching an energy of about 100 MeV. These highly energetic electrons are then fed into a second circular accelerator called BOOSTER, bringing the energy levels of the electrons to a value of 2.75 eV [18]. These electron packets can revolve around a storage ring of circumference 354 m for several hours. The trajectory of the electron within the storage ring is controlled by magnetic devices (bending magnets) and insertion devices (wigglers and undulators). Under the action of these devices, the electron beam undergoes change of direction of the trajectory (radial acceleration), emitting synchrotron radiation tangential to its trajectory. The duration of each of these emission is characterized by a pulse width of about 50 ps at FWHM. The radiation with definite energy, frequency of emission is diverted and selected by specific optical systems in the beamlines. The main characteristics of the Synchrotron SOLEIL is given in table 3.3. The beamlines are thus designed according to the requirement of user experiments. It depends on the need of the photon energies ranging from a few µeV (IR) to 100s of keV (Xray region), frequency of radiation from a few MHz to few hundreds of MHz (period about µs to ns) relying on the mode of operation and polarization with the possibility of having linearly polarized, circularly polarized or elliptically polarized light. There are three modes of operation available: multibunch, 8 bunch and single bunch, determined by the number of electron packets circulating in the storage ring. In the 8 bunch mode and single bunch mode of operation, the period of the pulse is about 147 ns and 1.181 us, whereas in the multibunch mode of operation, the frequency is in few hundreds of MHz, (period = 2.8 ns). In the class of coincidence experiments performed in our group for studying PI of atoms and molecules, the required photon energy is about a few tens of eV (10 to 60 eV) in the range of XUV energy. At the same time, we are limited to choose 8 bunch mode or single bunch mode of operation constrained by the determination of the TOF of electrons which is around a few tens of ns.

The experiments in this work reported in chapters 5 and 6 used the two beamlines-PLEIADES and DESIRS for studying the ionization dynamics in the energy range 20 eV to 60 eV (PLEIADES beamline) and 20 to 35 eV (DESIRS beamline), utilizing linearly and circularly polarized light.

PLEIADES beamline

PLEIADES (Polarized Light source for Electron and Ion Analysis from Diluted Excited

Species) is a soft Xray beamline specifically designed for ultrahigh-resolution spectroscopy spanning the photon energy region from 10 eV to 1 keV. The DPI experiments reported on N 2 and CO (chapters 5 and 6) and few experiments on Ar, Ne, He (figure 2.9) were performed in the 8-bunch mode and single bunch mode at the PLEIADES beamline. The beamline is equipped with two undulators, one permanent magnet HU80 and an electromagnet HU256. For experiments that required energies from 10 eV to 55 eV we used HU256 (256 mm period) undulator and the ones that required photon energies above 55 eV we used HU80 (80 mm period) undulator, taking advantage of the possibility of having variable polarization (LV, LH, circularly polarized) states in both cases.

DESIRS beamline

DESIRS (Dichroïsme Et Spectroscopie par Interaction avec le Rayonnement Synchrotron

) is an ultra high-resolution beamline designed for producing VUV photons of energy 5 to 40 eV, with a variable polarization, characterized by an insitu optical polarimeter [5]. This beamline is mainly dedicated to experiments on high resolution spectroscopy, photoionization dynamics of molecules, clusters, atoms, molecular chirality and dichroism.

We could benefit from one beamtime at DESIRS beamline to perform reference experiments with a well-characterized polarization state of the incoming radiation and qualify the molecular polarimetry method using the CV-80 spectrometer on CIEL as discussed 

Experiments at Attolab laser facility

Attolab is a laser facility developed in the frame of an Equipex (Investissements d'Avenir) lead by Bertrand Carré (LIDYL-CEA) until 2018, involving a consortium of nine laboratories in Paris-Saclay, specialized in ultrafast electron and nuclear dynamics. Attolab-Orme situated at LIDyL, CEA-L'Orme des Merisiers commissioned in 2017, is solely dedicated to the studies on gas phase and condensed phase dynamics in the femtosecond and attosecond time scale. There are two IR femtosecond laser systems, HHG based XUV sources and associated end stations operated by Attolab partners.

FemtoAtto Beamline (FAB1 and FAB 10) laser systems based on Chirped pulsed amplification technique in Ti Sa femtosecond IR laser delivering 1 KHz and 10 KHz ultrashort pulses drive the HHG attosecond XUV sources at SE1 and SE10 (Salle Experimentale 1-10) beamlines further coupled to the end stations. The FAB1-10 dual laser system developed by Amplitude technologies constitutes the 'frontend' operating at a frequency of 10 KHz and seeding two power amplifiers at 1 KHz for FAB1 channel and 10 KHz for FAB10 channel. The 'Front end' comprises of a CEP4 (Femtolasers) oscillator, Offner triplet stretcher and regenerative amplifier [19,20].

FAB1 beamline centred around 800 nm and with a repetition rate of 1 KHz is dedicated to experiments for generation and characterization of pulses and high harmonic spectroscopy. SE1 beamline and the main components are explained in [20,21]. [7]).

SE10 attosecond beamline

The FAB10 system is designed to deliver CEP stabilized pulses at 10 KHz repetition rate centered at 800 nm with a pulse duration of about 25 fs having an energy of 15 mJ per pulse. With the increasing repetition rate and average power, the beamline is dedicated to studies requiring higher statistics such as coincidence measurement (gas phase) or photoemission measurements (solid state) [19]. Its development was supported by the Paris-Saclay OPT2X project. The time resolved experiments presented in chapter 4 were performed at FAB10 beamline utilizing Very broad band branch(VBB) suitable for producing XUV pulses in the energy range 10 to 30 eV and pulse width in few hundreds of attoseconds. The experimental design is schematized in figure 3.11, where a Ti Sa driving laser centered around 800 nm is split into two parts with a major part of the beam transferred to the pump arm and about 20% to the probe arm. Attosecond pulses trains (APT) composed of HH harmonics of the fundamental IR field of frequency ω IR , are generated after focusing the driving IR laser onto the Argon gas cell.

The produced APTs are further transmitted through an aluminium filter (LUXEL R/N 35220213.5nm Meshless/Al frame), selecting Harmonics H11 to H25. These are first focused in a magnetic bottle electron spectrometer (MBES), where after passing through a set of two gold-coated plane mirrors and toroidal mirrors at grazing incidence [7]. The XUV-IR RABBITT scheme, where the APT as a pump is superimposed with a phaselocked IR dressing field acting as a probe, having an intensity of about 10 11 W/cm -2 , is first realized and characterized in the MBES. and harmonics as taken from [22]. © IOP Publishing.
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The basic principle of such an experiment is summarized in the following section. After passing through an additional toroidal mirror at grazing incidence, the two synchronized laser fields are then focused into the interaction region of the 3D electron-ion coincidence momentum CIEL spectrometer, where time and angleresolved PI experiments on atoms and molecules are performed. We were the first users of the FAB-10 beamline and during this commissioning phase, the XUV-IR delay was controlled using a stickand-slip delay line (SmarAct SLC 2430S s) at the attosecond time scale but was not stabilized. In a recent publication, a new technique developed in Attolab allowing an active stabilization of the XUV-IR delay is introduced and will be available in forthcoming experiments [23].

LIGHT SOURCES

RABBITT scheme

The basic principle of the two colour (XUV-IR) two-photon (1+1) RABBITT technique is given in figure 3.12. Here, an intense (≈ 10 14 W cm 2 ) IR generation field of fundamental frequency ω IR is focused on a gas medium producing coherent, odd-order harmonics in the XUV energy region. The harmonic combs constituting an attosecond pulse train (APT) ionize a gas target generating electrons in the continuum, identified by peaks equally spaced in the photoelectron spectra (PES) at energies E 2q±1 = HH 2q±1 -IP , where

HH 2q±1 = (2q ± 1) ̵
hω IR denotes the XUV energy, q is the harmonic order (q=1,2,3..), and IP is the ionization potential of the target gas. Subsequently, a phase-locked, less intense IR probe (dressing) field derived from the generation IR is combined with the XUV pump, spanning a pump-probe delay τ within an IR cycle (few tens of femtoseconds). Following the bound to continuum (bc) XUV ionization, dressing IR field is interacting with the electrons to induce continuum to continuum transitions, generating a sideband of the order 2q at a spacing of ± ̵ hω IR between the direct ionization peaks in the PES. The intensity of the dressing IR field is kept low (≈ 10 11 W cm 2 ) to avoid the ground state depletion by above-threshold ionization [24] or multiple continuum-continuum transitions following the single-photon ionization.

RABBITT experiments at Attolab facility

In the first phase of the experimental run at the Attolab laser facility, we performed angleresolved XUV-IR experiments on Ar and Ne and few preliminary experiments on NO and O 2 . The angle-resolved experiments we performed in Attolab in these experimental conditions have been published recently in [7] and are developed in chapter 4 . As mentioned before, in the commissioning phase of the FAB10 beamline, the XUV-IR delay was not actively stabilized. So we adopted a methodology where a series of RAB-BITT scans extending over 5 to 10 periods of the SB oscillations were made for which the XUV-IR delay was varied as a function of time. Each of these measurements lasted about 12 to 16 min, and later, these measurements were grouped for obtaining better statistical quality. In the case of Ar, we grouped about 80 independent scans, and for Ne, it was about 16 scans.

Conclusion

This chapter is dedicated to the discussion on experimental techniques and methodologies used for studying atomic photoionization and dissociative photoionization of molecules. We briefly report on the vector correlation method and the extraction of energy and angular observables using electron ion coincidence 3D momentum spectroscopy. The experiments are realized using the COLTRIMS type CIEL experimental set up -including CV-80 spectrometer, supersonic gas jet, multidimensional data detection and analysis protocols and two advanced light source facilities (Synchrotron SOLEIL and Attolab laser Chapter 4

Angle-resolved RABBITT in atoms

Introduction

This chapter is dedicated to the study of two photon ionization of rare gases (Ar, Ne) in the XUV-IR RABBITT interferometric scheme (Reconstruction of attosecond beating by interference of two-photon transitions) and it relies on the angle-resolved RABBITT experiments we performed using coincidence electron-ion momentum spectroscopy at the FAB10 beamline of the Attolab facility.

The chapter is divided into five sections. After a brief perspective of previous work based on the RABBITT interferometric technique (section 4.2), focusing on a few angleresolved studies, we develop in section 4.3 , the general form of the I SB (θ, τ ) PAD, relying on the Legendre polynomial expansion characterizing the θ electron emission angle dependence and the 2ω IR τ oscillatory behavior of the RABBITT signals. We express the complete information about the I(θ, τ ) PAD in terms of a set of nine coefficients, which are used to present the new experimental results obtained at Attolab in XUV-IR ionization of Ne or Ar (section 4.4). These parameters give access to any angle-resolved RABBITT observables; therefore this method enables us to compare our results with previous theoretical and experimental data sets. Within the second-order perturbation theory of two-photon ionization, we express the observables in terms of the magnitudes and phases of the dipole matrix elements for all partial waves involved in the ionization of an atomic p orbital. The formalism sheds light on the fundamental quantities that can be extracted from each term of the observables, and it illustrates the dependence and independence of the observables on the conditions governing the RABBITT experiment, such as, e.g. the relative amplitudes of the high-order harmonics (HHs). It also applies to time-independent XUV-IR two-photon experiments where there is partial or no control over the delay between the XUV and IR fields. Such experiments will also benefit from the PAD description in equation 4.1. A short comparison of our results is made with the previous experimental and theoretical results in section 4.5. 

RABBITT

As described in Chapter 3, in the RABBITT scheme, an attosecond XUV pulse train (APT), consisting of a comb of odd high-order harmonics (HHs) of a fundamental frequency ω IR , ionizes an atomic target in the presence of the phase-locked weak IR field of the fundamental frequency inducing continuum to continuum transitions, while the delay τ between the XUV and IR fields is controlled with sub-femtosecond resolution. For a pair of successive harmonics, HH 2q-1 and HH 2q+1 , the interference between the two-photon quantum ionization pathways HH 2q-1 +IR and HH 2q+1 -IR involving absorption or emission of an IR photon, leads to the production of a sideband SB 2q , as illustrated in figure 4.1 where each transition follows the basic representation in figure 2.4. The SB signal oscillates as a function of τ with a frequency 2ω IR . Consistent with the description of the two-photon ionization transitions discussed in chapter 2, the I(θ, τ ) PAD as a function of the angle of emission θ can be expanded as given in equation 4.1.

I SB (θ, τ ) = h 0 (τ ) + h 2 (τ )P 2 (cos(θ) + h 4 (τ )P 4 (cos(θ). (4.1)
This follows the basic representation in figure 2.4 in chapter 2. In the case of an isotropic target such as Helium, ionization from an ns subshell (l ′ =0, m ′ =0) leaves the ion in an isotropic state. As seen in figure 4.1, transition in the presence of a linearly polarized XUV photon from an initial state (l' =0, m ′ =0) leaves the electron in the intermediate continuum state to have an angular momentum corresponding to (λ = 1, µ = 0), according to the dipole selection rule (∆l = ±1, ∆m = 0 for linear polarization). Absorption of an additional IR photon polarized in the same direction as the XUV field, populates the electron state with angular momentum channels (l = 0, m=0) and (l = 2, m=0). The coherent interference of these two angular momentum channels (l = 0,2) in the final state controls the angular distribution of the emitted photoelectrons. In addition to the absorption pathway (HH 2q-1 + IR) which will be denoted by (+) symbol, we have an emission pathway (HH 2q+1 -IR) (denoted by (-) symbol) in the RABBITT scheme leading to the same final state, adding to a total of 4 pathways in the case of two-photon ionization of Helium. Each of these pathways characterized by a transition (l ′ , m ′ ) → (λ, µ) → (l, m) for a particular magnetic quantum number m(= m ′ = µ) is defined by a partial wave resolved two-photon dipole matrix element (M m l ′ λl ) ± 2q∓1 (see section 2.1.2 in chapter 2) 1 . In the case of He, the relevant paths considered are (sps) ± , (spd) ± with four complex matrix elements

(M m sps ) + 2q-1 , (M m spd ) + 2q-1 , (M m sps ) - 2q+1 , (M m spd ) - 2q+1
, with magnetic quantum number m=0.

Ionization from Ar(3p 6 ) and Ne(2p 6 ) targets is more complex. The two-photon ionization after absorption of an XUV photon and an IR photon, implies a transition from an initial state (l' =1, m' =-1,0,1) to an intermediate state (λ = 0, µ = 0, and λ = 2, µ = -1, 0, 1) and then to final states (l = 1, m = -1, 0, 1 and l = 3, m = -1, 0, 1). The relevant paths involved are (psp) ± , (pdp) ± and (pdf ) ± as clearly identified in figure 4.1(c,d). There are a total of 6 emission and absorption pathways for m=0 (figure 4.1(c)) and a total of 8 pathways for m = ±1 (figure 4.1(d)) which interfere and contribute to the final electron state SB 2q . Again, each of these pathways is defined by a matrix element (M m l ′ λl ) ± 2q∓1 , with a magnitude and a phase. As can be recognized from figure 4.1 the pathways involved in the case of np ionization are

(M m psp ) + 2q-1 , (M m pdp ) + 2q-1 , (M m pdf ) + 2q-1 , (M m psp ) - 2q+1 , (M m pdp ) - 2q+1
, and (M m pdf ) - 2q+1 , with m taking values -1,0,1.

Basic Principle

The basic principle of RABBITT is presented in chapter 3. In this scheme, as a result of the interference of the two quantum pathways-emission and absorption-the SB signal oscillates with a frequency 2ω IR and is expressed in terms of ionization matrix elements as follows,

I SB (τ ) = l,m ′ λ,µ=m=m ′ (M m l ′ λl ) + 2q-1 + λ,µ=m=m ′ (M m l ′ λl ) - 2q+1 2 (4.
2)

The two photon matrix element for each ionization channel is then expanded in terms of radial and angular parts,

(M m l ′ λl ) + 2q-1 = C m l ′ λ C m λl σ + l ′ λl e iΦ + l ′ λl E IR E (2q-1) e iω IR τ e iφ 2q-1 (M m l ′ λl ) - 2q+1 = C m l ′ λ C m λl σ - l ′ λl e iΦ - l ′ λl E IR E (2q+1) e -iω IR τ e iφ 2q+1 (4.3) 
C m l ′ λ C m λl are the angular coefficients characterizing the two transitions l ′ → λ and λ → l (see Supplementary Material [1] and references therein). σ + l ′ λl and Φ + l ′ λl denote the 4.2. RABBITT magnitude and phase of the radial part of the partial wave resolved dipole matrix element (M m l ′ λl ) + 2q-1 which are analytically obtained and discussed in section 2.1.2 for a typical two photon transition. While E 2q±1 and φ 2q±1 denote the magnitude and phase of the linearly polarized XUV harmonics (HH 2q±1 ), E IR and ω IR τ are the magnitude and phase of the IR probe laser.

For the case of Ar and Ne, one can expand equation 4.3 to an equation as follows,

I SB (τ ) = (M m=0 pdf ) + 2q-1 + (M m=0 pdf ) - 2q+1 2 + (M m=0 psp ) + 2q-1 + (M m=0 pdp ) + 2q-1 + (M m=0 psp ) - 2q+1 + (M m=0 pdp ) - 2q+1 2 + (M m=1 pdp ) + 2q-1 + (M m=1 pdp ) - 2q+1 2 + (M m=1 pdf ) + 2q-1 + (M m=1 pdf ) - 2q+1 2 + (M m=-1 pdp ) + 2q-1 + (M m=-1 pdp ) - 2q+1 2 + (M m=-1 pdf ) + 2q-1 + (M m=-1 pdf ) - 2q+1 2 (4.4)
This reduces to a general expression for angle integrated RABBITT I SB (τ ) which is basically h 0 (τ ) in equation 4.1,

I SB (τ ) = A + Bcos(2ω IR τ + C). (4.5) 
Historically, the RABBITT technique was developed for the temporal characterization of the APT, focusing on the extraction of the phase term C. This term is further decomposed into the attochirp identifying the phase of the consecutive harmonics and an atomic phase portraying the photoionization dynamics.

C = arg l,m ′ λ,µ=m ′ =m (M m l ′ λl ) + 2q-1 λ,µ=m=m ′ (M m l ′ λl ) - 2q+1 * -2ω IR τ = ∆φ XU V + ∆φ A (4.6)
where ∆φ XU V = φ 2q+1φ 2q-1 describes the group delay of the attosecond pulse (attochirp) which is expressed as the relative phase of the consecutive harmonics HH 2q±1 . ∆φ A denotes the atomic phase that arises from the two-photon ionization process, which defines the atomic time delay τ A (∆φ A 2ω IR ).

The initial RABBITT experiments were performed for the APT characterization by extracting φ XU V , and thereby reconstructing the temporal profile [2,3]. These results paved the way for the studies probing photoionization dynamics, focusing on the characterization of the electron wave packet and thus extracting the atomic delays τ A [4,5].

Characterization of attosecond pulses

Each of the harmonics generated after the HHG process carries a spectral phase. The relative phases between the successive harmonics determine the temporal structure of the attosecond pulse train. Veniard et al. [2] proposed a two-color, two-photon ionization scheme to reconstruct the temporal profile of the APT. In this theoretical investigation, the magnitude of the satellite peaks in the PES produced after the interference of the XUV+IR ionization process was studied to determine the phase of the consecutive harmonics. In realization of this theoretical study, Paul et al. [3] performed experiments where a set of five harmonics, locked in phase produced a train of pulses with a temporal duration of 250 as and spaced equidistantly about 1.35 fs (half of IR period). This methodology was adopted in several other experiments to reconstruct the attosecond pulse train [6][7][8].

Study of photoionization dynamics

Recent measurements on RABBITT focused on the study of electron dynamics, in particular for extracting one-photon emission delays after the electron emission and the study of photoionization dynamics in the presence of resonances, autoionizing states or other features in the ionization continuum. Atomic delays τ A are obtained, either by subtracting the attochirp contributions individually from the SBs or by adopting a measurement method that removes their contribution. Different methods are used in the community to separate the two contributions.

1) Intraspecies time delays:

In the first measurements on studying atomic delays [5,9], the relative timing information was obtained by studying the electrons emitted from different subshells within a single gas target. In reference [9], employing attosecond streaking technique, an atomic delay of 21.5 as was measured between the electrons emitted from Ne(2p) and Ne(2s), whereas in reference [5] independent measurements were performed using the RABBITT scheme probing time delay between electrons emitted from Ar(3p 6 ) and Ar(3s 2 ). The approach utilizing intraspecies delays was later used in different measurements studying resonances, and molecular targets [10,11].

2) Interspecies time delays: Another approach to remove the attochirp contribution was performing experiments using mixed targets [12,13]. In such a case, a reference target such as He is taken, and the time delays were extracted with respect to the reference target. Such an approach can be extended for studying emission delays in molecular targets, where the photoionization of a mixture of molecular and atomic targets induced by a similar set of harmonics is studied.

3) Angle-resolved time delays: With advanced detection techniques such as COLTRIMS and VMI spectrometers, one can perform angle-resolved RABBITT experiments. The contribution from the attochirp equally influences all the emission directions. So, on considering the relative time delays between the electrons emitted from two different emission directions, one can cancel the attochirp contribution. More on angle-resolved RABBITT will be discussed in subsection 4.2.4.

Extraction of Wigner delays and continuum-continuum delays:

4.2. RABBITT
The main goal of all the RABBITT experiments probing ionization dynamics is to extract the one-photon Wigner time delays τ W , characterizing the one-photon ionization step. This extends the definition of time delays in a scattering process proposed by Wigner and co-workers [14,15]. τ W signifies the delay of the emitted electron wavepacket after the bound to continuum ionization induced by the XUV photon. The determination thus requires disentangling the τ W Wigner delays and the τ cc continuum-continuum delays from the τ A atomic delay. Under the asymptotic approximation as adopted in reference [5], one can write the equation as,

τ A = τ W + τ cc (4.7)
τ cc accounts for the delays accumulated by the electron undergoing continuum-continuum (cc) transition, after interacting with the IR probe field in the presence of the Coulombic field. So far, analytical calculations are performed to find the continuum-continuum transition contribution and extract Wigner delays. As an example, in reference [10], an atomic delay τ A of -80 as was measured for an emission from Ar(3s) and Ar(3p) for SB22 (34.1 eV). Theoretical calculations assigned a value of -150 as for the cc delays (τ cc (3s) -

τ cc (3p))
and therefore extracted a one photon Wigner delay of τ W = 70 as.

The study of Wigner delays (or one photon delays) becomes more important in the systems which are influenced by the presence of some structured features in the continuum such as resonances, autoionizing states, shake up states. For molecular systems, the determination of one-photon ionization delays from a RABBITT experiment is complex as discussed in chapters 5 and 6.

In the present chapter, we report on the atomic delays (τ A ) of the np ionization of Ar and Ne without going into the details on τ W and τ cc .

Angle resolved RABBITT

With the complexity and challenges linked to the detection techniques and the light sources, a limited number of angle-resolved two-photon, two-color studies are available. In chronological order, the first RABBITT measurements are reported along with experiments involving Above Threshold Ionization (ATI) SBs [16] and delay specific angular distributions [17] outlining the progress and the connection between different methodologies.

Following the development of the RABBITT technique, Aseeyev et al. [7] demonstrated that the pulse characterization after the extraction of relative phases of harmonics could be achieved alternatively through the τ dependence of photoelectron yield (SB intensities) as in the previous studies [3] or that of the recorded electron angular distributions. The angular distribution I SB (θ, τ ) after ionization of Ar obtained using a VMI spectrometer was exploited, for the temporal characterization of the incident APT using a description based on the expansion in Legendre polynomials [defined as α, β, γ therein, instead of h 0 (τ ), h 2 (τ ), h 4 (τ )] as in equation 4.1. On subtracting the atomic delays, calculated using the matrix elements reported in reference [18], the relative phases of the harmonics were obtained, and the reconstructed XUV burst was found to have a pulse duration of 250±30 as for the HHG in Ar. This study pointed out that the angular distribution measurement could play an important role in experiments where single and two-photon signals overlap, or using a single attosecond pulse.

In parallel, XUV-IR ATI studies were done where the XUV-IR delays are averaged over a few fs scale as in [16,19] or measurements performed at specific XUV-IR delays [17]. In Haber et al. [16], the experiment characterizes the PADs from positive and negative ATI SBs generated after the interaction of the energy selected XUV pulses with the dressing IR field. Using a VMI spectrometer, the cross-section ratios and asymmetry parameters for the individual SBs either from the selected 13th or from the 15th harmonics in the presence of an 800 nm low intense IR field in atomic argon were extracted. These were compared to the theoretical predictions using second order perturbation theory (SOPT), soft photon approximation (SPA). Such an energy selected two-photon, XUV-IR interference-free ATI measurement benefits from the PAD description in equation 4.1 and provides information on the delay integrated PADs.

Picard et al [17] analyzed angular distributions of electrons emitted after the twophoton ionization of Ar and He in the RABBITT scheme using the CIEL COLTRIMS setup at two specified delays: one being the minimum of the SB signal τ min and the other being the maximum of the SB signal τ max . The analysis of the electron peaks at the ′ dressed harmonics ′ and 'Sideband' lines concluded that the angular distribution for the SBs (SB14 for Ar and SB20 for He) does not vary significantly for the two delay positions. However, for the dressed harmonics (HH13 for Ar), the angular distribution at τ min is close to that of the distribution induced by an XUV photon while the PADs obtained at τ max exhibit strong variations.

Recent experiments studying PI of He using a COLTRIMS set up from the attosecond group in ETH Zurich [20] reported emission delays for SB18 to SB24 in He. In their experiments, emission delays after introducing the angle dependence in A, B, C terms in equation 4.5, were studied for a hollow cone around a specific emission angle θ with respect to the electrons emitted at an angle θ between 0 ○ and 30 ○ , taken as the reference. Atomic delays in the order of 60 as were measured for the electrons with Ee=4.8 eV (SB18) emitted in the direction θ ≈ 65 ○ ± 10 ○ with respect to the reference direction lying along the polarization axis. In the case of He for emission from the bound isotropic state, the angular dependence of the atomic phases after the two-photon ionization is solely due to the continuum-continuum transition as the Wigner contribution is isotropic. The experimental results presented were supported by (a) time-dependent Schrodinger equation (TDSE) ab initio calculations taking into account the effect of both electrons, Further studies of SBs in Ar [21,22] focussed on the resonant paths compared to direct ionization. Cirelli et al. [21] discuss the angular dependence of the time delays in the vicinity of autoionizing states where the multi-electron effects play a prominent role. The study of 3s 1 3p 6 np series of Ar conducted using a COLTRIMS set up at ETH, Zurich and a VMI set up at Lund University clearly shows a change in the asymmetry parameter of HH17 and SB Ar 16 and the corresponding anisotropic emission delays as a function of the emission angle. These measurements, with a similar protocol, as discussed in Heuser et al [20], demonstrated the delay dependence of the asymmetry parameter and angular dependence of the time delays. Here, the lowest SB shows the largest delay variation, and for HHs and higher SBs, a weak variation is observed. The interplay of the partial waves in s and d in the final continuum results in the observed angular dependence. In reference [22], the main reason for these anisotropies is cited as the asymmetry between the absorption and emission pathways as a result of the Fano's propensity rule applied to laser-assisted photoionization.

In one of the recent measurements, Fuchs et al. [23] presented a similar formalism as h i (τ ) functions in equation 4.1, based on the Legendre polynomial expansion, where the PI of He was explicitly studied for the extraction of the cc phases. A time delay of about 12 as was found between the electrons emitted from an s subshell following the s → p → d and s → p → s angular channels for the two-photon ionization of He.

In addition to the XUV-IR RABBITT scheme, a few variants using odd-even harmonics [24] and using a second harmonic dressing field scheme [25] were developed. Loriot et al. [25] proposed a scheme where they study interferences between quantum paths consisting of one XUV photon and one XUV+UV photon, which is best suited for studies having several electronic states that could contribute to the PES. 

I SB (θ, τ ) = h 0 (τ ) + h 2 (τ )P 2 (cosθ) + h 4 (τ )P 4 (cosθ) (4.8)
The form of the SB signal is studied in [7] and [23] for investigating the temporal profile of the pulse and the continuum-continuum transitions as discussed in section 4.2.4. In this chapter, we are motivated in providing a complete picture on the RABBITT signal by describing the delay dependence and angular dependence of the SB signal I SB (θ, τ ).

We report h i (τ ) in equation 4.8 in two sets of coefficients (a i , c i , s 0 ) or (a i , b i , φ i ) as given in equations 4.9 to 4.11.

h i (τ ) = a i + c i cos(2ωτ ) + s i sin(2ωτ ) = a i + b i cos(2ωτ + φ i ) (4.9) 
and b i = c i 2 + s i 2 and φ i = -Atan s i c i (4.10) h 0 (τ ) = a 0 + b 0 cos(2ωτ + φ 0 ) = a 0 + c 0 cos(2ωτ ) + s 0 sin(2ωτ ) h 2 (τ ) = a 2 + b 2 cos(2ωτ + φ 2 ) = a 2 + c 2 cos(2ωτ ) + s 2 sin(2ωτ ) h 4 (τ ) = a 4 + b 4 cos(2ωτ + φ 4 ) = a 4 + c 4 cos(2ωτ ) + s 4 sin(2ωτ ) (4.11)
This set of nine coefficients (a i , b i and φ i ) or (a i , c i and s i ) for h i (τ ) functions give access to the parameters characterizing the sideband oscillations as discussed below. The SB signal and h i (τ ) are further expressed in terms of the partial wave resolved matrix elements in section 4.4.4.

Hereinafter, we choose the description based on the (a i , b i , φ i ) form to describe the SB signal I SB (θ, τ ). The angle integrated RABBITT signal h 0 (τ ) is oscillating with a frequency2 of 2ω about a mean value a 0 , amplitude b 0 and phase φ 0 . The angular dependence of the signal involves the h 2 (τ ) and h 4 (τ ) functions with the mean values a 2 , a 4 , amplitudes b 2 , b 4 and phases φ 2 , φ 4 , respectively. The set of a i and (b i , φ i ) coefficients describes the static and dynamic components of the SB signal I SB (θ, τ ). We extract different observables characterizing the SB signal such as the undulation rate R, the asymmetry parameters β 2 4 , delay dependent asymmetry parameters β2 4 and phase shifts. In addition,

RESULT I: DEVELOPMENT OF A UNIFIED FORMALISM

we also address the extraction of A(θ), B(θ) and C(θ) observables describing the form of I SB (θ, τ ) in equation 4.19. To simplify the analysis further, without compromising the physical relevance, we calculate the phases for each order of the oscillation with respect to φ 0 and we normalize the coefficients with the term a 0 .

With a 0 = 1 and phases computed with respect to the phase of the angle integrated signal φ 0 , the set of coefficients reduces to 7 or alternatively can be expressed in terms of

β 2 4 , γ 2 4 , R and φ i0 , h 0 (τ ) = 1 + (b 0 a 0 )cos(2ωτ ) = 1 + Rcos(2ωτ ) h 2 (τ ) = a 2 a 0 + (b 2 a 0 )cos(2ωτ + φ 20 ) = β 2 + Rγ 2 cos(2ωτ + φ 20 ) h 4 (τ ) = a 4 a 0 + (b 4 a 0 )cos(2ωτ + φ 40 ) = β 4 + Rγ 4 cos(2ωτ + φ 40 ) (4.12)
1. Undulation rate (R): One of the important observables allowing us to relate different measurements is the undulation rate R = b 0 a 0 , described in terms of the matrix elements as,

R = B A = b 0 a 0 = 2 ∑ l,m ′ ∑ λ,µ=m ′ (M m l ′ λl ) + 2q-1 (∑ λ,µ=m ′ (M m l ′ λl ) - 2q+1 ) * ∑ l,m ′ ∑ λ,µ=m ′ (M m l ′ λl ) + 2q-1 2 + ∑ λ,µ=m ′ (M m l ′ λl ) - 2q+1 2 (4.13) 
R takes values between 0 and 1 and it physically denotes the asymmetry of the emission and absorption matrix elements. If the matrix elements are similar (M m l ′ λl

) + 2q-1 ≈ (M m l ′ λl ) - 2q+1 , then R → 1.
2. Delay integrated signal and asymmetry parameters: The delay integrated SB signal is expressed in the form of Legendre polynomials,

I SB (θ) = A(θ) = a 0 P 0 (cosθ) + a 2 P 2 (cosθ) + a 4 P 4 (cosθ) (4.14)
From here, one can obtain the asymmetry parameters β 2 and β 4 characterizing the delay integrated angular distribution, satisfying the general equation for the PAD. The observables are reported in terms of the mean values of the oscillations a i as, 4. Delay dependent asymmetry parameters: From the oscillatory h i (τ ) functions, the asymmetry parameters β2 (τ ) and β4 (τ ) can be derived that characterize the angular properties of the delay dependent signal. These periodic functions with a frequency 2ω and an amplitude β amp are not purely sinusoidal in nature as can be seen from equation 4.18. From the expression, one can also note that the mean value of β(τ ) need not be the delay integrated asymmetry parameter β in equation 4. 15.

β 2 = a 2 a 0 and β 4 =
β2 (τ ) = h 2 (τ ) h 0 (τ ) = β 2 + Rγ 2 cos(2ωτ + φ 2 ) 1 + Rcos(2ωτ + φ 0 ) β4 (τ ) = h 4 (τ ) h 0 (τ ) = β 4 + Rγ 4 cos(2ωτ + φ 4 ) 1 + Rcos(2ωτ + φ 0 ) (4.18) 4.3.2 A(θ), B(θ), C(θ) in terms of a i , b i , φ i functions
The A(θ), B(θ), C(θ) functions are extracted from the set of (a i , b i , φ i ) parameters,

I SB (θ, τ ) = A(θ) + B(θ)cos(2ωτ + C(θ)) = A(θ) + Co(θ)cos(2ωτ ) + Si(θ)sin(2ωτ ) (4.19) 
where,

Co(θ) = B(θ)cos(C(θ)) and Si(θ) = -B(θ)sin(C(θ)) (4.20)
and

B(θ) = Co(θ) 2 + Si(θ) 2 and C(θ) = -Atan( Si(θ) Co(θ) ) (4.21)
Each of the angular dependent terms, A(θ), Co(θ), Si(θ) are expanded in terms of the Legendre polynomials of order 2 and 4,

A(θ) = a 0 P 0 (cosθ) + a 2 P 2 (cosθ) + a 4 P 4 (cosθ) Co(θ) = c 0 P 0 (cosθ) + c 2 P 2 (cosθ) + c 4 P 4 (cosθ) Si(θ) = s 0 P 0 (cosθ) + s 2 P 2 (cosθ) + s 4 P 4 (cosθ) (4.22)
Co(θ) and Si(θ) in equation 4.20 can be expressed in terms of a i , b i , φ i functions

Co(θ) = (b 0 cos(-φ 0 ) + b 2 cos(-φ 2 )P 2 (cosθ) + b 4 cos(-φ 4 )P 4 (cosθ)) Si(θ) = (b 0 sin(-φ 0 ) + b 2 sin(-φ 2 )P 2 (cosθ) + b 4 sin(-φ 4 )P 4 (cosθ)) (4.23)
and from equation 4.21, we can derive B(θ) and C(θ):

With the h i (τ ) functions and the set of coefficients, we address the np ionization of Ar and Ne. The results were published recently in [1] and are further developed and reported in the following section 4.4. 

Results II: RABBITT experiments in Ar and Ne

For studying the angle-resolved RABBITT, Ar and Ne with a similar p orbital character were chosen. Few measurements were done with XUV odd harmonics for comparing the results with that obtained at specific photon energies at Synchrotron SOLEIL. The harmonic energies and the corresponding orders are presented in table 4.1, along with the electron energies obtained after 3s and 3p ionization of Ar and 2p ionization of Ne. Table 4.1 also shows the SB order, photon energy and the electron energy after XUV+IR ionization of Ar and Ne. Typical PES recorded in CIEL for the PI studies of Ar (IP=15.76 eV) and Ne (IP=21.56 eV) are shown in figure 4.2. The spectra display peaks corresponding to the odd harmonics H 11 to H 25 of the 800 nm IR generation field, spaced at an energy of about 3 eV. For the reported data in CIEL, a 4π angular collection of electrons was confirmed up to an energy of 15 eV. The convolution of the XUV spectra and the cross-sections for ionization of 3p and 2p subshells of Ar and Ne determine the relative intensities of the observed photoelectron peaks. These relative intensities are subjected to change with the generation and focussing conditions in the interaction region, apparatus function and other parameters that can be modified from one measurement to another over a period of time. For each of the harmonic peaks, an energy window is selected to account for the electron signal and the corresponding asymmetry parameters characterizing the angular distribution are extracted.

The asymmetry parameter β HH 2 is compared to that of the synchrotron one photon studies (β SR 2 ) performed using the same experimental setup at Synchrotron SOLEIL. The parameter β SR 2 agrees well with the literature values (for Ar see figure 2.9), whereas β HH 2 lies below the expected values. The shift of about 6% seen for β HH 2 is attributed to the possible partial depolarization of the incoming radiation. We evaluated the extent of the depolarization using polarimetry analysis [26,27] as discussed in section 3.1. The stokes parameters s 1 ≈ 0.92, s 3 ≈ 0.15, s 4 ≈ 0.07 were recovered emphasizing the possible partial depolarization and weak contribution of elliptically polarized light. The data reported hereafter are corrected accordingly when mentioned.

In addition, in the energy region of interest, electron peaks corresponding to 3s ionization are identified at respective electron positions given in table 4.1 and figure 4.2, prominently visible at lower energies. Such a contribution can be evaluated, taking into consideration of the respective cross sectons of Ar(3s -1 ) and Ar(3p -1 ). For each event characterized by the emission angle θ, histograms h i (τ ) (i=0,2,4) obtained after the projection of I SB (θ, τ ) onto P 0 (cosθ), P 2 (cosθ) and P 4 (cosθ) are created. In the following representation, without losing any information, we chose to present the SB oscillations grouped within a single oscillation (τ = 0 to 1.3 fs). (a i , b i , φ i ) parameters are obtained from the fit of h 0 (τ ), h 2 (τ ) and h 4 (τ ) following equation 4.11. The error bands recorded for the h i (τ ) functions basically represent the standard deviation deduced from the fit of the grouped data, whereas the error reported for the (a i , b i , φ i ) parameters and (R, β 2 , β 4 , γ 2 , γ 4 , φ 20 , φ 40 ) are deduced from the standard deviation for a series of individual measurements. On normalization with (a 0 = 1), the mean values a 2 and a 4 are directly related to the asymmetry parameters β 2 and β 4 as from equation 4. 15 It is noted that for SB Ar 16 , there is a negligible change in the emission delays for an angle 0 ○ upto 60 ○ whereas for SB N e 20 , we observe a gradual increase in the emission delays even for angles as low as 20 ○ . For larger angles, a steep drop is seen for SB Ar 16 , where τ A (θ) reaches a value of about -500 as and for SB N e 20 , it drops down to -400 as. IR and (HH N e 21 )

IR of Ne

In addition to the results we presented on sidebands in [1], we also studied harmonics in the presence of the IR field which is developed in this section. We observe that harmonics (HH IR s) also oscillate as a function of the XUV-IR delay and thus one can fit the distribution I(θ, τ ) for HH IR s to the form in terms of h i (τ ) functions (equation 4. IR and (HH N e 21 ) IR , with the (a i , b i , φ i ) parameters reported in table 4.5. One of the main differences in the case of h i (τ ) functions of HH IR s of Ne, arises from the negative and low asymmetry parameters of the electrons after XUV ionization (β SR IR with the delay (in fs) as x-axis and the emission polar angle (in degrees) as y-axis as shown in figure 4.10. We observe a non-zero electron emission seen at 90 ○ for the case of Ne.

Electron energy variation of the SB observables

In this section, the evolution of asymmetry parameters (β 2 4 ), anisotropy parameters (γ 2 4 ), phase shift φ i0 and time delay τ A (θ) as a function of the electron energy are reported. Variation of undulation rate R, phase φ 0 , and amplitude of β(τ ) (β amp ) are discussed in the supplementary material of the recent article [1]. The evolution of the delay-dependent SB signal is characterized by the anisotropy parameters γ 2 4 and the relative phase shifts φ 20 40 . From figure 4.12, the γ 2 parameters of Ar and Ne are large (around 2.5 and 2) but weakly depending on energy, whereas γ 4 is around 0.2 for Ar and 0.5 for Ne. Except for SB 14 N e and HH 13 N e , there is a very small variation of φ 20 phase shift. Due to the large values of γ 2 , even a small variation of φ 20 significantly changes the delay dependence of the SB signal. As reported in the earlier section, φ 40 for Ne has a phase difference of π in comparison to Ar.

Evolution of static asymmetry parameters

Evolution of atomic time delays

The angular dependence of time delays is displayed for three sets of SBs with similar electron energy (a) SB Ar 

Angle resolved RABBITT signal in terms of dipole matrix elements

In order to describe a 'complete' PI experiment, which is the core of angle-resolved studies, it is necessary to extract amplitudes and phases of the partial wave resolved dipole matrix elements. Using second-order perturbation theory, the angle-resolved signal in 4.24 is expanded in terms of transition matrix elements for the absorption and emission pathways and then, in terms of (two-photon) dipole matrix elements associated with each partial wave or each transition l ′ → λ → l. Evolving from the angle integrated RABBITT signal in equation 4.5, one needs to consider the l dependent phases and spherical harmonics to extract the angle-resolved RABBITT signal. The description used for I SB (θ, τ ) is an extension of the one-electron formalism and the derivation of the matrix elements described in section 2.1 in chapter 2.

I SB (θ, τ ) = m ′ (M + l ′ ,m=m ′ ) + (M - l ′ ,m=m ′ ) 2 (4.24)
Here M ∓ l ′ ,m=m ′ represents the transition matrix elements for the emission and absorption pathways, respectively expanded in terms of the (partial wave resolved) matrix elements 

M absorption = (M + l ′ ,m=m ′ ) = l,m=m ′ λ,µ=m=m ′ (M m l ′ λl ) + 2q-1 e iη l (k) Y lm ( k) M emission = (M - l ′ ,m=m ′ ) = l,m=m ′ λ,µ=m=m ′ (M m l ′ λl ) - 2q+1 e iη l (k) Y lm ( k)
(M m l ′ λl ) + 2q-1 = C m l ′ λ C m λl σ + l ′ λl e iΦ + l ′ λl E IR E 2q-1 e iωτ e iφ 2q-1 (M m l ′ λl ) - 2q+1 = C m l ′ λ C m λl σ - l ′ λl e iΦ - l ′ λl E IR E 2q+1 e -iωτ e iφ 2q+1 (4.26)
In the case of np ionization in Ar and Ne induced by linearly polarized light, one can express the total signal in terms of (M m l ′ λl ) ± 2q∓1 (partial wave resolved) matrix element for a transition (l ′ = 1) → (λ = 0, 2) → (l = 1, 3). The radial part of the matrix element is defined by a magnitude σ ± l ′ λ,l and a phase Φ l ′ λl and the angular part by the coefficients C m l ′ λ C m λl (following subsection 4.2.1). (E 2q∓1 , φ 2q∓1 ) and (E IR , ωτ ) are the magnitudes and phases of the harmonics and IR field respectively. For simplifying the following discussion, all the phase terms (excluding ωτ terms) are clubbed together as total phase after twophoton ionization δ ± l ′ λ,l . The term δ ± l ′ λ,l contains information on the phase of the radial part of the matrix element Φ l ′ λl , phase of the harmonics φ 2q∓1 , l dependent phase η l (δ ± l ′ λ,l = Φ l ′ λl + φ 2q∓1 + η l ). The magnitude of the complex term (M m l ′ λl ) ± 2q∓1 labelled as (M m l ′ λl ) ± 2q∓1 has contributions from the angular coefficients C m l ′ λ C m λl and radial part σ ± l ′ λl for a l ′ → λ → l transition and the intensities of the XUV and IR fields.

The expression in 4.24 is reduced to a form in h i (τ ) functions (equation 4.8). The h i (τ ) functions and a i , b i , φ i functions are then expressed in terms of these variables giving access to a complete RABBITT experiment determining the dynamical parameters of the PI. For the moment we consider equal intensities for the consecutive harmonics and factorise all the common terms to obtain h 0 (τ ), h 2 (τ ) and h 4 (τ ) in terms of σ ± l ′ λl and δ ± l ′ λ,l defining each l ′ → λ → l transition.

h 0 (τ ) function:

The coefficient of P 0 (cos(θ)) (equation 4.8) is expressed in terms of the magnitude of the radial part of the matrix element and the total phase of the two-photon ionization process. First eight terms in equation 4.27 do not contain any τ dependence and thus constitute the delay integrated term a 0 . The terms containing cos(2ωτ ) carry the information on interference between the absorption and emission channels, summed together to form b 0 cos(2ωτ + φ 0 ) in equation 4.11. 

h 0 (τ ) = 25 9 σ + psp 2 + σ - psp 2 + 34 9 σ + pdp 2 + σ - pdp 2 + 4 σ + pdf 2 + σ - pdf 2 + 40 9 σ + psp σ + pdp cos δ + psp -δ + pdp + σ - psp σ - pdp cos δ - psp -δ - pdp + 50 9 σ + psp σ - psp cos 2ωτ + δ + psp -δ - psp + 40 9 σ + psp σ - pdp cos 2ωτ + δ + psp -δ - pdp + σ + pdp σ - psp cos 2ωτ + δ + pdp -δ - psp + 68 9 σ + pdp σ - pdp cos 2ωτ + δ + pdp -δ - pdp + 8σ + pdf σ - pdf cos 2ωτ + δ + pdf -δ - pdf ( 4 
h 2 (τ ) =h 2 (τ ) m ′ =0 + 2 * h 2 (τ ) m ′ =1 = 50 9 σ + psp 2 + σ - psp 2 + 14 9 σ + pdp 2 + σ - pdp 2 + 32 7 σ + pdf 2 + σ - pdf 2 + 80 9 σ + psp σ + pdp cos δ + psp -δ + pdp + σ - psp σ - pdp cos δ - psp -δ - pdp + 96 7 σ + pdf σ + pdp cos δ + pdf -δ + pdp + σ - pdf σ - pdp cos δ - pdf -δ - pdp + 60 7 σ + psp σ + pdf cos δ + psp -δ + pdf + σ - psp σ - pdf cos δ - psp -δ - pdf + 100 9 σ + psp σ - psp cos 2ωτ + δ + psp -δ - psp + 80 9 σ + psp σ - pdp cos 2ωτ + δ + psp -δ - pdp + σ + pdp σ - psp cos 2ωτ + δ + pdp -δ - psp + 60 7 σ + pdf σ - psp cos 2ωτ + δ + pdf -δ - psp + σ + psp σ - pdf cos 2ωτ + δ + psp -δ - pdf + 28 9 σ + pdp σ - pdp cos 2ωτ + δ + pdp -δ - pdp + 64 7 σ + pdf σ - pdf cos 2ωτ + δ + pdf -δ - pdf + 96 7 σ + pdf σ - pdp cos 2ωτ + δ + pdf -δ - pdp + σ + pdp σ - pdf cos 2ωτ + δ + pdp -δ - pdf ( 4 
h 4 (τ ) = 24 7 σ + pdf 2 + σ - pdf 2 + 16 7 σ + pdf σ + pdp cos δ + pdf -δ + pdp + σ - pdf σ - pdp cos δ - pdf -δ - pdp + 80 7 σ + psp σ + pdf cos δ + psp -δ + pdf + σ - psp σ - pdf cos δ - psp -δ - pdf + 48 7 σ + pdf σ - pdf cos 2ωτ + δ + pdf -δ - pdf + 16 7 σ + pdf σ - pdp cos 2ωτ + δ + pdf -δ - pdp + σ + pdp σ - pdf cos 2ωτ + δ + pdp -δ - pdf + 80 7 σ + pdf σ - psp cos 2ωτ + δ + pdf -δ - psp + σ + psp σ - pdf cos 2ωτ + δ + psp -δ - pdf (4.29) 4.4.4.3 h 6 (τ ) function:
Equal contributions of m=1 and m=-1 terms in the coefficient of the 6th order term of Legendre polynomials cancels the contribution of m=0 terms to obtain h 6 (τ ) = 0.

Properties from the form of h i (τ ) functions

The development of h i (τ ) functions facilitates the extraction of a i , b i , φ parameters and all the relevant observables characterizing the SB signal. This further provides a platform to compare the existing theoretical and experimental results with the results obtained in this work. On close investigation of h i (τ ) in terms of matrix elements, we observe three main properties which guide us in this direction. 

Comparison of RABBITT measurements with interference-free ATI experiments

On integrating equations (4.27 -4.29) over the XUV-IR delay, we obtain I SB (θ) expressed in terms of a 0 , a 2 and a 4 (equation 4.14) which is further decomposed into contributions from emission and absorption pathways. These are the non-interfering terms in equations 4.27 -4.29. The description further provides a comparison between a RABBITT experiment and a two-color, two-photon XUV-IR interference free ATI measurement [16,28,29].

In the RABBITT scheme, the I SB (θ) PADs correspond to the incoherent sum of the PADs obtained for the emission and absorption pathway associated with the positive and negative ATI SBs. In an ATI experiment at a fixed photon energy HH 2q-1 , we extract the magnitude σ + l ′ λl and the phase δ + l ′ λl contributing to SB 2q and σ - l ′ λl and δ - l ′ λl contributing to SB 2q-2 . ATI experiments at the two XUV energies HH 2q-1 and HH 2q+1 provide the XUV-IR delay integrated information of a particular SB 2q . The absolute phase differences involving the bound to continuum transitions and cc transitions such as

δ + psp -δ + pdp or δ + pdf -δ +
pdp corresponding to a specific pathway are herein extracted. Another important property that can be derived from this analysis is the angular dependence of τ A (θ) and XUV-IR delay dependence of asymmetry parameters β(τ ). We note that the expression for I SB (θ, τ ) decouples into the XUV-IR delay-dependent and angular dependent terms as given in expression 4.30, under two scenarios.

I SB (θ, τ ) ∝ I 0 (1 + β 2 P 2 (cosθ) + β 4 P 4 (cosθ))(1 + cos(2ωτ + δ)) (4.30) 
In the first scenario, the complex matrix elements (M m l ′ λl ) + 2q-1 ≈ (M m l ′ λl ) - 2q+1 should be similar, with identical phases δ l ′ λl4 and magnitudes σ l ′ λl for both emission and absorption pathways. This condition is valid, under the soft photon approximation at higher electron energies, where the dependence of the magnitudes of the matrix elements on energy becomes negligible, and the corresponding phases become comparable as reported in reference [2].

In the second scenario, the magnitudes of the matrix elements for the absorption and emission pathways (M m l ′ λl ) + 2q-1 ≈ (M m l ′ λl ) - 2q+1 are similar and the phases in each pathway δ ± l ′ λl becomes independent on angular momenta λ, l, i.e. δ + psp ≈ δ + pdf ≈ δ + pdp ≈ δ + . The validity of such a scenario is discussed in [22,30]. Under the asymptotic approximation at higher energies, as reported in reference [30], the phases (cc phases and one-photon) for each pathway becomes independent of the angular momenta l. In reference [22], theoretical calculations under the asymptotic approximation, show that the asymmetry of the magnitudes of the matrix elements (M m l ′ λl ) + 2q-1 and (M m l ′ λl ) - 2q+1 at lower photon energies labelled as Fano's propensity rule for free-free transitions affect the angular dependence of C(θ) and delay dependence of β(τ ) observables.

From h i (τ ) functions in equation 4.8 under these two scenarios, we observe that the I SB (θ, τ ) decouples into delay dependent and angular dependent terms. Here, asymmetry parameters become independent on the delay τ and the atomic phases C(θ) or atomic delays τ A (θ) become independent of θ.

Fano's propensity rule in one-photon ionization and its consequences

The expression for the h i (τ ) functions provides 9 equations which does not allow for the determination of the twelve unknown quantities (six magnitudes and six phases). On considering a single dominant channel (p → d) in the l → λ transition owing to Fano's propensity rule for photoionization [31], one can obtain the set of equations given in SM [1] with 8 unknowns.

Theoretical calculations using matrix elements in Toma et al.

For exploring further the formalism and the observables, we exploit the (only) available matrix element calculations presented in [18] to our knowledge. We compare the experimental h i (τ ) functions with the calculated h i (τ ) functions using the matrix elements provided in [18]. The theoretical calculation of Toma and Muller [18], is based on second order perturbation theory and single active electron approximation (SAE) for XUV-IR PI of Ar(3p). We utilize the radial part of the matrix element: extracting the magnitude and phase (σ, Φ) for SB Ar 12 -SB Ar 18 of Argon given in table 1 [18] and final state scattering phase (η l ) given in table 2 of ref [18] for different angular channels. Summary of σ ± lλl ′ , Φ ± lλl ′ and η p , η f for SB 16 of Ar is given in table 4.6 and are used for obtaining the relevant parameters.

Table 4.6: Magnitudes, phases of the radial part of the dipole matrix elements and the corresponding l dependent scattering phases for SB Ar 16 as reported in [18].

(psp) ± (pdp) ± (pdf) ± σ + psp = 181.1707 σ + pdp = 313.8316 σ + pdf = 462.1170 σ - psp = 138.8153 σ - pdp = 299.7345 σ - pdf = 213.0172 Φ + psp = -0.5 Φ + pdp = -0.7028 Φ + pdf = 1.7228 Φ - psp = -0.9021 Φ - pdp = -0.7995 Φ - pdf = 1.6239 η p η f SB Ar 16 -6.10 -2.30
These matrix elements were used in the ′ atomic phase calculations ′ performed in [3], 1.11 φ 20 (rad) -0.009 φ 40 (rad) 0.007 and ATI studies like [7]. The σ and δ(Φ + η l + φ XU V ) values extracted are plugged into the expressions (equations 4.27-4.29) for obtaining h i functions. As mentioned before, we considered intensities of the consecutive harmonics to be same. Unlike in the experimental h i functions in figure 4.4, we see that for the (computed) h i functions in figure 4.14, the oscillation amplitude b i is as large as the mean value. R value, thereby extracted is about 0.89, whereas experimentally we obtained R of about 0.21 for SB Ar 16 . From these set of h i functions, one obtains (a i , b i , φ i ) functions and (R, β 2 , β 4 , γ 2 , γ 4 , φ 20 , φ 40 ) as reported in table 4.14. We normalize with a 0 =1 and note that we obtain larger β 2,4 parameters and negligible φ 20 40 . Even though the h i functions do not agree with the experimental results, we see the possibility of extracting (a i , b i , φ i ) coefficients and thereby all other observables governing the I SB (θ, τ ) PAD oscillation. 

Discussion

The measured PADs are compared to previous experimental results [7,17,21] and theoretical studies [22,32,33] for the two-photon ionization of Ar and Ne.

Comparison with experimental results

In this subsection, we compare our experimental results with three important works in the angle-resolved RABBITT studies of Ar. In the first work, Aseyev et al. [7] reports the I SB (θ, τ ) PAD in terms of h i (τ ) functions and this facilitates the possibility of direct comparison of (a i , b i , φ i ) coefficients extracted from the cosine fit of h i (τ ) functions. Table 4.8 shows the parameters extracted from [7] which is compared to the present work. It is observed that in [7], R and β 2 4 has a higher value than the ones reported in the current work. Furthermore, the amplitude of oscillation of β 2 (τ ) and β 4 (τ ) is about 0.45 and 0.13 for [7], whereas in the current work, it is much lower and is 0.25 and 0.03. One of the possible reasons for such discrepancies is the differences in the experimental conditions, such as the relative intensities of the harmonics, absence of an active stabilization or the changes in the polarization of XUV/IR. R 0.53±0.03 [7].

β
In the second work [17] , employing the same experimental set up as this work, the PADs for two delays τ min and τ max of SB Ar 14 are measured and follow a similar profile as predicted by the SPA calculations. It is noted that the asymmetry parameters extracted at these specific delay positions are similar around β2 (τ min ) = β2 (τ max )=1.4 while for the current results we obtain: β2 (τ min ) ≈ 1.29 and β2 (τ max ) ≈ 0.93.

Finally, the results obtained for the angle-resolved RABBITT in [21] for SB Ar 14 , SB Ar 120 , SB Ar 22 are compared with the current work. Even though the main motivation of reference [21] was to study Ar* resonances, the SBs which are not affected by resonances are also studied for asymmetry parameters and atomic time delays. The asymmetry parameters β 2 4 reported therein are in the same range as the present work. From figure 4.13 we note that for the two works, we achieve a good agreement between the angle-resolved time delays obtained for SB Ar 14 with an emission delay of about 50 as for the emission at an angle of about 70 ○ with respect to 0 ○ . One of the main differences between the results reported in [21] and the current work is the variation of β2 4 (τ ). In the present work, we obtain low undulation of β2 (τ ) of about 0.25-0.15 for SBs whereas in [21], undulation of β2 (τ ) decreases from 0.7 for SB Ar 14 to 0.1 for SB Ar 22 . At this step, quantitatively, it is not possible to comment on the differences as the undulation rate R is not specified in [21].

Comparison with theoretical results

Our results are also compared to different theoretical results [22,32,33] as reported in [1]. We summarize here the main points of a comparison between our experimental 4.6. CONCLUSION results and the results obtained in theoretical calculations by solving the TDSE [32]. In that work, A(θ), B(θ) and C(θ) computed for different SB Ar s and SB N e s were expressed within the SPA in the form A(θ), B(θ) ∝ (1+β A,B P 2 (cos(θ)) cos 2 θ. This form predicts a cancellation of emission along the direction θ=90 ○ and as well a relationship between the asymmetry parameters β 2A,(B) and β 4A,(B) and the asymmetry of the one photon process at the corresponding SB energy β A,B ≈ β HH 2 (equation 3 in [32]). Equation 3, figures 3 and 9 in [32], were leading to a constant β 2A ≈ 2.65 and β 4A ≈ 0.65 for SB Ar 14 to SB Ar 20 and a varying β 2A 4A (1.6≤ β 2A ≤ 2.4 and -0.5≤ β 4A ≤0.5) for SB N e 16 and SB N e 20 that deviate from our findings. Nevertheless, the comparison of the computed C(θ) or τ A atomic delays with the experimental results we obtained for SB Ar 16 and SB N e 20 show a fair agreement.

Conclusion

This chapter focused on the angle-resolved two-photon XUV-IR RABBITT studies of np orbitals in Ar and Ne for the electron energy range 0 to 20 eV. A complete description of the I SB (θ, τ ) PADs of SBs, relying on an expansion in Legendre polynomials is provided in terms of nine parameters (a i , b i , φ i ) (for i=0,2,4). The (a i , b i , φ i ) and the related (R, β 2 , β 4 , γ 2 , γ 4 , φ 20 , φ 40 ) parameters are obtained for different SB Ar s and SB N e s, and compared to the existing theoretical and experimental results. A similar approach was applied to describe the PADs of the HH IR harmonics.

From the comparison of the SBs and HH IR s reported for Ar and Ne, we note similarities and differences in the angle-resolved two-photon ionization studies. In particular, for the (β 2 , β 4 ) asymmetry parameters, a enhancement of β SB ) is observed which is more significant in Ne. For oscillatory components of the I SB (θ, τ ) PAD described by (γ 2 , γ 4 ) anisotropy parameters and (φ 20 , φ 40 ) phases shifts we observe a comparable trend for both Ar and Ne, except for the lowest HH IR and SB in Ne. We note a remarkable phase shift φ 40 close to π and larger γ 4 values for Ne.

These experimental results are further compared to advanced theoretical studies of RABBITT using second-order perturbation theory, soft photon approximation, or solving TDSE. Finally, for reaching a complete photoionization experiment, I SB (θ, τ ) PADs are further expressed in terms of complex two-photon dipole matrix elements, their magnitudes and phases.

Relying on a similar methodology, we performed preliminary measurements at Attolab in the direction of angle-resolved RABBITT studies of NO and O 2 in the molecular frame. Figure 4.17 shows the PES obtained for DPI of NO into the NO + (c 3 Π) ionic state in the XUV only and XUV+IR RABBITT schemes, showing the contributions from HHs, HH IR s and weak SB contributions between the HH IR harmonics. Due to the lower cross-sections of such processes, this project requires longer acquisition times and, therefore an efficient control of the stability of the delay between the XUV and IR pulses. This is in progress and will be available soon on FAB10 [34]. On the other hand, the need for understanding the photoionization dynamics at each of these harmonic energies calls for a parallel investigation at similar photon energies using a synchrotron facility. The following two chapters on N 2 and CO are dedicated to the spectroscopic characterization of the targets at the photon energies corresponding to the harmonic energies relevant for a time-resolved experiment.

Spectrally resolved molecular frame photoemission in inner valence ionization of N 2 and CO

XUV photoionization of diatomic molecules such as N 2 , O 2 , CO is of great importance in controlling photochemical reactions. In particular, in the field of atmospheric chemistry or astrochemistry, ionization and dissociation dynamics of these diatomic molecules induced by XUV solar radiation play a significant role in the formation of molecules such as HCN, CH 3 CN mainly made of cosmic abundant elements like H, C, N, O, S [1]. Understanding such mechanisms further pushed the photoionization studies on simple diatomic molecules, exploring valence and inner valence ionization probed by XUV photons from advanced light source facilities such as synchrotron radiation free-electron laser and high harmonic generation sources.

In the inner valence region, on the one hand, ionization produces highly excited ionic states such as one-hole inner-valence states, multielectron shake-up or Rydberg states converging to dicationic states, and on the other hand, the photoionization dynamics on the atto-to-femtosecond time scale is influenced by shape resonances, autoionization, electronic correlations. The populated highly excited molecular ionic states may encounter electronic relaxation through, e.g. autoionization, or interatomic Coulombic decay. Furthermore, most of these states being dissociative, a strong interest is also focused on the nonadiabatic relaxation mechanisms involving electron-nuclear couplings and non-Born-Oppenheimer dynamics at play in the femto-to-picosecond range. Dissociative photoionization (DPI) processes producing an ionic and a neutral fragments, consisting mostly of dissociative single ionization, may also give rise to dissociative autoionization, i.e., indirect double ionization for binding energies of the ionic states lying above the lowest doubly charged dissociation limit. Finally, above the adiabatic threshold of double-ionization in the FC region, dissociative double ionization may also contribute to the production of a singly charged fragment.

In the following Chapters 5 and 6, we report a systematic study of single-photon inner valence ionization of the N 2 and CO isoelectronic molecules in the photon energy range 20 eV to 60 eV. This topic has motivated a number of experimental studies in the last decades using synchrotron radiation, combined with theoretical developments aiming at the description of correlated molecular ionic states and the calculation of PI cross-sections as briefly reviewed in sections 5.2 and 6.2 of chapters 5 and 6. With the advancement of photoelectron spectroscopy (PES), threshold PES, electron-ion or electron-electron coincidence techniques (PEPICO, PEPECO,. . . ), energy and angle-resolved observables characterizing photoionization in the laboratory then in the molecular frame have been reported, leading in few examples of so-called "complete experiments" to the extraction of magnitudes and phases of transition dipole matrix elements for selected DPI processes [2][3][4]. A comparison between the inner valence PES of N 2 and CO in figure 1, adapted from reference [5] reveals close similarities, identifying mainly the F 2 Σ + g ionic state and H band (also labelled as (2σ -1 ) 2 Σ + g ) in N 2 (figure 1(a)), and 5 2 Σ + (also labelled as F 2 Σ + ) and (3σ -1 ) 2 Σ + band in CO (figure 1(b)). Potential energy curves of the main ionic states in the energy region 15 eV to 50 eV are presented in figure 2. Various non-dissociative and dissociative ionic states are identified, which are adiabatically connected to a definite dissociation limit. This figure also shows the position of the dissociation limits L n (on the right axis) and the position of the lowest double-charged dissociation limit D 1 . These PECs are further used for the discussion in chapters 5 and 6. The homonuclear N 2 molecule produces a single type of dissociative PI channel (N + , N, e -), whereas, for the case of CO, two series of dissociative photoionization channels are opened producing (C + , O, e -) and (O + , C, e -) fragments containing information on CO + molecular ionic states.

With the advent of attosecond science and technology, time-resolved studies using ultrashort XUV-pump and IR-probe pulses have been undertaken to investigate electronic 

X 2 Σ + g , C 2 Σ + u , F 2 Σ + g ) of N + 2 and (X 1 Σ + g , C 1 Σ + g ) of N 2+ 2
, with respect to the N 2 (X 1 Σ + g v=0) ground state, obtained from the results shown in [6,7]. Dissociation limits are indicated on the right side and FC region is marked by the shaded portion around 1.09 Å. (b) Potential energy curves of CO + and CO 2+ ionic states as a function of the binding energy. The grey shaded region represents the Franck Condon region. PECs are redrawn using the data provided in [8][9][10]. (c) The PECs of the main 2 Σ + g ionic states in the energy region of H band as taken from [6]. Reprinted from [6], with the permission of AIP Publishing. and nuclear dynamics in real time [11,12]. Considering in particular simple molecules such as N 2 and CO, selected results have been reported addressing either the photoionization dynamics using the RABBITT technique [13][14][15][16] as described in Chapter 4, or the subsequent relaxation dynamics of the highly excited ionic states in various pump-probe schemes [7,10,[17][18][19]. In this context, it is anticipated that single-photon spectrally resolved complete photoionization experiments, at XUV wavelengths corresponding to the HHs of an attosecond pulse, should be also beneficial for the interpretation of real-time studies.

The main motivation of our investigation of inner valence ionization of N 2 and CO is to bridge the two directions of spectrally and time-resolved approaches to the photoionization dynamics. We combined electron-ion coincidence 3D momentum spectroscopy using the CIEL experimental set up (or CV 40 when specified) with the use of circularly (or linearly) polarized XUV radiation in the 20 -60 eV energy range delivered at PLEIADES and DESIRS beamlines, as described in chapter 3. Spectrally resolved experiments were performed at photon energies chosen to correspond to the (n ̵ hω) harmonics of a fundamental IR laser field at 800 nm ( ̵ hω = 1.55 eV). For each energy, we report the (N + , e -), (C + , e -) or (O + , e -) electron-ion KECDs featuring a map of all the induced DPI processes, with a 4π collection of electrons and ion fragments, as well as molecular frame photoelectron angular distributions (MFPADs) for selected inner-valence DPI processes of interest. These data aim to provide (i) a complete description of the photoionization dynamics for these DPI processes relying on the energy dependence of the MFPADs and the derived partial wave complex dipole matrix elements (ii) spectroscopic information [20,21]. Reprinted from [21], with the permission of AIP Publishing. relevant for the time resolved studies we plan e.g. at Attolab to access MF resolved photoionization time delays, as well as for the interpretation of other experiments involving XUV attosecond pulses.

As an example illustrating this dual approach, figure 3, taken from recent publications of our group [20,21], presents the KECD (figure 3(a)) for DPI of NO induced by an APT consisting of H15, H17, H19, H21 generated on Ar on the PLFA beamline (SLIC, Saclay) (complementary to figures 2.14 and 4.17) and the corresponding KECDs for the DPI of NO induced by the XUV photons with respective photon energies on the DESIRS beamline at SOLEIL (figure 3(b-d)). Process I, identified in each of these KECDs, characterizes PI into the c 3 Π state of NO + (IP = 21.73 eV) dissociating through the L 1 limit (N + ( 3 P)+O( 3 P)) with an ion energy of about 0.35 eV. The corresponding MFPADs, at hν = 23.25 eV, 26.35 eV, 29.45 eV reported in figure 3(e-g) for the parallel transition, show striking evolution assigned to the shape resonance associated with the c 3 Π ionic state, as discussed in section 2.3. The investigation of single photon ionization of NO has been widely extended on the PLEIADES beamline during the current thesis and recently interpreted in terms of MF resolved photoionization time delays [22]. A similar approach is being developed for the major DPI processes in N 2 and CO with the goal to probe photoemission delays angle-resolved in the MF. An outlook of the current work in this direction is briefly illustrated in chapter 7.

The experimental results reported in chapters 5 and 6 are supported by theoretical calculations performed by Prof. R. R. Lucchese. The photoionization matrix elements are calculated using the multichannel Schwinger configuration interaction (MCSCI) method [23]. In the current theoretical investigation, calculations are performed for N 2 and CO at specific harmonic energies up to 50 eV (CO) or 60 eV (N 2 ). The main ionic states, their electronic configurations and ionization potential are displayed in appendix B. The initial state and final ionic states are presented as complete active space configuration interaction (CASCI) wave functions at equilibrium geometry with R(C-O) = 1.12823 Å and R(N-N) = 1.09768 Å. Cross-sections of various ionic states, asymmetry parameters and MFPADs for the ionic states corresponding to the dominant DPI processes are computed for the two molecules in the relevant binding energy region, which allows for a detailed comparison with the experimental results.

INNER VALENCE IONIZATION OF N 2 (FROM EARLIER WORKS)

computed MFPADs using advanced MCSCI calculations is done in this section, which supports a discussion of the photoionization dynamics across the σ u shape resonances. In addition, partial wave resolved dipole matrix elements (DMEs) are extracted and compared to the computed ones as well as to previous experimental results in section 5.5. The present results are relevant for the interpretation of N 2 inner valence ionization induced by an attosecond XUV pulse or for XUV-pump IR/XUV-probe time-resolved experiments.

Inner valence ionization of N 2 (from earlier works)

Ionic states, dissociation limits

Nitrogen is an important diatomic molecule with 14 electrons having an ionization potential of N + 2 (X 2 Σ + g ) = 15.5808 eV [1] and a double ionization threshold of N 2+ 2 (X 1 Σ + g ) = 42.88 ± 0.01 eV [2]. The ground state configuration of N 2 is 1σ 2 g 1σ 2 u 2σ 2 g 2σ 2 u 1π 4 u 3σ 2 g , where electron emission from the valence (1π 4 u 3σ 2 g ) and inner valence (2σ 2 g 2σ 2 u ) orbitals leads to the formation of the molecular ion N + 2 in various ionic states. The three lowest electronic states of N + 2), constituting the outer valence single hole electronic states are well described by the ejection of one electron from the 3σ g , 1π u or 2σ u orbitals. The description of higher ionic states involving emission from inner valence orbitals and/or outer valence orbitals usually includes more electronic configurations such as 1h, 2h-1p, 3h-1p ionic states as discussed in chapter 2 (figure 2.6). From figure 2, which presents the potential energy curves (PECs) of N + 2 ionic states and that of the ground state of N 2+ 2 in the energy region 15 eV to 50 eV, several valence and inner valence ionic states have been identified as reviewed in recent works [3][4][5][6]. These are summarized in table 5.2 where the ground state of N 2 (X 1 Σ + g v=0) is taken as the reference for all the calculations. For example, the C 2 Σ + u , F 2 Σ + g ionic states are described by a dominant 2h-1p configuration with two holes and a single photoexcited electron where the photoelectron is emitted from one of the valence orbitals and another electron is promoted to an unoccupied π g orbital [3]. The Franck Condon region corresponding to vertical transitions from the ground state about the equilibrium internuclear distance R 0 = 1.12 Å is shaded in figure 2 and the binding energies of the ionic states are computed for this equilibrium distance.

2 : N + 2 (X 2 Σ + g ), N + 2 (A 2 Π u ), and N + 2 (B 2 Σ + u ) (see figure
Ionic states in the inner valence region are mostly dissociative. Table 5.3 lists the adiabatic dissociation limits associated with each of the computed PECs for the N + 2 molecular ion, with the corresponding dissociation energies positioned with respect to the ground state N 2 (X 1 Σ + g , v = 0). The lowest dissociation limit of N + 2 , producing an ionic N + ( 3 P ) fragment and an atomic fragment N ( 4 S), lies at 24.293 eV and is labelled as L 1 . The subscript notes the dissociation limit with increasing energy. With the occurrence of crossings between the potential energy curves of various ionic states, a molecular ion in Table 5.2: Binding energy, assigned dominant electronic configuration and adiabatic limit of the ionic states of N + 2 and N 2+ 2 taken from [3,4,7,8]. In general, the nomenclature used in this thesis work follows the convention in [3,9] and the one used in [9,10] for higher states. Whenever required, the nomenclature adopted in reference [4] is also used. See also table B.1 including the ionic states and their configurations computed by R. R. Lucchese.

Electronic state

Adiabatic binding energy (eV) Vertical binding energy (eV) * electronic configuration Limit

X 1 Σ + g 0 1σ 2 g 1σ 2 u 2σ 2 g 2σ 2 u 1π 4 u 3σ 2 g X 2 Σ + g 15.580 [3] 15.580 [3] 3σ -1 g A 2 Π u 16.693 [3] 16.926 [3] 1π -1 u B 2 Σ + u 18.751 [3] 18.751 [3] 2σ -1 u C 2 Σ + u 23.583 [3] 25.514 [3] 1π -1 u 3σ -1 g 1π +1 g [8] L 3 2 2 Π g 23.755 [3] 24.788 [3] L 1 D 2 Π g 26 F 2 Σ + g [3, 8] D 2 Σ + g [11] 2 2 Σ + g [4]
28.8 [3,8] 29.3 [12] 2σ

-1 u 1π -1 u 1π +1 g [8] L 3 G 2 Π u [3, 8] 30 [3, 8] 2σ -1 u 3σ -1 g 1π +1 g [11] H 2 Π u [3, 8] 30 E band (3 2 Σ + g +3 2 Σ + u +3 2 Π u ) [4] 3 2 Σ + g 31.01[3] 3 2 Σ + g u L 3 [4] G band (4 2 Σ + g ) [4] L 4 [4] H band [10] (5 2 Σ + g + 6 2 Σ + g +7 2 Σ + g ) [4] 37 [12] 2σ -1 g L 6 [4] L 9 [5] N ++ 2 (X 1 Σ + g )

eV

* Obtained from an experimental PES a particular ionic state can dissociate through two or more different dissociation limits, other than its own adiabatic limit as briefly discussed in section 2.1.3.

DPI processes assigned to different binding energy regions

Photoionization of N 2 in the inner valence region has been widely studied with the main focus on the three dominant structures observed in the PES corresponding to (a) the vibrational progression of the C 2 Σ + u state, (b) the repulsive curve of the F 2 Σ + g state within the FC region and (c) the so-called H band (2σ -1 g 2 Σ + g ) in the higher binding energy region. From figure 1(a), which displays the inner valence PES of N 2 for the photon energy hν = 50.3 eV taken from reference [14], dominant structures attributed to the formation of the F 2 Σ + g state and H band are well identified in the binding energy regions around 28 eV and 37 eV respectively. Earlier experiments were performed by studying UV spectra using He II radiation as in [15,16] or synchrotron radiation as in [12], followed by a study focused on the 20 eV to 30 eV energy region by recording He II excited PES [3]. Concurrently high Table 5.3: Dissociation limits of the N + 2 and N 2+ 2 manifold as taken from [9,10]. An exhaustive list of limits is reported in [10] or it can be derived from the information in [13].

Products

Energy [9,10] Limit N + (2s 2 2p 2 3 P )+N (2s resolution (± 0.1 eV) inner valence region (29 eV -42 eV) PES at hν = 61.7 eV, recorded using synchrotron radiation [17], was able to resolve several fine structures around the N 2 + (2σ -1 g ) band for the first time. Aoto et al. [4] performed high-resolution threshold photoelectron spectroscopy (TPES) and Threshold Photoelectron-Photoion Coincidence spectroscopy (TPEPICO) studies on N 2 providing additional information on the N + 2 ionic states populated at threshold and the effective dissociation channels observed at the corresponding binding energies. These energy-resolved studies were followed by angle-resolved experiments measuring first MFPADs induced by linearly and elliptically polarized light at selected wavelengths, using Velocity Imaging photoionization coincidence (VIPCO) technique [18], and electron-ion coincidence spectroscopy [19,20] relying on discrete channeltron detectors. Recently, Eckstein et al. [5,6] reported photoion and photoelectron spectra for DPI into the F 2 Σ + g state and the H band for photon energies corresponding to the harmonics H21 to H31 using an ion/electron VMI set up combined with an HHG source. A monochromator allowed the selection of the individual harmonics in the harmonic comb and the corresponding spectra were measured. For the current investigation of inner valence ionization, we present some of these previous results characterizing DPI processes of N 2 based on the binding energy region of the corresponding N + 2 ionic states, considering three regions as illustrated in figure 5.1.

The BE region from 23 eV to 27 eV (band A) involves the transition into the C 2 Σ + u and 2 2 Π g ionic states where vibrationally resolved structures were identified in the PES. The BE region from 27 eV to 41.2 eV (band B) is our region of interest with transitions into the two main bands (F 2 Σ + g and H band) of the inner valence ionization of N 2 featuring shape resonances. This binding energy region also includes transitions to vibrationally resolved ionic states, which are seen as sharp peaks in the PES [4], mostly assigned to Rydberg ionic states converging to N 2+ 2 doubly charged states, and the production of (N + + N + ) ion pairs through indirect double ionization above the lowest doubly charged dissociation limit D 1 at 38.857 eV. Finally, the BE region above 41.2 eV (band C) features indirect and direct double ionization and transitions to some inner valence states, which are relatively weak as seen from figure 5.1(a).

Binding energy region 23.0-27eV (Band A)

In this binding energy region (A), there are two vibrational progressions associated with transitions into the C 2 Σ + u and 2 2 Π g ionic states [3]. The stronger progression linked to the C 2 Σ + u state with a dominant (1π -1 u 3σ -1 g 1π +1 g ) 2 hole-1 electron (2h-1p) character starts about 23.6 eV and extends up to 27.5 eV (v = 18). The observed vibrational spacing of about 230 meV for lower vibrational levels, decreases with increasing vibrational quantum number. The identification of these vibrational states is influenced by the presence of a weaker progression assigned to the 2 2 Π g ionic state. The latter extends from 24 eV to 26.2 eV (v = 34), corresponding to a significantly smaller vibrational spacing, with a maximum of about 85 meV [3]. The v = 6 to v = 16 progression of the 2 2 Π g ionic state has a relative intensity between 0.2 to 0.31 with respect to the highest peak of the vibrational progression of the C 2 Σ + u state. Although the potential energy curve of the C 2 Σ + u state is adiabatically correlated to L 3 [3,4], dominant dissociation was attributed to the L 1 limit involving predissociation [21]. It was estimated that the predissociation time is about 50 ns [21] While the PEC of the 2 2 Π g state is correlated to L 1 [3].

Binding energy region 27.0 eV -41.2eV (Band B)

This region (B) involves the two dominant structures in the PES (F 2 Σ + g and H band) as well as transitions assigned to the production of N + * 2 Rydberg states. In order to facilitate its description, we successively consider three bands B1, B2 and B3 based on the position of the dominant structures in the PES in figure 5.1.

Band B1 (27 eV-31 eV)

This is one of the most studied binding energy regions of the inner valence states of N 2 , dominated by the transitions into the N + 2 (F 2 Σ + g ) ionic state, also labelled as 2 2 Σ + g [4]. Other processes assigned to the population of G 2 Π u and H 2 Π u computed ionic states lie in this binding energy region (see table 5.2).

The F 2 Σ + g dissociative ionic state does not display any specific (vibrational) structures, consistent with a PEC repulsive in the Franck Condon region [3,4] which has a minimum around 1.6 Å. The ionic state having a dominant (2h-1p) 2σ -1 u 1π -1 u 1π 1 g electronic configuration is correlated adiabatically to the L 3 limit at a dissociation energy of 26.67 eV producing N + ( 3 P )+N( 2 D) [3,4] fragments. However, it was also found to dissociate to form N + ( 1 D)+N ( 4 S) fragments through the channel L 2 at an energy of 26.192 eV [9]. Calculations predicted that a σ u shape resonance is present in the continuum having a maximum around 40 eV -43 eV [14]. The shape resonance linked to this state thus influences the observables, especially the cross-section and photoelectron angular distribution in the studied energy region.

Advancements in the detection technology and light sources made it possible to record angular distributions for the dominant inner valence ionization processes, F 2 Σ + g in B1 (and H band in B3). Hikosaka et al [18] studied angular distributions of photoelectrons of fixed in space N 2 molecules, emitted parallel and perpendicular to the polarization axis of linearly polarized light, resulting in the formation of the F 2 Σ + g state. The main goal of the investigation was to probe MFPADs and extract dipole matrix elements (DMEs) (ratio of the magnitudes and phase differences) of the four ionization channels ( pσ u , f σ u , pσ u , f π u ) at hν = 40.8 eV, 48.4 eV and 51.0 eV characterizing the shape resonance. MFPAD results obtained in the present thesis can then be compared to this study at similar photon energies [18] (see C.1).

Band B2 (31 eV-35 eV)

This binding energy region is mainly composed of the E band and G band (table 5.2). Based on the calculations (figure 5.1(b)) the E band is composed of the 3 2 Σ + g and 3 2 Σ + u ionic states and weakly by the 3 2 Π u state [4]. The higher BE region of the E band overlaps with the G band, assigned mainly to the 4 2 Σ + g ionic state. Several studies [3,4,8] observed sharp peaks or a vibrational progression with a spacing about 180 meV [3] on top of broad structures over the whole band. Since the PECs computed for the ionic states lying in this BE region show a repulsive character within the FC region [3,4], those sharp peaks were not attributed to vibrational levels of inner valence states [4]. Instead, they were attributed to N + 2 Rydberg states converging to N 2+ 2 doubly charged states which display a potential well in the FC region.

Formation of the fragments related to L 3 and L 4 dissociation limits are seen for this band, which may be due to the adiabatic correlation of the 3 2 Σ + g u and 4 2 Σ + g ionic states with the L 3 and L 4 limits, respectively. While the formation of fragments corresponding to other dissociation channels L 5 6 as discussed in [4] may be related to the non-adiabatic transitions of these ionic states into the 5 2 Σ + g state, which is adiabatically correlated to L 6 . Furthermore, the lower binding energy region of the E band overlaps with the higher energy region of the F 2 Σ + g state and the higher binding energy region of the G band overlaps with the H band, which complicates their identification in PES. The B2 region is briefly described in the presentation of the KECDs (section 5.3.2).

Band B3 (35 eV-41.2 eV)

The energy region above 35 eV is also complicated by the overlap of highly excited inner valence states and the possible contribution of Rydberg states of N + 2 with higher quantum numbers converging to N 2+ 2 states. As seen from figure 5.1, the broad band centred about 37 eV [12], termed as H band, which shows a remarkable dominance in the PES, is a priori assigned to photoionization into a few ionic states. The calculations attribute the major role to two states (5 2 Σ + g and 6 2 Σ + g ) with the contribution of other weak ionic states (7 2 Σ + g and 2 Π u ). The band borrows intensity mainly from the 2σ -1 g state resulting in a singleparticle (1h) configuration. Using TPEPICO it was observed that around hν ≈ 37 to 38 eV, ionic fragments corresponding to the L 3 , L 5 6 , L 7 and L 10 dissociation limits (figure 4i-j in [4]) are formed. Based on the calculations, the PECs of the 5 2 Σ + g and 6 2 Σ + g ionic states correlate adiabatically to the L 6 dissociation limit and the non-adiabatic transitions of these ionic states are foreseen to populate L 3 and L 7 [4], contrasting with the more recent results which attribute dissociation of the H band to the L 9 limit [5].

Apart from the adiabatic and non-adiabatic correlation of the H band to these dis-
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sociation limits, it was suggested that this band also predissociates into higher limits (34.7 to 38.9 eV) capable of producing atomic fluorescence [10]. The lowest limit which produces fluorescence is L 10 at 34.7 eV followed by L 11 at 35 eV. This atomic fluorescence happens after the ionization of N 2 into highly excited N + * 2 states, which produce either (a) N + ( 3 P ) ground state and N neutral atoms in N (( 3 P )ns( 2,4 P ))/N(( 3 P )nd( 2 F, 4 P )) excited states or (b) N( 4 S) ground state and N + in an excited state. Selected dissociation limits using the information on their relative intensities as observed in fluorescence in [10] are displayed in table 5.3, labelled L 12 to L 17 . Some sharp structures observed on top of the broad H band in PES and TPES were assigned to vibrational progressions of either inner-valence ionic states or Rydberg states of N + 2 converging to bound states of N 2+ 2 [4,12,17,22].

Similar to that of the F 2 Σ + g state, a 2σ g → kσ u shape resonance with a maximum about 50 -52 eV was reported for the H band in the calculations of Langhoff et al [14] which motivated studies on photoionization dynamics [18][19][20]. For such a shape resonance in the continuum, a significant variation in the cross-section and asymmetry parameters is expected. In parallel to the studies on the F 2 Σ + g state, MFPADs for the H band (figure C.2) were also reported at hν = 40.8 eV, 48.4 eV and 51.0 eV in [18], where magnitudes and phases of the dipole matrix elements were extracted. These studies were followed by results in Motoki et al [19,20], where MFPADs were obtained for part of the H band, corresponding to the production of the L 3 dissociation limit, at hν = 45 eV, 48.2 eV, 58.2 eV and 65 eV using angle-resolved electron-ion coincidence technique and linearly polarized, left and right elliptically polarized light (see figure C.3). With the maximum contribution coming from a 2σ -1 g hole state, the complex DMEs were extracted assuming a single particle description for the H band and compared with parallel calculations using the random phase approximation (RPA). Here, the dominance of an f σ u partial wave and the increase of the phase shift difference (δf σδpσ) by about π radians were observed across the resonance.

In section 5.3, we revisit those previous assignments of the ionic states and dissociation limits involved in DPI through the F 2 Σ + g state and H band based on the reported KECDs. The measured MFPADs reported in section 5.4 for harmonic energies in the 25 -60 eV photon energy range, compared to the previous results, are then discussed in terms of the dipole matrix elements describing the photoionization dynamics.

Binding energy region above 41.2 eV

Even though the main motivation of the present work is to conduct an investigation on single photoionization of N 2 involving inner valence N + 2 ionic states up to hν = 60 eV, we briefly address the contribution of dissociative direct and indirect double photoionization of N 2 with two goals. On the one hand, for photon energies higher than the position of the lowest doubly charged dissociation limit at 38.85 eV (D 1 ), the relaxation dynamics of N + excited inner valence states produced after single photoionization may involve autoionization during dissociation leading to the formation of (N + , N + ) pairs. On the other hand, above the double ionization threshold of N 2 at 42.88 eV in the FC region, dissociation of N 2+ 2 ionic states into N + , N + may contribute to the recorded (N + ,e -) coincident events when only one of the two ions is detected [7] in the current experimental conditions.

Dissociative indirect double ionization :

The production of (N + , N + ) pairs below the double ionization threshold in the FC region (42.88 eV) results from dissociation of highly excited (N +

2 ) * states which autoionize at large internuclear distance as described in chapter 2 (equation 2. 1.3.3). Such a process may occur for excitation energies above the dissociation limit producing N + ( 3 P ) +N + ( 3 P ) fragments (38.857 eV [D 1 ]). Reference [7] reported that the threshold for dissociative indirect double ionization process is at 41.2 eV ± 0.5 eV and the process can even extend above the adiabatic double ionization threshold (42.88 eV) up to the maximum of the potential barrier (44.6 eV) of N 2+ 2 .

Direct double ionization and dissociative direct double ionization:

Above the double ionization threshold of 42.88 eV (N 2+ 2 (X 1 Σ + g )), the process of direct double ionization commences producing N 2+ 2 dications. Production of (N + ,N + ) pair from the dissociation of N 2+ 2 molecular ion into the N + ( 3 P )+N + ( 3 P ) dissociation limit occurs for excitation energies above the lowest potential barrier of N 2+ 2 (X 1 Σ + g ) (44.6 eV) [7]. The dissociation rate of doubly charged N 2+ 2 ions was measured to vary between about 0.2 at threshold and 1 above the ionization energy of 45.5 eV [7].

For N 2 , the efficiency yield for double ionization relative to single ionization was found of the order of 1% for binding energies below the threshold at 42.88 eV, then increasing from 5% to about 15% at an ionization energy of 46 eV, the contribution of indirect double photoionization remaining very weak [7].
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Results I: Energy-resolved studies and asymmetry parameters

A complete description of the energy-resolved spectroscopy of the N 2 inner valence processes populated at different photon energies, chosen here as different harmonic energies, is provided using the bidimensional kinetic energy correlation diagram (KECD) plots for the (N + , e -) coincident events. As described in Chapter 3, each DPI process is identified by a specific set of ion and electron energy (E N + ,E e-) or (KER, BE) in the corresponding KECD, providing the binding energy of the ionic state and its dissociation channel L n . For convenience, we use the photon energy or the corresponding harmonic number in the presentation of the results alternatively. We consider first the selected photon energies between 25 eV and 30 eV (section 5.3.1) and then between 30 eV and 60 eV (section 5.3.2).

Photon Energy hν = 25 eV to 30 eV

In this photon energy range, only the BE regions A and B1, as defined in section 5.2, are populated. The reported KECDs corresponding to H17 (figure 5.2) and H19 (figure 5.3) highlight the transitions populating dominantly the C 2 Σ + u ionic state for both photon energies, then the onset of the F 2 Σ + g state and other weaker ionic states for H19. As seen from the KECD displayed in figure 5.2(a,b), vibrational transitions into the C 2 Σ + u ionic state, labelled as process I, are well resolved from v = 3 to v = 11 producing N + ( 3 P )+N( 4 S) (L 1 ) fragments, consistent with the predissociation of that state discussed earlier. The underlying vibrational distribution of the weaker 2 2 Π g ionic state, which dissociates to L 1 is masked by that of the C 2 Σ + u state. The 1D plot photoelectron energy spectrum (figure 5.2(c)) displays partially resolved vibrational structures reflecting that of the KECD. The vibrational spacing is found to be in the range 0.26 eV (v = 7) and 0.2 eV (v = 11) within the uncertainties in determining the central electron energy, consistent with earlier findings (table 5.4). The ion and electron asymmetry parameters obtained for the transitions are given in table 5.4. They both vary as a function of the vibrational level, a trend that may be attributed to the influence of electron-nuclear coupling at play in the predissociation step. The ion asymmetry parameter increases from a value near zero for v = 3 to a value of 0.5 for v = 8-9, reflecting a dominant parallel character of the transition into the C 2 Σ + u state. Since the contribution of the 2 2 Π g state is minor, the low values of β i varying with the vibrational level suggest that the predissociation lifetime of the molecular ionic state is comparable or larger than the rotation period and may vary as a function of v. This can be further elucidated through the determination of MFPADs [23,24].

N 2 (X 1 Σ + g ) + hν → N + 2 (C 2 Σ + u )+e -→ N + ( 3 P )+N( 4 S)+e - L 1 limit
Transitions to ionic states with higher binding energies are observed and assigned to Table 5.4: Electron energy, binding energy and vibrational spacing associated with the transitions into the C 2 Σ + u ionic state at a photon energy of 26.33 eV (≈ H17). The BE and vibrational spacing are compared to the ones reported in [3]. Measured ion and electron asymmetry parameters are reported for each vibrational level (uncertainty of about (or less than) 0.05 for the values reported herein). with photoionization into the C 2 Σ + u ionic state is no longer vibrationally resolved in these experimental conditions. However, we note that the vibrational distribution resulting from its pre-dissociation into the L 1 dissociation limit involves only vibrational levels up to v = 11 (see also figure 5.2), although the sizable progression extends up to v = 16 (section 5.2.2.1, BE = 27.146 eV). Processes II and III lying at binding energies similar to the higher BE part of the C 2 Σ + u state are identified dissociating through the L 2 and L 3 limits. They can be assigned either to transitions to higher vibrational levels of the C 2 Σ + u state or to the contribution of other ionic states: the conclusion of the assignment requires further investigation.
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Process labelled IV corresponding to an electron energy (0.4-2.0 eV) and ion energy (0-1.5 eV), i.e., (27.4 ≤ BE ≤ 29 eV) and dissociation through the L 3 limit, is assigned to the transition into the F 2 Σ + g state [3,4] with a possible contribution of other ionic states (G 2 Π u and H 2 Π u ) which were computed to lie in this BE region with comparable crosssections at such photon energies [3,18]. The weak process labelled V identified at low electron energies (BE ≈ 28.5 eV) dissociating to the L 4 limit may as well stand for one of these 2 Π u states, as supported by the related MFPADs, not reported in this chapter. b,c) presents the 1D projections of the complete KECD featuring the ion and electron energy spectra, specifying the position of processes I-V. These processes which overlap in ion and electron energies could not be resolved in PIS or PES, whatever the energy resolution. This example illustrates the resolving power of the electron-ion momentum correlation providing as a first outcome the KECD, which resolves each of these processes based on their electron, ion and dissociation energies. dissociation limits illustrates the gain in resolution in terms of 1D plots. With increasing photon energy, we see a remarkable increase in the relative importance (branching ratio) of process IV which becomes dominant. This observation is consistent with the expected increase in cross-section of the F 2 Σ + g state due to the presence of a σ u shape resonance peaking around (ionization) energies close to 40 eV [14,18].

N 2 (X 1 Σ + g ) + hν → N + 2 (F 2 Σ + g ) + e -→ N + ( 3 P ) + N ( 2 D
) + e - L 3 limit (P rocess IV )

Process IV at H19, features an ion asymmetry parameter of β i = -0.1 (± 0.03) and electron 123 5.3. RESULTS I: ENERGY-RESOLVED STUDIES AND ASYMMETRY PARAMETERS asymmetry parameter of β e = -0.34 (± 0.03). Table 5.5 displays the asymmetry parameters for the processes labelled II, III, IV and V in figure 5.3(a). Process V features large negative ion and electron asymmetry parameters for electrons and ions, favouring emission perpendicular to the polarization axis, consistent with its assignment to a ' 2 Π u ' state. Except for the lower photon energy (H21) where photoionization into the C 2 Σ + u state (BE region A) is still the major DPI channel, the main processes identified in these KECDs are those labelled IV (BE band B1), VIII and IX (BE band B3) as discussed below. The BE region B2 is richly structured for photon energies (H21 to H25) with resolved processes labelled VI-a-b and VII-a-b of lower intensities, corresponding to the E and G bands (section 5.2.2.2): their angular properties support the identification of ionic states of Σ g and Π u symmetry, which are not investigated in more detail in this chapter. Finally, for photon energies above hν = 40 eV additional DPI channels are observed, corresponding to the BE region C in figure 5.1 whose upper limit merges with the double ionization threshold in the FC region, and beyond.

Process IV with BE ≈ 28.5 eV (27 ≤ BE ≤ 30 eV) (figure 5.4(a-f)) (band B1) dissociating through the L 3 limit (including possibly the neighbor limit L 2 at higher photon energies) is mainly attributed to photoionization into the single F 2 Σ + g state as discussed in section 5.3.1 and further below. Processes VIII and IX, which play a major role between 45 eV and 60 eV, correspond to a comparable binding energy band centered at BE ≈ 37 eV (band B3) extending up to the position of the D 1 limit around 39 eV. This band is generally labelled as the H band and assigned to (2σ -1 g ) inner-shell ionization. The reported KECDs first demonstrate that this band involves two distinct groups of dissociation limits separated by a significant gap of 2.8 eV, L 3 -L 9 (IX) and L 10 -L 11 (VIII). The KECDs obtained at the onset of these processes for a photon energy hν = 37.2 eV (H24), and at the neighbor harmonic energy hν = 38.75 eV (H25), presented in figure 5.5 demonstrate its complex structure, in particular that of process IX. They enable us to resolve the populated individual dissociation limits and to decipher the contributions to the H band through their angular characteristics. When the photon energy increases, we note that for processes IV, VIII and IX, the excess energy is transferred to the photoelectron, while the N + photoions keep a fixed kinetic energy, around E i ≈ 1 eV for processes IV and VIII, and in the range E i ≈ 3 -6 eV for process IX.

Composition of the H band

The onset of processes VIII and IX in the B3 binding energy region is elucidated by the low Ee energy selection of the (N + , e -) KECD at hν = 37.2 eV (H24) in figure 5.5(a), while the overall pattern of the B3 region is featured by the selection of the KECD recorded at hν = 38.75 eV (H25) displayed in figure 5.5(b). Process VIII (E i ≈ 1 eV) dissociates through the L 10 11 limits where the ionic and neutral fragments are in the N + (2s 2 2p 2 3 P ) ground state and the N(2s 2 2p 2 ( 3 P )3s 2 P or 4 P ) excited states, respectively (see table 5.3). On the other hand, the resolved diagonal structures composing process IX (E i ≈ 3 -6 eV ), labelled IX 2-3 , IX 4-6 , IX 7 , and to a minor extent IX 9 based on their dissociation limits L 3 (L 2 ), L 4 5 6 , L 7 , L 9 correspond to fine structure multiplets of the N + (2s 2 2p 2 ) and N(2s 2 2p 3 ) electronic ground states of the two fragments (table 5.3). These observations are consistent with the ion fragment energies measured in coincidence with threshold photoelectrons [4] (section 5.2.2.2). However they show a disagreement with the results in [5,6] which report the main contribution on the L 9 10 limits.

Each DPI process is further characterized by an overall BE extension and intensity dependence featuring specific substructures. These can be related with the vibrational progressions on top of broader peaks observed in high-resolution PES [17] and TPES [4], assigned either to inner-valence or to Rydberg states. The horizontal lines (1 to 7) in figure 5.5 denote the positions of the heads of the series of sharp peaks as reported in [4, The 35 -36.5 eV BE range which was assigned to two vibrational progressions PRG5 and PRG6 (lines 1 and 2 in figure 5.5) based on the calculations [4] is seen to contribute only to process IX, with a different weight according to limits L n s. The central 36.6 -37.4 eV band is seen to be populated for all identified L n s, with a major contribution arising from process VIII. The 37.4 -39.4 eV upper BE range is seen to be populated mostly for processes VIII, IX 4-6 , IX 7 . The central and upper BE bands were assigned to two ionic states resulting from (2σ -1 g ) inner-shell ionization [11,17]. This intricate distribution of intensity in the production of the DPI processes among a series of dissociation limits and vibrational progressions can be interpreted as the signature of a region affected by strong non-adiabatic vibronic couplings [25,26].

The central value of the BE region corresponding to each of the DPI processes VIII, IX 2-3 , IX 4-6 , IX 7 are reported in table 5.6. The β i and β e asymmetry parameters which provide a first characterization of their angular properties are reported in section 5.3.2.2, and related MFPADs are reported in section 5.4.2.

With increasing photon energy, process VIII still displays a two-bump structure partially resolved in E N + ion fragment energy reflecting the convolution of ionic states attributed to the 36.6 -37.4 eV and 37.4 -39.4 eV BE bands. Within process IX which appears as an unresolved structure including mostly the 35 -36.5 eV and 36.6 -37.4 eV BE bands, the contribution of the (L 2-3 ) limit vanishes (figure 5.4).

Inner-valence ionization in the BE region C and in the double ionization continuum

For photon energies hν ≥ 40 eV, the KECDs displayed in figure 5.4 for H27 up to H39 show that DPI populates the BE region C up to the double ionization threshold in the FC region, and beyond up to the 48 eV BE. For these processes, only the higher (N + + N) dissociation limits, evolving from L 10 up to the doubly charged lowest dissociation limit D 1 (N + ( 3 P)+ N + ( 3 P)) at 38.86 eV, are selectively populated. Most of these limits correspond to the production of the N + (2s 2 2p 2 , 3 P) ground state ionic fragment and an N(2s 2 2p 2 ( 3 P)(3l)) excited state. The intensity along this series of L n s is relatively uniform except for an intense peak observed for the H29 photon energy, corresponding to the L 15-16 dissociation limits and threshold photoelectrons, i.e. to 44 -45 eV binding energies. The intensity of DPI is then attenuated for BEs larger than about 50 eV, corresponding to the higher bound N 2+ 2 excited state [7]. ) events produced after a direct double ionization process followed by dissociation.

On the other hand, in figure 5.4, a weak distinct contribution of (N + , e -) events is observed, becoming more intense with increasing photon energy. It appears as two vertical structures, corresponding to well defined ion fragment kinetic energies, around 4.5 eV and 6 eV, and a rather continuous electron energy distribution (figure 5.6(a)). The two structures in figure 5.6(a) are very similar those observed in the KECDs presented in figure 5.6(c) resulting from the analysis of the (N + , N + , 2e -) events produced by double dissociative ionization processes. The electron energy distributions extend e.g. up to about 15 eV (for E N + ≈ 4.5 eV, KER ≈ 9 eV) and 10 eV (for E N + ≈ 6 eV, KER ≈ 12 eV) for the photon energy hν ≈ 60.45 eV (H39). They feature a direct double ionization process, where N 2+ 2 ionic states are populated, with two electrons continuously sharing the ionization energy. The observed KECDs suggest double ionization into the N 2+ 2 (D 1 Σ + u ) and (A 1 Π u ) ionic states, which predissociate, leading to the population of the (N + ( 3 P)+
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N + ( 1 D)) and (N + ( 3 P) + N + ( 3 P)) limits [27]. The observation of similar structures in the (N + , e -) KECDs is therefore attributed to the collection of incomplete events arising from direct double dissociative ionization.

We note no contribution in the KECDs that would arise from indirect double ionization, involving electrons resulting from atomic autoionization of N * neutral fragments at fixed kinetic energies. This is consistent with the very weak contribution of indirect double ionization found in earlier TPEPECO PES studies of double ionization of N 2 [7]. It differs from the situation met in the study of inner valence ionization of CO, presented in chapter 6.

Dynamics of photoionization into the F 2 Σ +

g state and H band A. Branching ratios and total cross sections Figure 5.7 shows the energy dependence of the branching ratios (BRs) of the DPI processes IV, VIII, IX where the BR for a given process is defined as the ratio between the number of counts in the selection of the process and the total number of counts in the complete KECD at a definite photon energy (section 3.1.1). We observe an increase in the BR of process IV from threshold to about 38-40 eV, which is close to the maximum of the shape resonance and constitutes about 40% of the DPI events. For higher photon energies, the relative importance of process IV decreases and drops to about 15% of the total counts. In this photon energy region, especially above 45 eV, we see a significant rise in the branching ratios of processes IX and VIII accounting for about 30% and 18% of the DPI events, respectively. In figure 5.8, we report the PI cross sections for the inner-valence ionic states computed by Pr. Robert R Lucchese using the MCSCI calculations in the length and velocity gauges, as introduced in the prologue (page 103) to chapters 5 and 6. The table displaying the main features of the ionic states included in the calculations is reported in appendix B.1. They are labelled based on their Σ or Π symmetry, and numbered in increasing binding energy (or ionization potential) for each symmetry. Based on the crosssections, symmetry and ionization potential of the states, the (9) state between 45 eV and 60 eV, which both feature a shape resonance with a maximum around 40 eV and 50 eV, respectively.

The dominance of process IV in band B1 and processes VIII and IX in band B3, thus supports the discussion of the energy dependence of the angular properties of these three processes in terms of the ion and electron asymmetry parameters presented in section 5.3.2.2. B, and in terms of MFPADs addressing the photoionization dynamics reported in section 5.4.2. The latter observables allow for the in-depth comparison with the MCSCI calculations, probing, in particular, the proposed assignment of the 2 Σ + g (2) and 2 Σ + g (9) ionic states. 

2 Σ + u (2) denotes the C 2 Σ + u state in A region, 2 Σ + g (2) is the F 2 Σ +
g state in B1 region and 2 Σ + g (9) is the dominant state in B3 region (table B.1). For the 2 Σ + g (9) state, we note a shift of about 3 eV in the theoretical calculations in comparison to the onset of the H band in experiments. This shift is taken into account on comparing the measured and computed MFPADs and DMEs, reported later in this chapter.

B. Asymmetry parameters

The evolution of the photoion and photoelectron asymmetry parameters β i and β e for process IV as a function of the photon energy is displayed in figure 5.9, with selected values reported in table 5.7. The figure highlights a strong energy dependence of the ion asymmetry parameter, which starts from a low value of about -0.1 (29.45 eV) to reach a maximum value of about 1.42 (38.75 -40.3 eV) at the maximum of the cross-section and then decreases to 0.18 (60.45 eV). It highlights the parallel character of the transition on top of the resonance expected from a σ shape resonance. We also note that the electron asymmetry parameter, negative for photon energies below 37 eV, increases from a value of -0.46 at hν = 32.55 eV to 0.92 at 60.45 eV as displayed in figure 5.9(b). The general trend of the asymmetry parameters is well predicted by the length and velocity MCSCI calculations for the 2 Σ + g (2) state also reported in figure 5.9, ignoring the influence of sharp peaks reflecting autoionizing states for the lowest photon energies, with a closer agreement for β i than for β e . Sizeable deviations are observed for photon energies, close to the threshold where the measured β i and β e parameters reach significantly lower values than the computed ones, with negative values for β e . The measured β i and β e are found to be very similar for processes VIII and IX, as reported in figure 5.10 for a photon energy range 35 eV to 65 eV, and in table 5.8 for selected photon energies. Their energy dependence is smoother than the one observed for process IV at comparable photoelectron energies. β i increases from around 0.86 at hν = 38.75 eV to 1.12 at 48.05 eV and then decreases to 0.66 at 60.45 eV, consistent with the behavior of the shape resonance observed for process IV, but with a less pronounced parallel character. β e , positive for all photon energies, features a small drop at 41.85 eV and then follow an increasing slope with values around 0.8 at 60.45 eV. The comparable values of the asymmetry parameters characterizing processes VIII and IX support the assumption that the two processes arise from the same ionic states, or at least having the same 1hole contribution to the electronic configuration. In parallel, the computed asymmetry parameters for 2 Σ + g (9), very similar to those computed for the 2 Σ + g (2) ionic state for the length and velocity gauges, are plotted in comparison to that of processes VIII, IX. The theoretical results display larger values of β i at the maximum of the resonance and above, while the deviation for β e is observed mostly for low energies. These discrepancies could be further elucidated by the comparison of the related MFPADs reported in section 5.4. Measuring the angular distribution for the contributions to the H band when resolved at the onset of the H band, as presented for hν = 38.75 eV (H25), provides a means to analyze in more detail the influence of the multiple composition of this band, which is a clear difference with process IV, where a single dissociation limit is identified. The ion and electron asymmetry parameters of the DPI processes composing the H band near the Here again, more information should be obtained from the analysis of the corresponding MFPADs.

Results II: MFPADs of the dominant processes

In this section, we report the molecular frame photoelectron angular distributions measured for the three main DPI processes IV, VIII and XI identified in section 5.3, across the broad resonances assigned dominantly to PI into the F 2 Σ + g state on the one hand (section 5.4.1), and into the H band on the other hand (section 5.4.2), from their respective threshold to a photon energy of 60 eV. They are presented in terms of the five F LN functions characterizing the complete MFPAD I(χ i , θ e , φ e ) obtained using circularly polarized incoming light (see equation 2.26), as well as the I χ i (θ e , φ e ) MFPADs for selected orientations χ i of the molecular axis relative to the polarization axis of linearly polarized light, or the propagation axis of circularly polarized light.

MFPADs for all three processes, with similar 'central' photoelectron energy of about 13 eV (process IV 13 eV, VIII/IX 13.3/13.7 eV) show notable similarities at the maximum of their respective cross-sections at about hν = 41.85 eV (H27) (for process IV) and hν = 51.15 eV (H33) (processes VIII/IX). In order to compare the measured MFPADs with the results of the MCSCI calculations, experiments and theory are normalized for each photon energy such that the integral photoionization cross-section for the considered transition is identical. The two calculations performed by Pr. R. R. Lucchese using the length and the velocity gauges give rather comparable results, as pointed out earlier. Here we used mainly the calculation in the velocity gauge for the comparison with the experimental results; however, some specific differences between the two calculations are illustrated. We first consider one chosen photon energy, here hν = 41.85 eV, close to the maximum of the cross section for PI into the F 2 Σ + g state of N + 2 . We present successively the five F LN (θ e ) functions, extracted from the measured I(χ i , θ e , φ e ) angular distribution for process IV, F LN (θ e ) functions at hν=41.85 eV For process IV, the measured F LN functions are displayed in figure 5.11 for the photon energy hν = 41.85 eV (H27), which also includes the computed F LN functions characterizing photoionization into the F 2 Σ + g state at the same energy. The complete set of measured F LN (θ e ) functions is normalized to the calculation such that the integral over θ e of the experimental and theoretical F 00 functions, that represent the total photoionization crosssection of the process at a particular photon energy, are identical.

We observe a fair overall agreement between the measured and computed F LN (θ e ) functions. As expected for direct photoionization for a homonuclear molecule, the F 00 , F 20 and F 22 functions are symmetric relative to the 90 ○ emission angle, while F 21 and F 11 are antisymmetric [23]. As given in figure 5.11(a)and (b), the F 00 and F 20 functions, which govern the polar angle emission profile of the parallel and perpendicular components of the transition shown in figure 5.12, feature a maximum around θ e = 0 ○ or 180 ○ , and minima about θ e = 45 ○ , 90 ○ , 135 ○ . A weak maximum is also observed at θ e = 60 -65 ○ , 115 -120 ○ .

The F 21 and F 11 functions governing the azimuthal dependence of the MFPADs for an orientation of the molecule tilted relative to the polarization axis of linearly polarized light, e.g. I χ i =54.7 ○ (θ e , φ e ), and perpendicular to the propagation axis of circularly polarized light I h=±1 (θ e , φ e ) CP χ i =90 ○ , respectively, are mostly sensitive to the relative phase of the dipole photoionization amplitudes describing the parallel and perpendicular components of the PI transition. They show an oscillatory behavior of similar angular frequency, with 7 nodes, but of opposite phase, as seen in 5.11(c) and (e). Their magnitude displays a strong maximum (and an opposite sign) about θ e = 20 ○ and 160 ○ and relative minima about θ e = 50 ○ , 80 ○ , 100 ○ , 130 ○ . The amplitude of the oscillations is weaker for the measured F 21 and F 11 functions in comparison to the theoretical ones, even though the characteristics are very similar for both.

The dimensionless CDAD parameter quantifying the circular dichroism in the molecular frame (section 2.2.3.2), proportional to F 11 , is reported in figure 5.11(f). The computed CDAD shows strong oscillations ranging between the maximal values of -1 and +1, reflecting an important effect of the light helicity, somehow larger than the measured quantity. Since the measured CDAD (and F 11 ) are proportional to the effective s 3 Stokes parameter of the light beam, a value of s 3 lower than the expected value (s 3 = 1) might play a role in the observed attenuation, as discussed in chapters 2 and 3.

The F 22 function displayed in 5.11(d) characterizes, in particular, the azimuthal dependence of the MFPAD for the χ i = 90 ○ orientation of the molecule relative to the polarization axis of linearly polarized light. Here it is positive for all emission angles within the uncertainty. This reflects a favored emission in the plane defined by the molecular and the polarization axes, entitled here the molecular reference plane, in accordance with the g state at hν = 41.85 eV (H27). The F LN functions are expressed in Mbarn units. The normalization is done such that measured total cross section of process IV, proportional to the integral of the F 00 function, matches the computed total cross section for PI into the F 2 Σ + g state.

assignment of process IV as ionization from the N 2 (X 1 Σ + g ) ground state into an ionic state of Σ + g symmetry as discussed in section 2.2.3.2. The profile displays a maximum around 30 ○ -35 ○ , 145 ○ -150 ○ and a weaker maximum around 90 ○ , similar for the measured and computed functions, with a less pronounced amplitude of the oscillations for the experimental F 22 .

MFPADs at 41.85 eV

The observed similarities between experimental and theoretical F LN s result in extraction of closely related subsequent MFPADs. Figure 5.13 presents a representative set of four 3D-I χ i (θ e , φ e ) measured MFPADs for process IV at hν = 41.85 eV corresponding to the χ i = 0 ○ , χ i = 54.7 ○ and χ i = 90 ○ orientations of the molecular axis relative to the polarization axis of linearly polarized light, and to the orientation χ i = 90 ○ relative to the propagation axis of circularly polarized light as sketched in section 2.2.3.3. The theoretical MFPADs for the F 2 Σ + g ionic state at the same photon energy plotted in figure 5.13(b) display very similar features.

MFPADs for the parallel and perpendicular orientations of the molecule relative to linear polarization are symmetric about the center of the molecule, and the perpendicular transition gives rise to the strong azimuthal dependence favoring emission in the plane containing the molecular and polarization axes, described by a positive F 22 . Electron emission is maximized at emission angles θ e = 0 ○ , 60 ○ , 120 ○ , 180 ○ with respect to one end of the N 2 molecule for the dominant parallel transition (β N + ≈1.24) and around θ e = 30 ○ , 90 ○ , 150 ○ for the perpendicular transition, illustrating a major contribution of f σ u and f π u partial waves, respectively. Those values, and the minima reached in between, are more precisely located in figure 5.12 displaying the 1D -I(θ e ) angular distribution g (2) (F 2 Σ + g ) state using length gauge, which are in good agreement with the ones computed using velocity gauge.

corresponding to the I 0 ○ (θ e ) and I 90 ○ (θ e ) integrated over the azimuthal angle. Minima are found for electron emission at θ e = 45 ○ , 90 ○ , 135 ○ for the parallel transition, while for the perpendicular transition I ⊥ having lower statistics, the 1D-I(θ e ) MFPAD displays larger uncertainties.

These results are further illustrated using polar plots in figure 5.14 representing the cuts of the MFPADs for different geometries specified for each panel. The measured data shown in red circles and their uncertainties are compared to cuts of the computed distribution.

Around the maximum of the resonance, we conclude that process IV is dominated by PI into the F ionic state of Σ + g symmetry. As described in section 2.1.3, the dipole transition from a neutral ground state N 2 (X 1 Σ + g ) to the N * 2 state in the continuum leaving the N + 2 molecular ion in a Σ + g state imposes that photoelectrons have a σ u symmetry for the parallel component of the transition and a π u symmetry for the perpendicular one, consistent with the above observations. A more detailed analysis of the complex partial wave dipole matrix elements across the resonance extracted from the measured and computed F LN (θ e ) functions is reported in section 5.5. 

Photoionization dynamics of the F 2 Σ +

g state from its threshold to 60 eV

Energy dependence of the MFPADs

For studying the photoionization dynamics, we first focus on the evolution of the MF-PADs for the parallel and perpendicular components of process IV as a function of photon energy as presented in figure 5.15, where energies corresponding to harmonic numbers H19, H20, H21, H23, H25, H31, H35 are selected. For the parallel transition, electron emission along the molecular axis (θ e = 0 ○ and θ e = 180 ○ ) is prominent for all photon energies and emission at 60 ○ and 120 ○ shows maximum probabilities at low energies 35.65eV (H23), 38.75eV (H25). The importance of these lateral emission lobes, characteristic of the f σ u partial wave relative to that of the longitudinal lobes, decreases for higher photon energies LP angular distributions for process IV at harmonic orders H19, H20, H21, H23, H25, H31, H35 with the molecular axis parallel and perpendicular to the polarization axis of the light. The results are compared to the computed MFPADs in velocity form.

as seen for H25 up to H39. From the 38.75 eV (H25) photon energy and above, the shape of the measured MFPADs is well predicted by the calculation, whereas for lower photon energies, more differences between measured and computed MFPADs are observed in the relative intensity of the longitudinal and lateral lobes, as seen in figure 5.15(a) and (b) for H19 or H20.

For the perpendicular transition, the maximum electron emission probability observed at the top of the resonance for θ e = 30 ○ and θ e = 150 ○ (figure 5.15) is a dominant feature for all energies. However, the shape of the MFPAD displays additional structures for low photon energies, where the computed MFPAD also displays a significant, but distinct, dependence on the photon energy. One noticeable feature of the measured MFPADs for the H19-H21 photon energies is the growing emission probability out of the molecular reference plane, which a priori points to the influence of other ionic states, e.g. of Π symmetry, overlapping with the selection of process IV. This low binding energy region would necessitate complementary measurements, as well as theoretical calculation of F LN , functions for close ionic states. For increasing photon energies, with the molecular axis oriented perpendicular to the polarization axis, we see an enhancement in the electron emission probability along θ e = 90 ○ , visible and distinct for all energies, which is also characteristic of a f π u partial wave. A satisfactory agreement with the theoretical MFPADs for the F 2 Σ + g ionic state is observed, as shown in figure 5.15 (right panel). We note that the MFPADs extracted for process IV are in good agreement with the only existing (to our knowledge) MFPADs for parallel and perpendicular transitions at 40.8eV, 48.4 eV, 51 eV reported in [18](appendix C.1).

Energy dependence of the F LN (θ e ) functions

In order to characterize quantitatively the discussed PI dynamics and access to the partial wave resolved dipole matrix elements, we report in figures 5.16 and 5.17 the measured and computed F 00 , F 20 , F 21 , F 22 , F 11 as a function of the polar emission angle (0-180 ○ ) for selected photon energies 35.65eV, 38.75eV, 48.05eV, 54.25eV, 60.45eV corresponding to harmonic order H23, H25, H31, H35, H39 respectively. These results are representative of the studied energies where process IV is assigned to ionization into the F 2 Σ + g ionic state. Consistent with the reported MFPADs, the measured and computed F LN functions displayed hereafter normalization of the integral cross section show an overall fair agreement. Their oscillatory structure, as described in figure 5.11 for H27, attesting the contribution of f σ u and f π u partial waves, evolves smoothly across the resonance maintaining the symmetry relative to 90 ○ for F 00 , F 20 and F 22 , and the asymmetric character for F 21 and F 11 .

For F 00 and F 20 , the amplitude of the oscillations, which display a maximum at 0 ○ and 180 ○ , is maximal about the top of the resonance. For higher energies, e.g. above H31 in 5.16(a), the oscillations of the measured F 00 tend to vanish, featuring a well-shaped distribution, while the computed F 00 functions (figure 5.16(b)) still show distinct although attenuated oscillations. In figure 5.16(b), the minimum seen at 90 ○ for the low energies (e.g H23, H25) turns into a relative maximum for the higher energies (H35, H39). The oscillations are clearly visible for measured and computed F 20 functions, especially for lower photon energies, and drop off for H35, H39. The computed F 22 functions display three well-defined maxima for the 35 ○ , 90 ○ and 145 ○ emission angles, also reflecting the contribution of an f π u partial wave to the perpendicular transition. Their amplitude increases with energy, and they are positive for all emission angles consistent with the Σ + → Σ + character of the transition. The measured F 22 functions for process IV are in close agreement with the calculation for H31 to H39 energies, whereas their trend is less regular for H23 and H25 (and lower energies) where they decrease and become slightly negative for emission angles about 90 ○ , signifying emission orthogonal to the molecular reference plane. As discussed in section 2.2.3.2, this feature could be attributed to contributions from weak Π ionic states in the same binding energy range (section 5.2.2.2). Figure 5.17 illustrates the energy dependence of the measured and theoretical F 21 and F 11 functions, which display the same general features as described in figure 5.11. Up to the resonance, the amplitude of the oscillations for both functions increases, consistent with the evolution of the cross-section, however their behavior differs beyond the maximum of the resonance. For the measured and computed F 11 functions, the amplitude decreases gradually, maintaining the sign of the oscillation, whereas, F 21 encounters a sharp sign change and a stronger attenuation. One noticeable difference is however ob-5.4. RESULTS II: MFPADS OF THE DOMINANT PROCESSES served in the shape of the measured F 21 function for energies H31 and above: in that case, although the measured and computed F 21 functions remain comparable for emission angles 60 ○ ≤ θ e ≤120 ○ , a phase difference is observed for smaller (θ e ≥ 60 ○ ) and larger (θ e ≥ 120 ○ ) angles. We also observe deviations in the amplitude for some of the measured F 21 and F 11 , smaller by a factor 2 to 3 than the computed ones.

Processes VIII and IX

This section reports on the MFPADs and F LN functions of processes VIII and IX constituting the H band in the B3 binding energy region. Similar to the description of process IV, we first report the angular properties of the DPI processes VIII and IX at a photon energy hν = 51.15 eV (H33) close to the peak of the shape resonance along with a comparison to the computed MFPADs. This is followed by the energy dependence of the 3D MFPADs and the F LN functions of the two processes: process VIII and process IX from their threshold to 60 eV.

Figure 5.18 displays a representative set of 3D-I χ i (θ e , φ e ) MFPADs for a molecular axis oriented at χ i = 0 ○ , 90 ○ and 54.7 ○ relative to the polarization axis of linearly polarized light and χ i = 90 ○ with respect to the propagation axis of circularly polarized light for hν = 51.15 eV (H33). The measured MFPADs for processes VIII and IX are compared to those computed for the ionic state labelled N + 2 ( 2 Σ + g (9)) (the dominant ionic state in the H band region) (figure 5.8) at a comparable photon energy. Other ionic states are present in this BE region that are comparatively weak and may collectively contribute to the H band. Although processes VIII and IX involve well-separated series of dissociation limits (section 5.2.2.2), the observed MFPADs are very similar, and they display as well striking similarities with those reported in figure 5.13 for process IV at the maximum of the photoionization cross-section for the N + 2 ( 2 Σ + g (2)) state. The photoelectron emission probability is maximum at θ e = 0 ○ , 60 ○ , 120 ○ and 180 ○ , for the dominant parallel transition, and around θ e = 30 ○ and 150 ○ for the perpendicular transition, attesting the contribution of f σ u and f π u partial waves, respectively. The overall characteristics of the reported measured MFPADs are in good agreement with those computed for photoionization into the 2 Σ + g (9) ionic state in the length and velocity form. Slight differences are observed between the MFPADs computed using the length and velocity form, in particular, for the perpendicular transition (figure 5. 18(c-d)), where an additional weak lobe at an emission angle θ e = 90 ○ is seen in the 'length' calculations. A more detailed comparison is presented in figure 5.19, which displays 2D cuts for some of the MFPADs of process IX with the computed MFPADs using the length form.

The set of measured F LN s compared to the computed F LN functions for PI into the 2 Σ + g (9) state (length form) are displayed as a function of the emission polar angle at hν = 51.15 eV in figure 5.20. We note an overall reasonable agreement between the measured and computed F LN functions, where the normalization is done with respect to the F 00 function as discussed in the previous section. The measured and computed symmetric F 00 and F 20 functions in figure 5.20, are showing similar profiles to those reported for process IV (figure 5.11). These similarities result in the close resemblance between the measured and computed 1D I 0 ○ 90 ○ (θ e ) presented for processes IV and VIII/IX in figures 5.12 and figure 5.20(g,h) and as well the 3D MFPADs for χ i = 0 ○ showcasing the parallel transition. The 3D MFPADs for χ i = 90 ○ for processes VIII/IX (figure 5.18) and IV (figure 5.13) show subtle differences, in particular around the emission angle θ e = 90 ○ . Thus using equation 2.35, the differences we observe can be traced back to the small differences in F 00 and F 20 functions and the profile of the F 22 function. From figure 5.20(d), for the measured F 22 function for processes VIII/IX , we note that the oscillations are relatively weaker, having a higher amplitude around 90 ○ in comparison to that of process IV in figure 5.11(d). While for the computed F 22 function oscillating with a lower amplitude for processes VIII/IX, we observe that the lobe around 90 ○ is less significant as to that of process IV.

F 21 and F 11 functions feature an antisymmetric profile with oscillations at similar angles as that of the reported functions of process IV. Here, the weaker amplitude of the oscillations in the experiment compared to the calculation is more significant for F 11 than for F 21 , in particular for emission angles 60 ○ ≤ θ e ≤ 120 ○ . Likewise, the measured dimensionless CDAD displays lower oscillations and lies between 0.6 when compared to the theoretical values varying between +1 and -1.

Figure 5.21 displaying the energy dependence of the measured MFPADs for processes VIII and IX for the parallel and perpendicular transitions shows similar features, although slight differences are observed at the lower photon energies (38.75 eV and 41.85 eV) in particular for the perpendicular transition. These differences might be due to the different composition of the ionic states contributing to the processes VIII and IX, as illustrated in the reported KECDs (section 5.3.2). A more solid conclusion requires further investigation using theoretical MFPADs extracted for the H band for different ionic states, which are not available at the moment for this BE region. For energies larger than 41.85 eV, the 9) state at hν = 51.15 eV (H33). (g,h) Measured 1D -I χ i (θ e ) angular distributions for orientations of the molecule parallel and perpendicular after averaging on the azimuthal angle with respect to the polarization axis for process VIII (blue dot) and IX (green square) compared to the theoretical 1D-I χ i (θ e ) angular distributions for 2 Σ + g (9).

MFPADs show characteristics comparable to those measured for process IV.

In figure 5.22, the measured 3D-MFPADs for process IX, chosen as representative of both processes, are then compared to the theoretical ones for PI into the 2 Σ + g (9) state, reported after taking into account the shift in energy of about 3 eV in the calculations (caption of figure 5.8). For energies near the threshold of the 2 Σ + g (9) ionic state, the theoretical MFPADs differ from the measured MFPADs, however above 44.95 eV, we note a fair agreement between the measured and computed MFPADs for the parallel transition. For the perpendicular transition, more differences are observed: particularly for measured MFPADs at higher energies, we observe a distinct emission lobe about 90 ○ , which is absent in the theoretical MFPADs obtained using velocity gauge calculations. Overall, the agreement between the measured and theoretical MFPADS clearly shows the dominance of the 2 Σ + g (9) ionic state responsible for the shape resonance in both processes VIII and IX. The MFPADs for the H band recorded at specific energies are in good agreement with the available MFPADs reported in [18][19][20], which are given in appendix 5.24 exhibit the energy dependence of the measured and computed F LN functions at selected photon energies from H27 after normalization with the computed cross-section. For all photon energies, we note similar although attenuated oscillations for the measured F 00 and F 20 functions when compared to the computed F 00 and F 20 functions, which is reflected in similar 3D MFPADs for the parallel transition with a strong f σ u character. While for F 22 , which is mostly positive for all emission angles, we note larger oscillations around 90 ○ for higher photon energies when compared to the computed ones.

The energy dependence of the F 21 and F 11 functions is encoded in figure 5. 24. We note that the remarkable difference between the evolution of F 11 which varies in amplitude keeping the same sign across the resonance, and that of F 21 which changes sign around the maximum of the resonance, noted in figure 5.17 for process IV ( 2 Σ + g (2)) is also observed here. Similarly, the differences pointed out in section 5.4.1 (figure 5.17) between the measured and computed F 21 functions for θ e ≤ 60 ○ and θ e ≥ 120 ○ are reproduced in figure 5.5. RESULTS III: EXTRACTION OF DIPOLE MATRIX ELEMENTS 5.24(a,b) as well. This common behavior is detailed in the discussion of the dipole matrix elements in the next section.

Results III: Extraction of dipole matrix elements

A further step to describe the photoionization dynamics is to consider the energy dependence of the partial wave dipole matrix elements (DMEs), which are the key dynamical parameters to obtain the magnitude and phase of the complex photoionization amplitudes for each emission direction in the molecular frame, and thereby the MF dependent photoionization time delays (chapter 2). In this section, we analyze the measured MFPADs up to the determination of the DMEs and compare them with the computed ones.

The extraction of the complex DMEs for the studied DPI process IV, dominantly assigned to PI into the 2 Σ + g (2) ionic state, and process IX chosen as representative of the H band and compared to the 2 Σ + g (9) ionic state of N + 2 , proceeds as briefly described in chapter 2. For each process and each photon energy, it relies first on the determination of the C L ′ LN coefficients obtained in the expansion of the five F LN (θ e ) functions in associated Legendre polynomials, then on a non-linear fit of this ensemble [28], or of a number of their specific linear combinations [29] to obtain the magnitudes and phases of the DMEs as briefly discussed in chapter 2. For homonuclear molecule like N 2 , it takes into account the dipole symmetry selection rules in the N 2 (X 1 Σ + g ) → N + 2 (F 2 Σ + g ) ionization transition, which allows only partial waves of u symmetry, (pσ u , f σ u ..) and (pπ u , f π u ..) for the parallel and perpendicular transitions respectively.

In figure 5.25 we present the energy dependence of the C L ′ LN coefficients with L'=2,4,6 for the F 11 and F 21 functions derived from the measured and computed F LN functions. Here, the F LN functions for all energies are normalized such that the C 000 term in the expansion of F 00 is equal to 1, therefore figure 5.25 describes the energy dependence of the angular profile of F 11 and F 21 and does not include the energy variation of the total cross-section. The evolution of the C L ′ 11 and C L ′ 21 coefficients reported in figure 5.25 accounts for the different behavior observed for F 11 and F 21 in section 5.4.1, while providing more insight into the dynamics. For F 11 , the C L ′ 11 coefficients remain negative across the resonance and display very similar shapes in theory and experiment, while more differences are noted for the C L ′ 21 coefficients. First, the three computed C L ′ 21 coefficients change sign around the maximum of the resonance: C 221 being negative while C 421 and C 621 are positive and of larger amplitude for the lower energies. The behavior is different in the experiment where C 221 , negative at low energies and positive beyond the maximum of the resonance, is the dominant term; C 421 and C 621 are positive at the lower energies, then C 421 cancels and C 621 remains positive for the higher energies. This describes accurately the origin of the discrepancy between the experimental and theoretical F 21 functions observed for the higher energies (figure 5.17). For both F 11 and Turning to the extraction of the complex DMEs from the measured F LN functions and related C L ′ LN coefficients, the first step consists of normalizing the sets of C L ′ LN for each energy, relying on a measured or computed total cross sections for the studied PI process. As described for the F LN functions, the normalization chosen here is such that the C 000 term, which represents the total cross-section, is identical to the computed one at the same energy. Secondly, the phases of the DMEs obtained for each energy are relative to an arbitrary origin: since the single-photon ionization experiments at different energies are not phase coherent, we select one partial wave as a common phase-reference for each energy. Here we choose as a reference the phase of the l=3, m=1 (f π u ) DME in the perpendicular transition, which does not contribute to the shape resonance. With these two considerations, we directly compare the magnitudes and phases of the measured and computed DMEs displayed in figures 5.26 and 5.27 for processes IV and IX, respectively.

The general trend of the energy dependence of the magnitudes and phases of the D f σu πu and D pσu πu DMEs illustrating the dominant role of the f σ u partial wave is in fair agreement with the calculation, consistent with the comparison of the measured and computed F LN (θ e ). For the parallel transition, the magnitudes of D f σu and D pσu show a similar variation with a maximum around hν ≈ 42 eV (figure 5.26(a)) and hν ≈ 52 eV (figure 5.27(a)). However, the measured ratio of the magnitudes D f σu / D pσu around the resonance, amounting to 1.4 for the F 2 Σ + g and 1.7 for the H-band (process IX), is smaller than the computed one reaching the values 4.3 and 3, respectively. On the other hand, the measured and computed phase shifts of the D f σu and D pσu DMEs also display a similar trend, common for both reactions. For PI into the F 2 Σ + g state, using the D f πu reference phase, arg(D f σu ) increases smoothly by about one radian across the resonance in the experiment and 2 radians in the calculation. Arg(D pσu ), which also includes the residual Coulomb phase between the l=3 and l=1 partial waves, is rather flat in the For PI into the F 2 Σ + g state (IV), previous experimental results [18] reported a D f σu πu / D pσu πu ratio weaker than the present results ( D f σu πu / D pσu πu ≈ 1.1) and a variation of the phase shift difference of the order of 0.2 rad). For PI into the H-band (IX, L 3-7 ), the present results compared with those reported by Motoki et al. [19,20], selecting only the L 3 limit, show a similar trend for the phase variations. The next steps towards the derivation of photoionization complex amplitudes and time delays have been implemented in the study of MF resolved photoionization dynamics of NO leading to the NO + ((4σ) -1 c 3 Π) inner-valence ionic state [30]. They are in progress for the main inner-shell ionization channels studied here for N 2 and CO as briefly discussed in perspectives (figure 7.3).

5.6. CONCLUSION

Conclusion

The reported study of dissociative photoionization of N 2 in the inner valence energy region, carried out at Synchrotron SOLEIL for photon energies up to 60 eV, addresses the energy and angular properties of the main DPI processes. (N + ,e -) KECDs for DPI of N 2 at specific photon energies corresponding to harmonic energies from H17 to H39 are presented, where various processes characterized by the binding energy of the N + 2 ionic state(s) and their dissociation limit(s) are studied. In particular, processes I, IV, VIII/IX linked to photoionization into the C 2 Σ + u state, F 2 Σ + g state and H band in the A, B2 and B3 binding energy regions, respectively, are identified and their photoionization dynamics is probed. The C 2 Σ + u state is known for predissociating through the L 1 limit, where we observe vibrational structures in the KECD, whereas the presence of a sigma shape resonance in the continuum of the F 2 Σ + g state and H band is a well-identified topic of interest.

The KECDs establish that process IV, which corresponds to the binding energy of the F 2 Σ + g state, leads to a single L 3 dissociation limit (without excluding a contribution of L 2 for the higher energies). On the other hand, they show that the binding energy attributed to the H band involves both processes VIII and IX, featuring two separated series of dissociation limits, L 10 11 (N + (2s 2 2p 2 )+N( 3 P )3s) and L 2 3 , L 4 5 6 , L 7 (N + (2s 2 2p 2 )+N(2s 2 2p 3 )) respectively, well-resolved at the onset of the H band (H24 and H25). This network of dissociation limits, also characterized by vibrational progressions, features a complex ionic state region, likely influenced by vibronic couplings.

For photoelectron energies (≥ 5 eV), the measured MFPADs for processes IV, VIII and IX display very similar features, showing the dominant contribution of f σ u and f π u partial waves in the parallel and perpendicular transitions, interfering with pσ u and pπ u partial waves, respectively. Based on these results, compared with those of MCSCI calculations, process IV is assigned to the 2 Σ + g (2) ionic state (F 2 Σ + g state) described by a dominant (2σ -1 u 1π -1 u 1π 1 g ) 2h-1p electronic configuration and a weak (<10%) 2σ g -1 1h configuration, while processes VIII and IX displaying quite similar MFPADs are mainly assigned to the 2 Σ + g (9) ionic state, characterized by the dominant (>50%) 2σ g -1 1h configuration, with the expected minor contribution of other ionic states. The strong resemblance and similar energy dependence of the 2 Σ + g (2) and 2 Σ + g (9) ionic state MFPADs attest that the 2σ g -1 1h configuration plays a major role in the two PI processes, giving rise to a σ shape resonance affecting the parallel transition. This is also supported by the evolution of the branching ratios and the asymmetry parameters reported for the three DPI processes. Despite the very good overall agreement between measured and computed MFPADs, some differences, e.g. illustrated by the energy dependence of the F 21 functions, remain to be interpreted.

The situation is more diverse for low photoelectron energies (≤ 5eV), for both measured and computed MFPADs. This region, which probes the photoionization dynamics of the CHAPTER 5. INNER VALENCE DISSOCIATIVE PHOTOIONIZATION OF N 2 2 Σ + g (2) and 2 Σ + g (9) ionic states at low energy, including the role of the dynamical electronic correlation, as well as the contribution of neighbor ionic states of Π symmetry, deserves a more detailed experimental and theoretical investigation.

The partial wave dipole matrix elements (DMEs), which are the key dynamical parameters, are extracted from the complete MFPADs across the studied shape resonances providing a detailed description of the photoionization dynamics. For PI of the N 2 homonuclear molecule into the 2 Σ + g (2) and 2 Σ + g (9) ionic states of Σ + g symmetry, they reduce to the f σ u , pσ u and f π u , pπ u DMEs. The energy dependence and phases relative to a common origin, here that of the f π u DME are reported for both ionic states. Consistent with the MFPADs, they compare well with the theoretical DMEs, although a larger magnitude of the pσ u DMEs is found in the experiment than in the calculation. The energy dependence of the complex DMEs gives access to the magnitude and phase of the complex photoionization for each emission direction in the molecular frame, and therefore to the photoionization time delays. Such an extraction has been performed based on the results obtained for inner valence ionization of the NO molecule [30].

The KECDs reported in this work for each harmonic energy, providing an overview of the DPI processes involved in inner-valence ionization of N 2 in the region of shape resonances, also constitute a useful support to evaluate the conditions and the interpretation of XUV-pump IR-probe experiments using an attosecond pulse train (APT) or a single attosecond pulse (SAP), addressing the photoionization and relaxation dynamics of ionic states such as F 2 Σ + g state and H band. In a study of photoionization dynamics relying on the RABBITT technique, we note that the 1-2 eV intrinsic electron energy bandwidth of processes IV and VIII, whose binding energies are separated by about 10 eV and which involve similar ion kinetic energies (0.5 ≤1 E N + ≤1.5 eV) , will necessarily involve a significant overlap of the harmonic and sideband peaks in the PES observable. The strategy that can be followed in such cases, taking advantage of the resolution achieved in dissociation energy, is illustrated using the (N + ,e -) KECD induced by harmonics H29-H31-H33 as an outlook of this work in figure 7.1(b). On the other hand, defining an ion energy window within the 3.5 ≤ E N + ≤ 5.5 eV limits will allow for a proper selection of process IX, suppressing the contribution of the F 2 Σ + g state to the PESs and featuring PI dynamics of the H band populated for harmonics higher than H27.

Furthermore, the single-photon ionization time-delays derived from the analysis of the complex-valued photoionization amplitudes for PI into the F 2 Σ + g state (figure 7.3) and H band, in progress, should provide a benchmark reference for the intrinsic contribution of XUV ionization time delays to the time delays looked for in a RABBITT experiment which combines the dynamical effects of XUV ionization and IR continuum-continuum transitions. Such RABBITT experiments, planned at ATTOlab, are also scheduled, e.g. at the MBI (Berlin), where one of my secondments took place in the frame of the ASPIRE ITN network (June-July 2019).

Chapter 6

Inner valence dissociative photoionization of CO

Introduction

This chapter is divided into four sections and deals with the study of inner valence ionization of CO in the photon energy region 24 eV to 48.05 eV. The main outline follows the presentation of photoionization dynamics of N 2 in chapter 5. We focus on the energy and angle-resolved properties of the main DPI processes in the inner valence region associated with transitions to ionic states with 2h-1p configuration (D 2 Π, 3 2 Σ + , 3 2 Π, 5 2 Σ + ...) and a dominant 1h configuration ((3σ -1 )

2 Σ + band) and, in particular, highlight the specificity seen for the PI dynamics of the CO molecule isoelectronic to N 2 .

In section 6.2, we briefly summarize earlier works relevant to our discussion on CO + ionic states, their binding energies, dissociation limits, photoelectron spectra and angular properties. This is followed by section 6.3, where we discuss the energy-resolved results obtained at Synchrotron SOLEIL at a series of harmonic energies up to 48.05 eV. Here we present selected (C + , e -) and (O + , e -) KECDs detailing the additional information achieved involved in studying a heteronuclear molecule. In section 6.4, we report on the MFPADs for processes labelled I, IV and V in (C + , e -) KECD corresponding to transitions into the D 2 Π, 3 2 Σ + ionic states (process I) and 3 2 Π state (process IV/V) at specific photon energy. These results are followed by the MFPADs for the processes identified in the (C + , e -) and (O + , e -) KECDs corresponding to the transition into the 5 2 Σ + state and (3σ -1 )

2 Σ + band featuring a shape resonance in their respective σ → σ * continuum similar to the discussion on the N + 2 (F 2 Σ + g ) and N + 2 ((2σ -1 g ) 2 Σ + ) band in N 2 . [1] for single photon ionization and 41.325 eV for double ionization [2]. The potential energy curves for the main CO + states and CO 2+ states are summarized in figure 2 following references [3][4][5] for the binding energy region 12 eV to 50 eV. The three lowest CO + ionic states X 2 Σ + , A 2 Π and B 2 Σ + are the bound outer valence ionic states which are formed as a result of the emission of one electron from the 5σ, 1π or 4σ molecular orbitals of the CO molecule and constitute the 1h-ionic states that are non-dissociative (see table 6.1).

CO(X 1 Σ + ) + hν(> 14.01 eV ) → CO + + e - direct PI Table 6.1: Binding energies, assigned dominant electronic configuration and adiabatic dissociation limits of the main ionic states of CO + .

Electronic state BE (eV) [3] electronic configuration [3,6] Limit

CO (X 1 Σ + ) (1σ) 2 (2σ) 2 (3σ) 2 (4σ) 2 (1π) 4 (5σ) 2 CO + (X 2 Σ + ) 14.0 (5σ) -1 CO + (A 2 Π) 16.9 (1π) -1 CO + (B 2 Σ + ) 19.7 (4σ) -1 CO + (D 2 Π) 22.7 (5σ) -2 (2π) +1 (4σ) -1 (5σ) -1 (2π) +1 [6] L C+ 2 [7] CO + (1 2 ∆) (1π) -1 (5σ) -1 (2π) +1 CO + (3 2 Σ + ) 23.4 (1π) -1 (5σ) -1 (2π) +1 CO + (3 2 Π) 27.5 (4σ) -1 (5σ) -1 (2π) +1 L C+ 1 [7] CO + (4 2 Σ + ) 29.0 (1π) -1 (5σ) -1 (2π) +1 L O+ 1 [3] CO + (5 2 Σ + )[3] (4 2 Σ + )[6, 8] 31.4 (4σ) -1 (1π) -1 (2π) +1 L C+ 3 [3] CO + (8 2 Π) 32.1 (1π) -2 (2π) +1 CO + (6 2 Σ + ) 32.2 (1π) -2 (5σ) -1 (2π) +2 CO + (3σ -1 ) 2 Σ + 3σ -1 [9]
For binding energies above 22 eV, the CO + inner valence excited states involve a significant contribution from many-electron effects limiting their description using independent particle molecular orbital approximation. In this region, the electronic configuration of the CO + molecular states involves the single hole (1h) inner valence states and 2-hole 1 electron (particle) (2h-1p) ionic states. In figure 2 these include the ionic states such as D 2 Π, 3 2 Σ + , 4 2 Σ + whose potential energy curve crosses the Franck Condon region (shaded n for CO + producing (C + +O) fragments and their respective energies [4,7,10,11]. The origin is chosen as the position of the v=0 vibrational level of CO(X 1 Σ + ) neutral ground state. An exhaustive list of the limits can be derived from the information in [10].

Products

Energy Limit C + (2s 2 2p 2 P )+O(2s The heteronuclear character of the CO molecule leads to significant differences with N 2 . Firstly, the u → g dipole selection rule is suppressed in this case, which removes the constraints on the partial waves contributing to the photoelectron angular distribution. Unlike in N 2 , two series of dissociation channels, producing (C + , O, e) or (O + , C, e) can be populated for binding energies of the ionic states lying above the lowest limits given in tables 6.2 (L C+ 1 at 22.356 eV) and 6.3 (L O+ 1 24.71 eV), that we have investigated simultaneously in this work.

CO(X

1 Σ + ) + hν → CO * → CO + + e -→ O + + C + e - → C + + O + e - dissociative PI
Similar to the convention in N 2 , the subscript denotes the dissociation limit (number), and the superscript labels the produced atomic ion. When the dissociation limits are opened, they can be populated as the molecular ion undergoes dissociation. The dissociation limits (L n ) and the corresponding energies are given in table 6.2 for the production of (C + + O) fragments and in table 6.3 for that of (O + + C) fragments.

DPI processes assigned to different binding energy regions

For the current discussion of the inner-valence DPI processes reported in this chapter, we categorize transitions into various CO + dissociative ionic states based on the accessed binding energy (BE) region, considering first the three regions as can be seen on the PES Table 6.3: Dissociation limits for CO + producing (O + +C) fragments and their respective energies [3,10,11]. The origin is taken as the position of CO(X 1 Σ + v = 0) ground state. Several dissociation limits are identified between 32.4 eV and 35 eV leading to C in C (2s 2 2p 2 P )nl excited state and O + in ground state O + (2s 2 2p 3 4 S 0 ) [10], which are not considered here, while naming the limits. Dissociation limits listed †, ‡, ⋆ are not added in the KECDs in the current work.

Products

Energy Limit C(2s 2 2p 2 3 P )+O + (2s The BE region from 22 eV to 30 eV (band A) is characterized by the population of the D 2 Π, 3 2 Σ + and 3 2 Π ionic states, for which a resolved vibrational structure has been observed in PES spectroscopy for the D 2 Π, 3 2 Σ + states.

The BE region from 30 eV to 41.5 eV (band B) is the most interesting for the current study with (a) two dominant bands of inner valence ionic states featuring shape resonances in the few eV range above the threshold, (b) identification of CO + * Rydberg state progressions converging to CO 2+ ionic states, and (c) possibility of indirect double ionization producing two ion fragments below the double ionization threshold. Finally, the BE region (band C) above the adiabatic double ionization threshold at 41.325 eV includes ionization into the lowest CO 2+ bound and dissociative ionic states.

BE region 22 to 30 eV (Band A)

This binding energy region features transitions into three ionic states : D 2 Π, 3 2 Σ + and 3 2 Π as identified in the PES measured at a photon energy of 46.4 eV in [6] (see figure 6.1). Two vibrational progressions assigned to the transitions to the overlapping D 2 Π and 3 2 Σ + electronic states in the BE region between 22 to 25 eV, were analyzed as follows. The transition from the ground state (v = 0 X 1 Σ + ) to the D 2 Π ionic state is observed between 22.37 eV (0 → 0) and 23.779 eV (0 → 9). The relative intensity of the vibrational lines increases to the maximum value for the transition v = 0 → v = 3 and further decreases with increasing vibrational quantum number (figure 1 in [6]). Following these series, the vibrational progression associated with transition to the 3 2 Σ + ionic state extends from the binding energy of 22.99 eV (v = 0 3 2 Σ + ) up to 24.489 eV (v = 12) [6]. A photoelectron asymmetry parameter (β e ) of about 0.3 is recorded for the transitions into D 2 Π (v = 0 to v = 4) and about β e ≈ 0.6 and β e ≈ 1.3 for the transitions into (v = 1) 3 2 Σ + and (v = 7)3 2 Σ + at a photon energy of 36 eV. For higher binding energies, around 27 eV to 27.7 eV a rounded structureless band is seen in the PES which is attributed to the transition to a repulsive (for all internuclear distances) ionic state 3 2 Π [6].

First photoelectron-photoion coincidence (PEPICO) studies revealed that, with the opening of the lowest dissociation limit at about 22.356 eV [11], the D 2 Π and 3 2 Σ + molecular ionic states dissociate mainly through the C + ( 2 P )+O( 3 P ) (L C + 1 ) channel and above BE = 24.3 eV, they also dissociate through the C + ( 2 P )+O( 1 D) (L C + 2 ) channel. The 3 2 Π ionic state is adiabatically correlated to the L C + 1 limit and its dissociation products are seen linked to the L C + 1 and L C + 2 limits [7,11]. This band was previously investigated by our group, using electron-ion coincidence 3D momentum spectroscopy at the Super-ACO 2nd generation synchrotron radiation facility [3] providing the reaction pathways and MF-PADs at 26 eV, 29.5 eV, 32.5 eV. For the DPI processes associated with the transition into the D 2 Π and 3 2 Σ + states, a β i of about 0 at 26 eV was reported and for those into the 3 2 Π ionic state, β i = 0.4 ± 0.1 and β e = 0.1 ± 0.1 at 29.5 eV were obtained [3]. Even though this band is of no direct interest for the present work, we compare in section 6.4.1.2, our results with those obtained earlier, and we rely on this example to illustrate some typical angular properties for a transition into Σ and Π ionic states.

BE region 30 to 41.5 eV

The BE region above 30 eV is of great significance for our current study as this constitutes the energy region featuring highly excited ionic states involving shape resonances, several Rydberg progressions and autoionizing states. The high resolution PES at hν = 45 eV [12] displays band B highlighting the sharp peaks superimposed on broad structures (figure 6.2). Comparable information about the CO + ionic states in this BE region was derived from the TPES spectrum recorded at Super ACO [13]. For a better insight in the discussion of the present results, we subdivide the visualized BE region into four bands (Bands B1 to B4) roughly based on the structures in the PES and the related proposed assignment of inner valence ionic states as schematized in figure 6.2. For the ionic states formed in the 30 -41 eV BE region (figure 2 and table 6.1), dissociation channels producing the C + and O + ionic fragments are opened. Based on the results reported in this chapter for a series of selected excitation energies, consisting of KECDs for the (C + , O,e -), (C, O + ,e -), and (C + , O + ,e) channels and related MFPADs, we emphasize in sections 6.3.2 and 6.4, the new information provided in terms of PI dynamics of the highly excited states. Band B1 (30 -33 eV) This band was attributed to a single dominant process giving rise to an intense broad peak in the PES corresponding to the transition into a repulsive ionic state of Σ + symmetry [6,11], labelled as 5 2 Σ + ionic state [3], or 4 2 Σ + [6,11] (depending on whether or not the weaker progression near 28 eV BE was included), or F 2 Σ + [14]. The ionic state is adiabatically correlated to the L C+ 3 limit and non-adiabatically correlated to the L C+ 2 and L O+ 1 limits [3]. Even though within the FC region, the PEC of 5 2 Σ + is repulsive, there is a shallow minimum seen at larger internuclear distances. The KECDs for (C + ,e -) and (O + , e -) events were simultaneously obtained close to the appearance threshold of the 5 2 Σ + state and various DPI processes identified in this BE region [3]. The transition into the 5 2 Σ + ionic state was shown to produce a significant amount of O + fragments. These studies revealed that in band B1, the dissociation of the ionic state(s) involves mainly the L C+ 2,3,4 , L O+ 1,4,6 limits [3,11]. The shape resonance in the ionization continuum of the 5 2 Σ + ionic state was analyzed by measuring the MFPAD for the parallel transition at 40.8 eV on top of the resonance and at 48.4 eV near the tail of the resonance, applying the VIPCO technique for the (O + ,e -) events. It showed a preferred electron emission in the direction of the C end of the molecule, with a strong ion and electron on-axis emission anisotropy [8,11]. The present results, detailed in the following sections, rely on a series of energies across the resonance, and are studied for the (C + O + ) as well as the (C + + O) DPI channels, where we reveal the contribution of another ionic state (8 2 Π) of Π symmetry in the same BE region.

Above 30 eV, the computed PECs of excited CO + states are purely repulsive, and then the sharp peaks e.g. 31.88 eV, 32.82 eV, 32.99 eV, 33.17 eV labelled 1 -4 in figure 6.2 or 1 -5 in figure 6.1 on top of the broad structure assigned to the 5 2 Σ + inner valence state, were attributed to the vibrational progression of Rydberg states of CO + [6,12,15]. Band B2 and Band B3 (33 -37 eV) In comparison to band B1 and band B4, information on bands B2 and B3 are limited and the inner valence states in these bands mainly producing O + fragments are not well identified. The process in B2 was reported to dissociate through the L O+ 3 4 limits and to show backward -forward symmetry while the process in B3 was more backward-forward asymmetrical and not well-resolved [11]. Using photoelectron-photion coincidence spectrum, it was shown that C + +O dissociation channels are dominant for BE ≤ 30 eV, while for BEs above 30 eV, especially in band B2 and B3, C+O + channels have a larger contribution. On top of the broad structures in the PES, a series of lines 6 -23 (figure 6.2), in particular peaks 11, 12 and 18, corresponding to the lower ionic states of CO 2+ were resolved [13].

Similar to the observation in N 2 , above the thermodynamic threshold for C + +O + at 35.99 eV (D 1 ), there is a possibility of ion-pair production resulting from indirect double photoionization through autoionization. One of the key differences here is that the D 1 limit lies within band B3 and below the onset of B4, while for N 2 , the D 1 limit leading to N + + N + fragments was lying above all the main bands. In this region featuring indirect double ionization, the highly excited states of (CO + * ) molecular ion dissociate, producing Experimental evidences of the ion-pair production were reported at a photon energy of 38.4 eV [16] and even at energies as low as 36.5 eV using the e-e coincidence signal [17]. Coincidence studies reported in [13] show a negligible contribution producing C + +O + comprising of about 5% of the total yield (BE ≈ 39-40 eV) and much weaker for lower energies.

Band B4 (37 -41.5 eV) Band B4 is another important BE region in the inner valence ionization of CO and of direct interest for our study. The broad photoelectron band between 37 eV and 40 eV consisting of several Σ and Π states features a dominant single hole 3σ -1 configuration [9]. Similar to the H band (N + 2 (2σ -1 g ) 2 Σ + ) in N 2 , this band involves direct ionization from the 3σ orbital and is labeled as (3σ -1 ) 2 Σ + band [9]. 3σ → kσ transition give rise to a shape resonance peaked at a photon energy of hν ≈ 50 eV, positioned at an energy of 12 eV above the ionization potential of 3σ [9,18]. An evolution of cross section and asymmetry parameters is expected due to the presence of the shape resonance in its continuum, which thereby assign the band around 38.5 eV, an important role in the DPI studies of CO (figures 6.1 and 6.2).

Both C + and O + ionic fragments are equally produced in this region, as reported in [13]. In Baltzer et al. [6], structures linked to the Rydberg series converging to CO 2+ dication states are observed on top of the single band assigned to the (3σ -1 )

2 Σ + band. As illustrated in figure 6.2, several sharp, complex peaks 24 -42, in particular peaks 27, 34, 35 are labelled [12]. In addition to the inner valence states and Rydberg states, this region also supports indirect double ionization through atomic autoionization.

In a recent publication, Osipov et al. [4] reported the angular distributions of photoelectron and autoionizing electron measured at a photon energy hν = 43 eV using a COLTRIMs setup, after analysing (C + ,O + , e -, e A ) events corresponding to doubly charged dissociation channels (figure D.3). Combined with the measured and calculated MFPADs, studies concluded that the region contains inner valence states which are capable of dissociating through the D 1 limit as a result of indirect double ionization, in contrast to the complete assignment of the production of two ions to Rydberg states by Hikosaka et al. [13]. These MFPADs, which are the only known ones in this band, are compared to our results for single ionization channels corresponding to the (3σ -1 ) 2 Σ + band, as well as the preliminary MFPADs for the (C + , O + ,e -,e A ) events in sections 6.4.3 and 6.3.2.1.

BE region above 41.3 eV

Above the double ionization threshold (41.325 eV), direct double ionization occurs, producing the CO 2+ molecular dication and eventually dissociating to generate (C + , O + ) pair and two photoelectrons.

CO(X 1 Σ + ) + hν → CO 2+ + 2e - double Ionization → C + + O + + 2e - dissociative double ionization
Most of the lower bound electronic states (X 3 Π, a 1 Σ + , b 1 Π, A 3 Σ + ..) of the CO 2+ dication state support vibrational and rotational levels and are found to predissociate to C + and O + ions [5].

Results I: Energy resolved processes and asymmetry parameters

This section reports the E e -E i (or BE-KER) kinetic energy correlation diagrams (KECDs) obtained for inner valence DPI of CO in the 24 eV -48 eV photon energy region, focusing on the 30 eV -48 eV, which is explored for the first time to our knowledge using electron-ion 3D momentum spectroscopy. Since inner-valence ionization of CO populates two types of DPI channels, (C + +O+e) and (O + +C+e), we consider in parallel the KECDs for the (C + , e -) and (O + , e -) coincident events, for each photon excitation energy. The analysis of the (O + , e -) events is restricted to the selection of the forward O + ions. Every DPI process, first identified by the photoelectron energy Ee, reflecting a priori the binding energy of the CO + molecular ionic state in either of the two KECDs, is then additionally characterized by a well-resolved dissociation limit among the (C + +O) or (O + +C) manifolds. For most of these DPI processes, we also report the laboratory frame photoion and photoelectron asymmetry parameters in this section. This work extends the results obtained previously in the group at SuperACO, Orsay on the DPI of CO at 26 eV, 29.5 eV and 32.5 eV [3,7]. The structures observed in the KECDs, corresponding to different ionic states and dissociation limits, are labelled following references [3,7], with capital Roman numerals (I, II..) and lowercase numbering (i, ii. . . ) to label the DPI processes leading to (C + +O) and (C+O + ) respectively, else is specified therein. Similar to N 2 , if different processes correspond to similar binding energy, we chose a numbering followed by adding their dissociation limits (such as XIV 6 7 , XIV 8 , XIV 9 ..) to emphasize their belonging to similar BE region but leading to different dissociation limits. 

CO(X

1 Σ + ) + hν → CO + (D 2 Π) + e -→ C + ( 2 P ) + O( 3 P ) + e -L C + 1 CO(X 1 Σ + ) + hν → CO + 3 2 Σ + + e -→ C + ( 2 P ) + O( 3 P ) + e -L C + 1 → C + ( 2 P ) + O( 1 D) + e -L C + 2
Such a structured distribution elongated along the diagonal line is a characteristic of ionization into a vibrationally resolved CO + ionic state in the FC region, predissociated by a repulsive CO + ionic state correlated to the L C+ 1 limit. The intensities and the positions of the vibrationally resolved structures correspond well with the assignment derived from high resolution PES [6] as shown in figure 6.3(b). For each of the resolved structures, the asymmetry parameters are given in table 6.4. [Note: This experiment was performed using the CV-40 spectrometer with an electric field of 20 V/cm on the DESIRS beamline at SOLEIL]. The resolution achieved using the third-generation synchrotron radiation allowed us to resolve the vibrational structures. For increasing vibrational quantum number, we see an increase in electron and ion asymmetry parameters as presented in table 6.4, which may highlight a different coupling between the electron and the nuclear motion.

The vibrational structures displayed here are comparable to the ones detailed in chapter 5. The 3 2 Σ + state is assigned to a dominant electronic configuration of 1π -1 5σ -1 2π +1 whereas, the N + 2 (C 2 Σ + u ) state is assigned to a dominant configuration of 1π -1 u 2σ -1 u 1π +1 g .

Table 6.4: Measured ion and electron asymmetry parameters associated with transitions into the D 2 Π and 3 2 Σ + ionic states at hν = 24.5 eV, with an uncertainty of ±0.05. With increasing photon energy, transitions to CO + ionic states of higher binding energies become accessible and additional DPI processes are resolved in the KECDs with the possibility of dissociation through different limits, as illustrated (see figure 6.4) for the photon energy 29.45 eV (H19). In the binding energy region 24.5 -26 eV, process II dissociating through L C+ 2 is assigned to the transitions into 3 2 Σ + + 2 2 ∆ ionic states and a weak shoulder labelled process III is found dissociating through L C+ 1 limit. In the 26 - limits respectively. Dissociation through (C, O + , e -) channels occurs for this photon energy, with the two processes i and ii seen in the (O + ,e -) KECD (figure 6.4(b), dissociating through the L O+ 1 and L O+ 4 limits, corresponding to a O + /C + ratio of the order of 10 %. The asymmetry parameters associated with each of these processes at hν = 29.45 eV (H19) are compared to the previous results reported in Lebech et al [7] in table 6.5. As we increase the photon energy, the accessed binding energy region extends and additional structures are located and assigned to different ionic states.

Possible assignment

β i β e v=1 D 2 Π -0.1 -0.28 v=2 D 2 Π 0.24 -0.18 v=3,4,5 D 2 Π (v=0,1 3 2 Σ + ) 0.3 -0.02 v=2 3 2 Σ + v=6 D 2 Π 0.3 0.42 v=3 
We obtain consistent results between those reported in [7] where the experiments were done using the CV-40 spectrometer and SuperACO light source at hν = 26.35 eV, 29.45 eV and 32.5 eV and the measurements during the current thesis work with the CIEL set up and third generation synchrotron source facility. This comparison is pursued in the level of the MFPAD observables in section 6.4.1. Taking advantage of the CIEL set up and the SOLEIL advanced light source facility, which enable us to achieve a 4π collection of photoelectrons of higher energy than explored earlier while maintaining a reasonable Table 6.5: Measured ion and electron asymmetry parameters of different processes I-VIII leading to the production of (C + +O) fragments and i leading to the production of (O + +C) fragments at a photon energy of 29.45 eV (H19). Uncertainties of about (less than) 0.05 are noted for the values reported here. In this section, we present the results obtained for the DPI of CO above BE ≈ 28 eV covering the photon energy region corresponding to harmonic orders H21 (32.55 eV) to H31 (48.05 eV). Consistent with the motivations of this work, we report on the one hand the complete (C + , e -) KECDs in appendix D.2 and (O + , e -) KECDs in figures 6.5 and 6.6, which give access to extended spectroscopic information for all the (C + , O, e -) and (O + , C, e -) DPI processes populated at each photon energy. These results aim to resolve the DPI processes induced at photon energies corresponding to different HHs and sidebands and thereby evaluate the conditions of the foreseen RABBITT studies of the XUV-IR ionization of CO. On the other hand, we discuss here the prominent DPI processes belonging to the four BE bands introduced in section 6.2.2, with a focus on the detailed description of the two leading inner-valence bands B1 and B4, assigned to the 5 2 Σ + and (3σ -1 ) 2 Σ + inner valence states in earlier works. Complementary to high-resolution PES in both cases, which demonstrated the superposition of sharp peaks with a dominant contribution of broad unresolved structures corresponding to the population of repulsive ionic states, we take advantage of the resolution of the effective dissociation limits for each DPI processes to shed light on the ionic states populating the B1 and B4 BE regions. The DPI processes are identified in the (C + , e -) and (O + , e -) KECDs, based on their binding energies and their dissociation limits. an E C + and E O + ion energy scale (abscissa) extending up to 8 eV and 6 eV, respectively, representing the same 0-14 eV KER scale featured on top of the KECDs. The Ee electron energy scale (ordinate) on the left side, and the corresponding binding energy scale is featured on the right ordinate axis oriented opposite to the Ee ordinate axis, with reference to bands B1 to B4. For each KECD, the dissociation limits are represented as dashed red diagonal lines, while horizontal purple lines feature the binding energies corresponding to the most relevant sharp peaks observed in the high resolution PES (figure 6.2). 
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Main processes in Band B1

In band B1 (30-33 eV), we observe for most studied photon energies, four DPI processes centred at the same binding energy around 31.6 eV and contributing to the whole B1 band, which lead to the well-identified L C+ 2 , L C+ 3 , L C+ 4 (C + + O) and the L O+ 1 (C + O + ) dissociation limits, respectively. These DPI processes are labeled as IX (L C+ 4 ), X (L C+ 3 ), XI (L C+ 2 ) and i* (L O+ 1 ) as shown e.g., in figure 6.5(a,b). In addition, structures v and vi with a central BE above 32 eV leading to the L O+ 5 , L O+ 4 limits are identified in the (O + , e -) KECD at H21 (figure 6.5(b)). For the discussion on the main DPI processes in the B1 energy region, we mainly rely on the dynamics of processes IX, X, XI and i* and separately discuss processes v and vi.

For the photon energy of 32.55 eV (H21), processes IX, X, XI in the (C + , e -) KECD are well resolved in terms of their dissociation limits. In figure 6.5(a), the single sharp peak (peak 1) accessible at this energy, corresponding to BE ≈ 31.88 eV(Ee = 0.67 eV) is marked. Figure 6.7 displays the photoion and photoelectron energy spectra for the processes selected after specifying limits on dissociation energy and electron or ion energy. Using the energy conservation principle (section 3.1), we also reconstruct the photoelectron spectra from the measured ion energy spectra, taking advantage of its energy resolution. We observe a maximum around Ee ≈ 0.67 eV in the intensity distribution, in particular for 6.3. RESULTS I: ENERGY RESOLVED PROCESSES AND ASYMMETRY PARAMETERS Photoionization into the 5 2 Σ + state can be compared to PI into the N + 2 (F 2 Σ + g ) ionic state in N 2 . These two ionic states, N + 2 (F 2 Σ + g ) and CO + 2 (5 2 Σ + ), are dominated by 2h-1p (2σ -1 u 1π -1 u 1π 1 g ) and 2h-1p (4σ -1 1π -1 2π 1 ) electronic configurations respectively. Four distinct DPI processes share the contribution in CO: IX, X, XI, i*, while in N 2 , a single dominant DPI process labelled IV(N 2 ) is observed.

Finally, processes v and vi [7] populating the L O+ 4 and L O+ 5 6 dissociation limits observed for H21 no longer contribute to band B1 at higher photon energies. They could be assigned to CO * autoionizing states resonantly excited in the H21 photon energy range populating selectively (O + + C) channels or to the nascent population at the threshold of ionic states belonging to the low BE range of bands B2 and B3.

Band B2 and B3

As seen from figure 6.6(b,d,f), the main contribution in bands B2 (33-35 eV) and B3 (35-37 eV) is shared by processes v and vi in (O + ,e -) KECDs, specifying the observation of an increase in the O + ion fragment production in this photon energy region reported by Hikosaka et al. [13]. These structures become dominant, especially at photon energies above 35 eV. They are partially resolved and correspond to the broad structures observed in high resolution in B2 and B3, respectively [12]. In the corresponding (C + ,e -) KECDs, more localized substructures labelled XII, XIII are identified in B2 and B3 regions dissociating through the L C+ 6 7 , L C+ 8 limits. At higher photon energies, processes XIII 6 7 and XIII 8 dissociating through L C+ 6 7 , L C+ 8 limits respectively, contribute weakly to the selection made for the studied process XIV. The position of the sharp peaks (peak 11,12,17,18,19) in B2 and B3 pointed out in figure 6.2 are marked. These B2 and B3 regions are not of direct interest for the current study; therefore, a detailed investigation of their angular properties is postponed for future work. This BE region also features the double ion dissociation limit D 1 (figure 6.1(b)) above which the possibility of indirect double ionization is taken into account. In contrast to what is observed in N 2 where the D 1 (N 2 ) limit lies above the BE region corresponding to the H band, here in CO, D 1 lies within band B3, below the onset of band B4. The population of the D 1 limit through indirect double ionization is briefly described in the following subsection on page 181.

Main processes in Band B4

In band B4 (37 -40 eV), the main contribution peaked around BE ≈ 38.5 eV is shared by (a) processes XIV with substructures, and a weak elongated structure XV in (C + ,e -) KECDs and (b) processes vii and viii with substructures in (O + ,e -) KECDs. Figure 6.8 shows the (C + ,e -) and (O + ,e -) KECDs for BE above 34 eV at hν = 38.75 eV and hν = 40.3 eV, where the main processes in band B4 are resolved along the dissociation limits, with the This region is mainly assigned to direct ionization from the 3σ orbital, which is collectively called as (3σ -1 ) 2 Σ + band and is analogous to the N + 2 ((2σ -1 g ) 2 Σ + ) band in N 2 in terms of electronic configuration. Unlike in N 2 in the H band region, where we observe two dominant processes separated by about 3 eV dissociation energy: VIII(N 2 ) and IX(N 2 ) (with 4 substructures), in the case of CO from figure 6.8 we identify at least nine structures dissociating through three groups of closely spaced dissociation limits ranking them in terms of DE: 26 -32 eV (L O+ 3-9 ) and 31 -37 eV (L C+ 5-11 , L O+ 10-11 ) around D 1 . The closely spaced dissociation limits (L C+ 3-4 6-11 , L O+ 5-9 10-11 ) are further characterized based on their electronic configuration of ionic and neutral fragments as was done for N 2 in the previous chapter. Within the L C+ 6-11 limits, structures XIV 6 7 , XIV 8 , XIV 10 result in C + ionic fragments in 2s2p 2 configuration and neutral O fragments in 2s 2 2p 4 configuration. In contrast, the other two structures XIV 9 , XIV 11 within XIV, lead to ionic C + fragments in 2s 2 2p configuration and neutral O fragments in 2s 2 2p 3 3s excited state, which can eventually undergo atomic autoionization. The series of limits L O+ 5-9 10-11 in (O + ,e -) channels result in production of O + in 2s 2 2p 3 configuration and C fragments in 2s 2 2p 2 for the lower limits (L O+ 5-9 ) and 2s 2 2p(3s) for the higher limits (L O+ 10-11 ). Contrary to the study of N + 2 ((2σ -1 g ) 2 Σ + ) band in N 2 , here in CO, the scrutiny of atomic autoionization of O * leading to indirect double dissociative ionization is more important as the (3σ -1 ) 2 Σ + band is positioned above the D 1 limit. So all the limits up to and above the D 1 limit are opened even below the threshold of the band. The position of the D 1 limit is marked by the black diagonal lines in (C + ,e -) and (O + ,e -) KECDs in figure 6.8. The contribution of indirect double ionization arising from atomic autoionization will be discussed in the following subsection.

In the two KECDs, sharp peaks in figure 6.2 are marked as purple horizontal lines with specific binding energies on top of the broad structure in band B4. In particular, peaks 27, 34 and 35, attributed to transitions to Rydberg states converging to CO 2+ are highlighted. However, other peaks which are close to the maximum intensity of the (3σ -1 ) 2 Σ + band (BE ≈ 38.5 eV) are not clearly distinguished in the current analysis.

The importance of the processes in band B4 is seen at higher photon energies in the respective KECDs given in figures 6.6 and 6.8 and they play a major role in the DPI mechanism of CO in the inner valence region. In the current investigation, as mentioned before, the experiments were performed up to hν = 48.05 eV close to the maximum of the shape resonance associated with the (3σ -1 ) 2 Σ + band. Hence, we report the angular properties: asymmetry parameters and MFPADs for these processes up to the maximum of the resonance without the support from the theoretical calculations. For a complete investigation on the (3σ -1 ) 2 Σ + band across the resonance, we thus require additional experiments at higher photon energies.

The role of dissociative autoionization in inner-valence ionization involving the B4 and C BE regions up to the double ionization continuum As pointed out in section 6.2.2.2, inner valence photoionization of CO involving the (3σ -1 ) 2 Σ + band populates CO + * ionic states whose binding energies stand in the B4 region, above the lowest C + ( 2 P )+O + ( 4 S) doubly charged dissociation limit (D 1 = 35.99 eV) and 6.3. RESULTS I: ENERGY RESOLVED PROCESSES AND ASYMMETRY PARAMETERS below the CO 2+ double ionization threshold in the FC region (41.3 eV). This occurrence opens new relaxation channels for the decay of highly excited CO + * states in the (3σ -1 ) 2 Σ + band, with additional dissociation limits producing one ion (C + or O + ) and one excited neutral atom (O* or C*) lying above the C + ( 2 P )+O + ( 4 S) limit. The excited neutral atom can then decay by autoionization, the overall reaction featuring indirect double ionization, i.e. dissociative autoionization (DAI) or indirect double ionization as introduced earlier (section 6.2.2.2), or by radiative decay. DAI processes, identified in high resolution PES detecting the photoelectron (e ph ) 1 and/or that produced by autoionization (e A ), were shown to lead dominantly to the formation of C + + O* dissociation limits. These decay channels compete with dissociative single ionization (DSI) processes described in the previous section, corresponding to the dissociation limits below 36 eV as illustrated by the investigation of MFPADs. The excess energy (hν -36 eV) is transferred to the KER of the C + and O + ions and the kinetic energy of the two electrons. For the higher energies, the most intense localized structure (a) reflects double ionization into the lowest CO 2+ ionic states, which dissociate to the C + ( 2 P )+O + ( 4 S) limit, with KERs ranging between 7 and 9 eV and low energy photoelectrons which share the ionization energy, similar to what was presented in figure 5.6 for N 2 . It vanishes for photon energies lower than the IP of CO 2+ double ionization (41.3 eV).

Two more spread structures are identified, which both correspond to a maximum KER around 3 eV: (b) elongated along the diagonal reflecting energy sharing between the photoelectron and the (C + , O + ) KER, the signature of ionization into a CO + * repulsive 6.3. RESULTS I: ENERGY RESOLVED PROCESSES AND ASYMMETRY PARAMETERS σ → σ * shape resonance linked to the 5 2 Σ + state as discussed in section 6.2.2.2. While the lower ion asymmetry parameters for IX, X, XI might be due to the possible rotation of the molecular ion before dissociation or to the contribution of the 8 2 Π and 6 2 Σ + ionic states whose ionization potentials are close to the 5 2 Σ + ionic state. 2 (F 2 Σ + g ) state, we note that in the case of CO, the cross-section of the 8 2 Π ionic state is comparable to that of the 5 2 Σ + ionic state. Thus, we need to consider the contribution of both the 5 2 Σ + and 8 2 Π ionic states in the DPI processes, e.g. their influence may account for the observed lower ion asymmetry parameters for processes IX, X and XI. .12(a) also presents the energy dependence of the computed ion asymmetry parameters for the 5 2 Σ + and 8 2 Π ionic states using the length and velocity calculations. Ion asymmetry parameters reported for process i* display a good agreement with the computed ones, in particular the velocity form. For the other two processes, β i lie between the computed β i parameters for the 5 2 Σ + and 8 2 Π ionic states. We then consider process i* as mainly due to the transition into the 5 2 Σ + state while processes IX, X and XI correspond to varying composition of the two ionic states. This is quantitatively assessed after studying their MFPADs in section 6.4.2.

The evolution of the electron asymmetry parameters for process IX+X and XI from β e = 0.36 (hν = 38.75 eV) to about 0.7 (hν = 48.05 eV) shows a similar behavior, whereas for process i*, the evolution follows a similar trend but reaches a higher value of β e = 1.5 at higher photon energies as given in table 6.7 and figure 6.12(b).

These measured β e values are compared to the computed ones for the 5 2 Σ + and 8 2 Π states in the velocity and length form as given in figure 6.12(b).

Band B4

The evolution of ion and electron asymmetry for processes XIII+XIV and vii as a function of photon energy from 40.3 eV up to 48 eV shows a reasonable agreement. The regular increase of β i with increasing photon energy is consistent with the description of the predicted shape resonance whose maximum lies about 50 eV. 

Results II: MFPADs for the dominant processes

This section reports the MFPADs for processes I, IV and V in band A at specific photon energies and the main DPI processes IX, X, XI, i* in B1 and XIV, vii, viii in the B4 region across their shape resonances up to the photon energy hν = 48.05 eV. Similar to the discussion in N 2 (section 5.4 ) the I χ i (θ e , φ e ) MFPADs at specific orientations of the molecular axis, in particular χ i = 0 ○ , 90 ○ with respect to the polarization axis of linearly polarized light are retrieved from the set of F LN functions, which are extracted from the complete I(χ i , θ e , φ e ) MFPADs measured using circularly polarized light. The hetero-nuclear character and the symmetries of the initial ground state and final state of the molecular ion add richness to the observed MFPADs of CO. In N 2 , MFPADs were reported for the main processes, which concern transitions from a ground state of Σ g symmetry to an ionic state of the same symmetry. Meanwhile, for CO, we report the angular properties of processes resulting from transitions from a ground state of Σ symmetry to an ionic state of Σ or Π symmetry.

We first report MFPADs for processes IV and V and the vibrational structures assigned to (v = 2) D 2 Π and (v = 4) 3 2 Σ + . This is followed by subsection 6.4.2 which reports the MFPADs for processes IX, X, XI, i* (a) close to their threshold, highlighting the possible composition in terms of the ionic states in B1 (b) at the maximum of the resonance at about hν = 41.85 eV (c) and across the resonance spanning energies from 32 eV to 48.05 eV. The experimental results are therein normalized to the theoretical cross sections, whenever possible and the measured MFPADs are compared to the computed MFPADs obtained using the velocity gauge calculations. Finally, in section 6.4.3 we briefly report the MFPADs for processes XIV, vii from their threshold to energy close to the maximum of the resonance, without the support of the theoretical calculations.

Selected processes I, IV, V

As highlighted above, for DPI of CO, there are few processes characterizing a transition from a ground state in Σ symmetry to an ionic state in Π or ∆ symmetry such as CO(X 1 Σ + ) → CO + (D 2 Π) or CO(X 1 Σ + ) → CO + (3 2 Π). It will be thus interesting to scrutinize the corresponding MFPADs. For this purpose, we chose to study (a) selected vibrational transitions in process I in figure 6.3 and (b) processes IV and V given in figure 6.4.

Process I

Process I in figure 6.3 presents the transitions into different vibrational levels of the D 2 Π and 3 2 Σ + ionic states. For the discussion we select the transition into the (v = 2) D 2 Π and (v = 4) 3 2 Σ + ionic states. For PI into the (v = 2) D 2 Π ionic state of CO + assigned to the DPI reaction

CO(X 1 Σ + ) + hν → CO + (v = 2 D 2 Π) + e -→ C + ( 2 P ) + O( 3 P ) + e - L C + 1 ,
we extract MFPADs for the molecular axis parallel and perpendicular to the polarization axis of linearly polarized light as presented in figure 6.14(a). For the parallel transition, MFPADs display a backward-forward asymmetry indicating a dπ partial wave contribution, different from the structural features seen for the MFPADs for the DPI processes in N 2 . The electron emission is larger in the direction of the C end (top) compared to the O end. For the perpendicular transition, emission in a direction perpendicular to the molecular reference plane defined by the molecular and the polarization axes characterized by a negative F 22 , signifies a transition from the ground Σ state to CO + in a Π ionic state. 

CO(X

1 Σ + ) + hν → CO + (v = 4) 3 2 Σ + (v = 8, 9) D 2 Π) + e - → C + ( 2 P ) + O( 3 P ) + e - L C + 1
For the parallel transition, the 3D MFPAD features an electron emission in the direction of C and O ends, reflecting a contribution of a pσ and dσ partial waves. For the perpendicular transition, the electron distribution emphasizes a dominant pπ character, selecting emission in the molecular reference plane. These features are characteristics of a dominant transition from the Σ ground state to an ionic state of Σ symmetry, validating the large contribution arising from the transition into CO + (v = 4) 3 2 Σ + for the selected process. One of the hypotheses discussed in section 6.3.2.2 to account for the different ion asymmetry parameters measured for processes i* (β i ≈ 1.5) and IX+X (β i ≈ 0.65) centred at a similar BE value (around 32 eV) is that these processes may result from contributions of the two 5 2 Σ + and 8 2 Π ionic states.

RESULTS II: MFPADS FOR THE DOMINANT PROCESSES

We first report the MFPADs for the four processes at the photon energies hν = 32.55 eV and 35.65 eV where processes IX, X, XI are well resolved (figure 6.16). Based on the computed F LN functions and related MFPADs for the 5 2 Σ + and 8 2 Π states, we explore the validity of the hypothesis of a contribution of both states to the four DPI processes that could vary with the observed dissociation limits (figure 6.17).

The MFPADs reported in figure 6.16 for the parallel and perpendicular orientations of the molecular axis relative to linearly polarized light are quite different and emphasize two groups of processes, displaying significant backward-forward asymmetries along the oriented molecular axis. Their characteristics show that the main contribution to processes IX and i* is assigned to an ionic state of Σ symmetry, while they favor an ionic state of Π symmetry for processes X and XI, in particular at the lowest energy. In order to analyze more quantitatively the description of the shapes of the measured MFPADs, we report in figure 6.17(a,b), the theoretical MFPADS in the velocity form for transitions into the 5 2 Σ + , 8 2 Π ionic states at photon energies hν = 32.5 eV, 36 eV. The MFPADs assigned to the superposition of the two ionic states are obtained by taking a linear combination of the corresponding F LN functions for the two ionic states. As an example, figure 6.17(c) illustrates the computed MFPADs at hν = 32.5 eV for a combination of the ionic states with a weightage of 47% 5 2 Σ + and 53% 8 2 Π ionic states, which describes quite well the measured MFPADs for process X (figure 6.16). The ratios of the ionic state composition are obtained after fitting the experimental F LN functions with the relevant theoretical F LN functions arising from a given superposition of both states. The corresponding (proposed) theoretical and measured F LN functions for process X close to hν = 32.5 eV are presented in figure 6.18.

At hν = 36 eV, the calculated MFPADs for the parallel and perpendicular transitions for a superposition of the 5 2 Σ + and 8 2 Π ionic states in the ratio 0.32:0.68 and 0.55:0.45 displayed in figure 6.17(c,d)(right panel), is consistent with the measured MFPADs for processes X and i* (or IX) illustrated in figure 6.16. For process XI, it was less clear for quantifying the ratio of the ionic states 5 2 Σ + and 8 2 Π by the fitting method we adopted for other processes. One of the possible reasons for this difficulty might be the possible rotation of the molecular ion prior to dissociation or the role of Rydberg or autoionizing states in band B1.

From the comparison presented on theoretical and experimental MFPADs at hν = 32.5 eV, Figure 6.18: Measured F LN functions for process X (dots and blue curve) and calculated F LN functions for a transition into a band of 47% 5 2 Σ + and 53% 8 2 Π ionic states. 35.65 eV, we conclude that processes IX, X, XI, i * involve mainly transitions into the 5 2 Σ + and 8 2 Π states but with different relative importance. 6.4.2.2 MFPADs at the maximum of the shape resonance of 5 2 Σ + At higher photon energies, the contribution of 5 2 Σ + increases due to the associated shape resonance as seen in the MFPADs displayed in figure 6.19 for processes IX+X, XI and i* at a photon energy hν = 41.85 eV(H27) for the molecular axis aligned parallel and perpendicular to the polarization axis of linearly polarized light. As processes IX and X are no longer resolved at such energies, we extract the MFPADs for the structure IX+X. For the dominant parallel transition, we see strong similarities between the MFPADs with a strong character of fσ partial wave, analogous to the observations in DPI of N 2 . However, we note a forward-backward asymmetry favoring an emission in the direction of the C end (top), which results from interferences between even and odd l partial waves.

The MFPADs for the perpendicular transition show differences, but the main features are preserved for all three processes. These differences can be accounted for by the overlap of the Σ and Π ionic states. MFPADs for a transition into the 5 2 Σ + and 8 2 Π states in a ratio close to 75% and 25% are displayed in figure 6.20. For completeness, we also report the measured MFPADs for process IX+X and the corresponding computed MFPADs for the transition into the two ionic states superposed in a ratio of about 35% and 65% in figure 6.21. As seen from the figures, the difference in the relative importance of the 8 2 Π state in the superposition of the two states in processes IX+X and i* does not influence the dominant parallel transition. The distribution shows a forward-backward asymmetry evolving as a function of photon energy, particularly favoring the direction along the C end at lower photon energies. The MFPADs for the parallel transition at higher energies are mainly governed by an fσ partial wave characterizing the dominance of the shape resonance. The effect of the relative weight of the 5 2 Σ + and 8 2 Π states is more visible for the MF-PADs describing the perpendicular transition for processes IX+X and i*. Their electron emission is preferred in the direction of the C end, with different features seen for IX+X The present results for process i* are in agreement with the PADs reported in [8] using the VIPCO technique for the two molecular orientations χ i =0 ○ , 90 ○ at hν = 40.8 eV and 48.4 eV for the L O+ 1 dissociation limit (figure D.1). The authors report similar MFPADs for the L O+ 1 and L C+ 2 (present process XI) dissociation limits [8,11,20], which differs from the present results displaying significant differences for the MFPADs for processes XI and i*.

The detailed quantitative comparison of the MFPADs relies on the comparison of F LN functions, as discussed earlier. The energy dependence of the measured F LN functions for process i* and the corresponding F LN functions obtained for the linear combination of the computed F LN functions for the 5 

Processes in Band 4: XIV, vii

The discussion on the measured DPI processes in band B1 compared with the theoretical calculations, supported the analysis presented considering the contribution of different ionic states. Currently, theoretical calculations are not available for BE region above 32 eV. The KECDs in section 6.3.2 establish that processes XIV, vii and viii lie in the B4 BE region. We select here the major process XIV in the (C + , e -) KECD, and process vii in the (O + , e -) KECD and display the energy dependence of their MFPADs for the parallel and perpendicular transitions in figure 6.24. For higher energies, the selection of process XIV also includes the weak contribution from process XIII in band B3.

One of the key differences between the MFPADs for processes in B1 and B4, displayed in figures 6.20 and 6.24 is that the electron emission is more probable in the direction of the C end for process i * , whereas it is preferred in the O direction for process XIV, in particular for lower photon energies. For higher photon energies, hν = 44.95 eV and 6.5. CONCLUSION 48.05 eV close to the maximum of the shape resonance, the MFPADs for the parallel transition tend to show an on axis emission symmetry dominated by a contribution of an fσ partial wave. For the perpendicular transition, in contrast to the previous section, we observe four lobes lying in the four quadrants of the molecular reference plane with higher emission probability along the O side.

The MFPADs for DSI processes (in particular XIV) in figure 6.24 are similar to the MFPADs reported in reference [4] for the double ion channel (C + ,O + , e ph ) (figure D.3) and obtained in this work (figure 6.10). This result supports the existence of a competition between the dissociation and indirect double ionization relaxation pathways for the selected ionic states in band B4.

Conclusion

In this chapter, we have reported energy and angle-resolved studies for dissociative photoionization of CO in the inner valence region at photon energies 24 eV to 48 eV, measured at Synchrotron SOLEIL. (C + ,e -) and (O + ,e -) KECDs are presented at selected photon energies corresponding to harmonic energies H16 to H31, where a series of processes, in particular, processes I, IV, IX, X, XI, XIII, XIV in (C + ,e -) KECDs and processes i*, v, vi, vii, viii in (O + ,e -) KECDs are identified based on their binding energies and dissociation limits. These are attributed to photoionization into the D 2 Π state, 3 2 Σ + state, 3 2 Π state, 5 2 Σ + state, 8 2 Π state and (3σ -1 )

2 Σ + band in BE regions: A and B (B1 to B4). DPI processes linked to the 5 2 Σ + state, and the (3σ -1 ) 2 Σ + band where shape resonances have been discussed, are selected and investigated for their angular properties.

Processes IX, X, XI, i* in B1 corresponding to the binding energy of the 5 2 Σ + g state and 8 2 Π state, lead to a series of dissociation limits: L C+ 2 , L C+ 3 , L C+ 4 (C + + O) and the L O+ 1 (C + O + ). The 5 2 Σ + g state having a dominant 2h-1p electronic configuration and a shape resonance in its continuum plays a similar role as the N + 2 (F 2 Σ + g ) state in N 2 . In band B4, processes XIV, vii and viii with substructures are associated with the (3σ -1 )

2 Σ + band and are linked to three groups of dissociation limits: L C+ 6 7 , L C+ 8 , L C+ 9 , L C+ 10 11 , producing C + + O fragments, L O+ 5 6 , L O+ 7 8 , L O+ 9 , L O+ 10 11 producing C+O + fragments lying close to the D 1 limit assigned to C + + O + two ion production. The transition to this band is linked mainly to an emission from a 3σ orbital, assigning a dominant a 3σ -1 1h configuration and displaying close resemblance with the N + 2 ((2σ -1 g ) 2 Σ + ) band in N 2 . The adiabatic and non-adiabatic coupling of these inner valence states results in the population of different dissociation limits for the studied BE regions.

The measured MFPADs for all these processes for the parallel transition display very similar features close to the maximum of the resonance, showing a dominant contribution of the f σ partial wave. In comparison to the processes in isoelectronic N 2 , MFPADs for the studied processes in the heteronuclear CO display a forward-backward emission asymmetry evolving with photon energy as a result of the interplay of odd and even partial waves. Furthermore, close to the onset of processes IX, X, XI, i*, investigations using the measured and computed MFPADs revealed that i* is mainly composed of the 5 2 Σ + state, while process X is dominated by the 8 2 Π state lying in the same binding energy region.

Another difference between the inner valence ionization of CO and N 2 is that the CO + ((3σ -1 ) 2 Σ + ) and N + 2 (2σ -1 g ) 2 Σ + ) bands lie above and below the (C + ,O + )and (N + ,N + ) doubly charged dissociation limits, respectively. We observe that indirect double photoionization gives a significant contribution in the inner valence DPI of CO while it is vanishing in N 2 . The similar MFPADs measured for the DSI and DAI channels for CO illustrates the competition between DSI producing (C + O + )/(O + C + ) fragments and the DAI producing (C + + O + ) fragments in this binding energy region.

These results constitute benchmark references for RABBITT experiments aiming at studying photoionization time delays and also provide support for the interpretation of XUV-pump IR-probe experiments using an APT or an SAP. As an example, investigations such as the recent study of Stereo Wigner time delays in CO [21] using the RABBITT technique should benefit from the (C + , e -) KECDs provided in appendix for H19, H21, H23 (figures 6.4 and D.4). These measurements dealing with the spectroscopic aspects will assist in assigning the expected positions of the ionic states in the superposed PES obtained in a RABBITT experiment, which have contributions from all these harmonics. As an illustration, the superposed (C + ,e -) KECD induced by harmonics H21-H23-H25-H27 given in figure 7.2, shows the complexity involved in such a study. The analysis at the level of the DMEs extracted from the measured MFPADs, and leading to XUV single-photon ionization time delays, are also promising.

Chapter 7 Conclusion and perspectives

The research work presented in this manuscript addresses the photoionization dynamics of simple atomic (Ar, Ne) and molecular (N 2 , CO, NO) systems via angle, energy and time-resolved studies. The main results obtained allow for the determination of the magnitude and phase of the partial wave resolved dipole matrix elements (DMEs) which characterize the photoelectron wave packet in the continuum, and the corresponding onephoton and two-photon ionization matrix elements, or photoionization dipole amplitudes (PDA), relying on the angular distributions of electrons and ions measured in the laboratory frame and in the molecular frame (MF), respectively (chapter 2). Such "complete" photoionization experiments were achieved by combining electron-ion coincidence 3D momentum spectroscopy and advanced light sources such as the Attolab laser facility and Synchrotron SOLEIL (chapter 3). The results obtained in the current work are organized in three chapters: chapter 4 reports the two-photon XUV-IR RABBITT studies of Ar and Ne performed at the Attolab laser facility, chapters 5 and 6 present the one-photon ionization studies on N 2 and CO performed at Synchrotron SOLEIL. The results are briefly summarized below, along with a few perspectives that may benefit from those results.

The angle-resolved XUV-IR RABBITT study of the np ionization of Ar and Ne performed at the Attolab laser facility is reported for an electron energy region of 0 to 20 eV (harmonic energies H13 to H23) as described in our recent publication [1]. The unifying data analysis method presented is based on the fourth-order Legendre polynomial expansion of the measured photoelectron angular distributions (PADs) of the sidebands (SBs) and harmonics dressed by the IR photon HH IR s. The description involves nine (a i , b i , φ i ) (i = 0,2,4) coefficients, or the related (R, β 2 , β 4 , γ 2 , γ 4 , φ 20 , φ 40 ) parameters, after normalization on the angle independent component of the signal (a 0 ,φ 0 ). The (β 2 , β 4 ) asymmetry parameters characterizing the delay integrated component of the angle-resolved signal, and the (γ 2 , γ 4 ) anisotropy parameters and (φ 20 , φ 40 ) phases shifts characterizing its oscillatory component together with the undulation rate R, have been reported, and compared to previous experimental results or to advanced theoretical XUV-IR RABBITT studies, using second-order perturbation theory, soft photon approximation, or TDSE, when avail-able. In particular, they give access to the angle-dependent (two-photon) photoionization time delays. In addition, relying on the second-order perturbation theory, the general form of the I SB (θ, τ ) PAD for np ionization has been developed in terms of the complex two-photon DMEs, their magnitudes and phases. It supports the discussion of the angular observables and shows that on considering all possible channels for the studied np ionization process, the complete set of DMEs cannot be retrieved from a single two-photon RABBITT study performed with parallel linear polarizations of the XUV and IR fields. We also performed preliminary RABBITT measurements at Attolab addressing dissociative inner valence ionization of NO and O 2 , relying on a similar experimental methodology as for atoms. Due to the lower cross-sections, the RABBITT studies on molecules require longer acquisition times and good control of the stability of the delay between the XUV and IR pulses. The project is in progress and will benefit from the recent XUV-IR active stabilization method developed on FAB10, Attolab laser facility [2].

The spectroscopic characterization of inner valence ionization of the isoelectronic N 2 and CO molecules at Synchrotron SOLEIL for photon energies up to 60 eV (48 eV for CO) are reported in chapters 5 and 6. These include the description of the energy and angular properties of the main dissociative photoionization (DPI) processes categorized based on their binding energies and dissociation limits at photon energies corresponding to harmonic energies. In N 2 , the transitions are mainly occurring into the C 2 Σ + u state (E i ≈ 0-1 eV), F 2 Σ + g state (E i ≈ 1 eV), H band (E i ≈ 1 eV, 4 eV) and the corresponding DPI processes: I, IV, VIII/IX are identified dissociating along different dissociation limits in the (N + , e -) KECDs. In the explored inner valence region of CO, several processes: in particular, processes I, IV, IX, X, XI, XIII, XIV in (C + ,e -) KECDs and processes i*, v, vi, vii, viii in (O + ,e -) KECDs are identified, which are assigned to photoionization into the D 2 Π state, 3 2 Σ + state, 3 2 Π state, 5 2 Σ + state, 8 2 Π state and (3σ -1 )

2 Σ + band. Identification of each of these processes and their branching ratios at each photon energy is useful for future measurements involving an attosecond pulse train (APT). The presence of a sigma shape resonance in the continuum of the F 2 Σ + g state and H band in N 2 , and the 5 2 Σ + state and (3σ -1 )

2 Σ + band in CO, is of direct interest for our current study. The F 2 Σ + g state in N 2 and the 5 2 Σ + state in CO are having a dominant 2h-1p electronic configuration, while the H band (or (2σ -1 g ) 2 Σ + ) in N 2 and the (3σ -1 ) 2 Σ + band in CO are characterized by a dominant 1h configuration. For the main DPI processes: IV(F 2 Σ + g ), VIII/IX(H band) in N 2 , and IX+X, XI, i* (5 2 Σ + ) in CO, the energy dependence of the asymmetry parameters (β i , β e ) and 3D-MFPADs have been investigated across their shape resonance. These results are supported by MCSCI theoretical calculations performed by Pr. R.R. Lucchese. The measured MFPADs for all these processes display very similar properties for the parallel transition, with an additional forward-backward asymmetry seen for CO owing to its heteronuclear character. The MFPADs dominated by the role of the f σ u (f σ in CO) partial wave, as expected for a shape resonance, also involve a significant contribution of the p σ u (s σ, p σ, d σ in CO). The corresponding DMEs are extracted and reported for the F 2 Σ + g state and H band in N 2 . Here, the energy evolution of the magnitudes and phases of the measured f σ u , pσ u and f π u , pπ u DMEs for the PI into the N 2 homonuclear molecule are discussed in comparison to the theoretical DMEs. For the perpendicular transition, the MFPADs show larger differences that are assigned to the presence of other ionic states in the same binding energy region. Such an example is illustrated for the case of processes IX+X, XI, i* assigned to the photoionization into the CO + (5 2 Σ + ) state, which also involves a contribution of the 8 2 Π state. Moreover, the resolution achieved in terms of dissociation energy, ion energy or electron energy guides us in providing the dissociation limits associated with the DPI mechanism of each of the ionic states, resulting from adiabatic dissociation and/or non-adiabatic couplings of the potential energy curves. In particular, near the onset of the processes linked to the H band in N 2 and the 5 2 Σ + state and the (3σ -1 )

2 Σ + band in CO, a series of dissociation limits are identified, e.g. L 10 11 , L 2 3 , L 4 5 6 , L 7 (N + +N) for the H band(N 2 ). The chapters also briefly discuss indirect double ionization, i.e. dissociative autoionization of highly excited inner valence ionic states, relevant for photon energies above the (C + , O + ) and (N + , N + ) lowest doubly charged dissociation limits. This is observed in particular for DPI of CO, where the (3σ -1 ) 2 Σ + band lies above the (C + , O + ) limit, while for N 2 , the (2σ -1 g ) 2 Σ + band (or H band) lies mostly below the (N + , N + ) limit.

In the course of this work, we have also explored the photoionization dynamics of the N 2 O triatomic molecule in the 25-60 eV energy range and the challenges involved, due to the multiple fragmentation channels possible, with the production of two-body or threebody atomic or molecular fragments (or available dissociation channels) [3,4]. The data analysis is in progress and goes beyond the reported results.

The results presented in the manuscript also aim to provide benchmark references for future experiments involving one-photon and two-photon studies addressing the photoionization dynamics in molecules. This is illustrated here in two directions (a) MF angle-resolved RABBITT experiments on molecules (b) Extraction of one-photon time delays in molecular photoionization.

MF angle resolved RABBITT experiments on molecules

Recent years in the field of atomic and molecular physics saw an increase in the experiments probing photoionization time delays in atoms and to a lesser extent in molecules. For atomic targets, the possibility of the extraction of one-photon time delays from the oscillating sideband signal with the support of theoretical calculations and certain assumptions are demonstrated [5,6]. While for molecules, the extraction of one-photon time delays using experiments involving the XUV-IR RABBITT scheme is challenging. The higher density of ionic states participating in valence and inner valence ionization and their larger intrinsic energy width resulting from the repulsive behavior within the Franck Condon region leads to a complicated photoelectron spectrum with overlapping contributions. So far, very few experiments are done in this direction, studying relative phases or emission delays between different ionic states in the valence ionization region, mainly in the laboratory frame [7][8][9][10]. Introduction of angular dependence to the study of emission delays in molecules, which depends on the orientation of the molecule with respect to the polarization axis of the incoming radiation and the electron emission direction in the molecular frame, adds complexity to the study, as shown in figure 1.2 [11,12]. The determination of stereo Wigner time delays in the CO molecule [13] and the time delays on H 2 [14] after choosing specific molecular orientations, e.g. parallel and perpendicular to the polarization axis of the incoming radiation are the first experiments attempting the extraction of the angle-dependent emission delays in the Molecular frame. We foresee MFPAD angle-resolved XUV-IR RABBITT experiments on diatomic molecules (NO, O 2 , N 2 , CO) probing angular dependence of emission time delays in the presence of shape resonances.

The spectroscopic characterization of inner valence ionization of small molecules reported in the current work (chapters 5 and 6) provides useful information for performing XUV-IR RABBITT real-time experiments. As previously shown in figure 4.17, preliminary measurements were done at Attolab laser facility on photoionization of NO into the NO + (c 3 Π v=0) (IP = 21.73 eV) state dissociating through the L 1 limit (N + ( 3 P)+O( 3 P)). The inner valence ionization in NO, which is dominated by this single DPI process of relatively narrow energy width, proves to be a favorable prototype in studying the photoionization dynamics using an APT and an IR probe pulse, where the contributions from harmonics and sidebands can be separated (figure 3).

The investigation of other targets such as N 2 or CO shows that ionization by an XUV APT results in intermixing of several DPI processes involving different repulsive ionic states of broader intrinsic energy width that would prevent their resolution in the resultant photoelectron energy spectra. Based on electron-ion momentum spectroscopy, several strategies can be adopted to resolve DPI processes induced by an APT in these cases: (a) selection based on ion energy or KER region which restricts the overlap of the DPI processes, (b) an energy selection based on dissociation energy, for DPI processes involving a single dissociation limit (or few nearby limits), (c) selection of ion emission directions, e.g., either with the molecules oriented along or perpendicular to the polarization axis of the laser field which may help to resolve the contributions of ionic states of different symmetry in the respective ion energy regions. Few such examples are displayed below.

An illustration is shown in the (N + , e -) KECDs in figure 7.1(a) with electron energy along the y axis and ion energy along the x-axis, visualizing the superposition of harmonics H21-H23-H25, without featuring the contributions of the sidebands. The partial crosssections of these states at each photon energy are not taken into account, and thus, the the selection of the complete collection of ions and electrons, it is difficult to disentangle process IX+X(5 2 Σ + +8 2 Π) from the contributions of processes IV/V (3 2 Π) in the (C + , e -) KECD featuring Ei and Ee. Nevertheless, the weaker process XI (5 2 Σ + +8 2 Π) lying in the same BE region as processes IX+X (5 2 Σ + +8 2 Π) can be studied as the contributions are well separated in the KECD. Additional strategies based on dissociation energy or the ion emission direction may further help in resolving the HHs and SBs contributions.

As a concluding remark, although experiments with APTs or the future XUV-IR RAB-BITT experiments on these molecules should benefit from the methodology adopted in understanding the two photon ionization in atoms (chapter 4) extended to molecules, and from the spectroscopic characterization of NO, N 2 , CO, O 2 at Synchrotron facility (chapter 5 and 6), they remain quite challenging. This motivated us to explore an alternative approach based on the one-photon ionization experiments as sketched below.

Towards one-photon time delays in molecular photoionization

An alternative way to access the photoionization time delays is through the one-photon ionization studies performed at the synchrotron facility at a series of photon energies. This methodology is detailed in our recent work [15] characterizing the dynamics of the shape resonance associated with ionization into the NO + (c 3 Π v=0) state.

Following the discussion in chapter 2, the complex PDA at each photon energy writes in terms of the coherent superposition of the complex-valued DMEs D l,m,µ for each partial wave (section 2.1.3). The latter can be extracted from the MFPADs measured for each photon energy, in the most complete form using circularly polarized light. In order to set the required coherence between the chosen photon energies, the phases (η l,m,µ ) of the D l,m,µ DME are expressed relative to one selected reference phase (η ref l,m,µ ) of the DME of a reference partial wave. In the studied examples, the reference partial wave is not coupled to the shape resonance, and therefore (η ref l,m,µ ) is expected to have a weak energy dependence in the explored energy range. Relying on this assumption, the photoionization time delays τ ( k, Ω, E) are obtained as the energy derivatives of the phases η( k, Ω, E) of the PDAs (equation 2.17). We obtain angle resolved (single photon) photoionization time delays in the molecular frame, for any orientation of the molecule, from a series of energy resolved one-photon experiments using synchrotron radiation. The analysis in N 2 and CO is in progress. The measured and theoretical emission time delays across the shape resonances for the molecule oriented parallel to the polarization axis of linearly polarized light are obtained. As an illustration, figure 7.3(a,b) displays twodimensional maps showing the magnitudes and phases of the computed PDAs as a function of the emission angle (θ k ) and electron energy (radius) obtained for the photoionization into the F 2 Σ + g state for the dominant parallel transition. For this reaction, the η 3,1,µ phase of the (fπ) partial wave DME is chosen as the reference. The corresponding 2D map of the computed time delays is given in figure 7 
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 11 Figure 1.1: Image of the CH 3 fragment produced after photodissociation of CH 3 I [2, 3] that revolutionized the field of charged particle imaging. Reprinted from [2], with the permission of AIP Publishing.
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 112 Figure 1.2: Computed emission time delays in photoionization of N 2 and CO as a function of the electron emission angle and photoelectron kinetic energy (radius). The figure is taken from reference [15]. © IOP Publishing. Reproduced with permission. All rights reserved.

Figure 1 . 3 :

 13 Figure 1.3: Outline of the results reported in this manuscript.
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 21 Figure 2.1: Potential surface for (a) a single centre system showing a (1/r) dependence, (b) linear multicentre system taken from [2]. (c) Schematic representation of the photoionization process showing an ion-core region and an asymptotic region redrawn from [3]. Reprinted from [2], with the permission of Morgan Claypool Publishers.
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 22 Figure 2.2: Electron position (r, θ, φ) and momentum coordinates (k, θ k , φ k ).
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( 1 )

 1 i→f ) PDA gives the time delay in atomic photoionization (τ ).

Figure 2 . 3 :

 23 Figure 2.3: Schematic representation of an ionization of an (a) s-type electron (m = 0) (b,c) p-type electron (m = 0, ±1) following the selection rules ∆l = ±1, ∆m = 0.

  Time-resolved studies in this thesis rely on a specific case of two-colour two-photon transitions, where the pump XUV (eXtreme Ultra Violet) photon ionizes the target and a probe IR (Infra-Red) photon interacts with the photoelectron in the continuum. As in figure2.4 showing a schematic representation of a two-photon transition from an s subshell or a p subshell, in the first step the XUV photon (blue solid line) with energy E hν XU V = ̵ hΩ, initiates the transition from the ground state ψ i with an angular momentum state (l ′ , m ′ ) into an intermediate state ψ λ with (λ, µ). In the second step, the IR photon (solid red line) with energy E hν IR = ̵ hω interacts with the electron in the intermediate state to excite it to the final continuum state ψ e in an angular momentum state (l, m).
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 24 Figure 2.4: Schematic representation of two-photon ionization of (a) an s-type electron and (b,c) a p-type electron following the selection rules.
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 1 PHOTOIONIZATION : BASIC CONCEPTS wave expansion separating the radial and angular components 1 ,
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 25 Figure 2.5: (a) Potential energy curves of different ionic states of the molecule AB, adiabatically correlated to the L n dissociation limits e.g PEC of A is correlated to the L A limit. PECs of A, B, D form bound states holding vibrational levels within the FC region (shaded region) and C and E are repulsive within the FC region (b) Potential energy curves of selected ionic states of N + 2 and N 2+ 2 .
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 262 Figure 2.6: The ground state configuration of N 2 is 1σ 2 g 1σ 2 u 2σ 2 g 2σ 2 u 1π 4 u 3σ 2 g . Schematic diagram showing 1h valence ionization with electronic configuration (1π u ) -1 , and(1h and 2h-1p) inner valence ionization with electronic configurations (2σ g ) -1 and (1π u ) -1 (3σ g ) -1 (1π g ) +1 , respectively.
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 27 Figure 2.7: (a) 1D plot and (b) polar plot of the angular distribution for a single photon ionization corresponding to β 2 = -1, 0, 1, 2.

Figure 2 . 8 :

 28 Figure 2.8: 3D angular distributions for a two-photon ionization corresponding to different combinations of β 2 and β 4 as adapted from [17]. Corresponding asymmetry parameters are (a) β 2 = -1.4, β 4 = 0.4 (b) β 2 = 0.7, β 4 = -1.7 (c) β 2 = 2.8, β 4 = 1.14. Used with permission of ROYAL SOCIETY OF CHEMISTRY, from [17]; permission conveyed through Copyright Clearance Center, Inc.
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 29 Figure 2.9: (a)Energy evolution of the electron asymmetry parameter of one photon transition of Ar obtained during this thesis work (β SR2 ) compared to reference[21] as taken from[22]. (b) Sudden change in the asymmetry parameter β SR
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 210 Figure 2.10: Left: Schematic representation of the Laboratory frame of reference for ion and electron fragments for light polarized along z axis. Right: Rotation of the Laboratory frame to Molecular frame using Euler angles (γ i , χ i , β i ). Electron emission direction (θ e , φ e ) is measured in the molecular frame.
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 211 Figure 2.11: F 00 , F 20 ,F 21 , F 22 , F 11 functions and f ) CDAD for PI into the NO + (c 3 Π) state at hν=26.35 eV (H17) as adapted from[START_REF] Veyrinas | Photoémission dans le référentiel moléculaire: une sonde de la dynamique électronique et nucléaire et de l'état de polarisation du rayonnement ionisant[END_REF] and further developed in[START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF][START_REF] Veyrinas | Dissociative photoionization of NO across a shape resonance in the XUV range using circularly polarized synchrotron radiation[END_REF].

CHAPTER 2 .

 2 ANGULARLY RESOLVED PHOTOIONIZATION IN ATOMS AND MOLECULES

Figure 2 . 12 :

 212 Figure 2.12: 3D-I χ i (θ e , φ e ) angular distributions for molecular orientations (a) parallel, (b) perpendicular, or at (c) χ i = 45 with respect to the linear polarization and d) MFPAD for NO molecule perpendicular to the propagation axis of circularly polarized light for PI into the c 3 Π state at hν = 26.35 eV(H17) as adapted from[START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF][START_REF] Veyrinas | Photoémission dans le référentiel moléculaire: une sonde de la dynamique électronique et nucléaire et de l'état de polarisation du rayonnement ionisant[END_REF][START_REF] Veyrinas | Dissociative photoionization of NO across a shape resonance in the XUV range using circularly polarized synchrotron radiation[END_REF]. Used with permission of ROYAL SOCIETY OF CHEMISTRY, from[START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF]; permission conveyed through Copyright Clearance Center, Inc.
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 213 Figure 2.13: Cross section and electron asymmetry parameter of c 3 Π ionic state of NO taken from reference[START_REF] Wallace | Shape resonant features in the photoionization spectra of NO[END_REF]. Reprinted from[START_REF] Wallace | Shape resonant features in the photoionization spectra of NO[END_REF], with the permission of AIP Publishing.

Figure 2 .

 2 Figure 2.13(a,b) taken from reference[START_REF] Wallace | Shape resonant features in the photoionization spectra of NO[END_REF] shows the evolution of the cross section and electron asymmetry parameter of the c 3 Π ionic state of NO across the σ * shape resonance featuring a maxima and minima around 30 eV, respectively. The σ → σ * resonance included in 4σ → kσ channel is clearly identified by their strong evolution.

Figure 2 . 14 :

 214 Figure 2.14: MFPADs measured for the dominant parallel transition for PI into the c 3 Π ionic state of NO for photon energies (a) 23.25 eV (b) 26.35 eV (c) 29.45 eV (d) 32.55 eV taken from reference[START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF]. Used with permission of ROYAL SOCIETY OF CHEMISTRY, from[START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF]; permission conveyed through Copyright Clearance Center, Inc.
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 215 Figure 2.15: Computed magnitudes and phases of the DMEs for ionization into the c 3 Π ionic state of NO + for photon energies from 25 eV to 40 eV taken from reference [28].Reprinted from[28], with the permission of AIP Publishing.
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 31 Figure 3.1: Flow chart showing the basic scheme and principle of the experimental method.
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 32 Figure 3.2: (N + , e -) KECD showing process I (orange solid line selection in (a)) and process II (white dash-dot line selection in (a)) dissociating along the L 1 limit and (b) process III and IV dissociating through the L 3 and L 4 5 6 limits respectively. Inset of (b) shows an enlarged energy window highlighting the binding energy region containing process IV.
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 33 Figure 3.3: (N + , e -) KECD showing process (III) dissociating through limit L 3 . (b,c) (N + , e -) KECD with dissociation energy along y-axis and ion energy and electron energy along x-axis. (d-f ) Typical one dimensional plots showing the 1D spectra of (d) ion energy, (e) electron energy and (f ) dissociation energy.

  2(b) (or figure3.4(a-c), where we observe several structures lying in a similar electron energy region (0 ≤ E e ≤ 2.5 eV ) but having different ion energies and dissociation limits. The photoion energy spectra, photoelectron energy spectra and dissociation energy spectra for such a selection are given in figure3.4(d-f). As seen from the 1D energy spectra, these structures are separated in the dissociation energy and ion energy spectra. The information provided by these three 1D energy spectra is captured in the 2D histogram given in the inset of figure 3.2(b) or in figures 3.4(a-c), which guides us in selecting a definite process within this binding energy
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 34 Figure 3.4: a) (N + , e -) KECD (E i vs E e ) showing a selection in E e (or BE) featuring structures dissociating through different limits (see figure 3.2(b) for the complete KECD). (b,c) presents the corresponding (E i vs E D ) and (E e vs E D ) (N + , e -) KECDs. (d-f ) display typical 1D ion energy, electron energy and dissociation energy spectra. Process IV dissociating along the L 4 5 6 limits is selected in (a-c) and represented by white dash lines and the corresponding selections in (d-f ) are shaded in blue.
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 35 Figure 3.5: (a) Ion (x i ,y i ) image (b) Electron (x e ,y e ) image obtained after the extraction of coincident ion and electron fragments within a selection made in the KECD. Corresponding polar distribution of (c) ion and (d) electron fragments in laboratory frame (field frame) with their fit (red solid line) for retrieving ion and electron asymmetry parameters.
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Figure 3 . 6 :

 36 Figure 3.6: Schematic representation of CIEL experimental set up, adapted from [14].
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 37 Figure 3.7: Schematic representation of the CV-80 double velocity spectrometer in the CIEL set up showing the interaction region, extraction region and acceleration free (drift) region (adapted from [14]).

Figure 3 .

 3 Figure 3.8(a) shows the CIEL experimental setup installed in Attolab laser facility before the experiments and (b) displays the inside view of the spectrometer where the electrodes are clearly seen.

Figure 3 . 8 :

 38 Figure 3.8: (a) CIEL experimental set up installed in Attolab facility before the experimental run (b) Inside view of CV-80 spectrometer showing electrodes on the electron and ion side.
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Figure 3 . 9 :

 39 Figure 3.9:Steps involved in data acquisition (adapted from[14]).

Figure 3 . 10 :

 310 Figure 3.10: Chronology of the acquisition of coincident electron and ion events in an experiment using (a) synchrotron radiation with a repetition rate ≈ 7 MHz and (b) laser facility with a repetition rate 10KHz (adapted from [14]).

Figure 3 . 11 :

 311 Figure 3.11: Schematic diagram of the set up at FAB-10 beamline, Attolab laser facility for the generation of the high order harmonics and for the XUV-IR RABBITT experiments in Magnetic bottle electron spectrometer and CIEL set up (taken from [7]).
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 312 Figure 3.12: (a) High harmonic generation process in Ar gas cell and (b,c) Principle of the RABBITT scheme showing the contributions of Sideband (SB 2q ) and harmonics as taken from [22]. © IOP Publishing. Reproduced with permission. All rights reserved

  Figures 3.13

  (a-b) shows the photoelectron spectra obtained in MBES and CIEL after the XUV ionization of Ar(3p) induced by harmonics H13, H15, H17 and H19 (dash-dot lines) and the positions of Ar(3s) ionization induced by harmonics H19, H21, H23 (dot lines).

Figure 3 . 13 :

 313 Figure 3.13: PES obtained for the PI of (a) Ar in MBES, (b) Ar in CIEL[7] after the interaction with the comb of odd order XUV harmonics (HH 11 -HH 23 ). Dot-dashed lines and dotted lines in (a) and (b) indicate the positions of electron energy corresponding to 3p and 3s ionization of Ar induced by HH 11 -HH 21 . (c) Bidimensional velocity (v xe vs v ye ) showing the structures formed after the XUV ionization of Ar.
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 314 Figure 3.14: PES obtained for the XUV-IR PI of (a) Ar in MBES, (b) Ar in CIEL[7] in the RABBITT scheme showing sidebands and harmonics. Variation of I SB (τ ) signal for SB Ar 16 in (a) MBES and (b) CIEL as a function of the number of oscillations corresponding to an XUV-IR delay for a period τ = 0 to 13.33 fs.

Figure 3 .

 3 Figure 3.14(a-b) displays the PES obtained after XUV-IR ionization of Ar(3p) showing sideband and harmonics contributions.The oscillations of the RABBITT signal are investigated for each selected sideband as displayed in figure 3.14(c-d) for MBES and CIEL.As mentioned before, in the commissioning phase of the FAB10 beamline, the XUV-IR delay was not actively stabilized. So we adopted a methodology where a series of RAB-BITT scans extending over 5 to 10 periods of the SB oscillations were made for which the XUV-IR delay was varied as a function of time. Each of these measurements lasted about 12 to 16 min, and later, these measurements were grouped for obtaining better statistical quality. In the case of Ar, we grouped about 80 independent scans, and for Ne, it was about 16 scans.
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 41 Figure 4.1: (a) Schematic representation of the RABBITT scheme displaying the emission(HH 2q+1 -IR) and absorption (HH 2q-1 + IR) pathways. Dash-dot lines denote the emission pathway and solid lines denote the absorption pathway. Blue arrows signifies the XUV photon and red arrow signifies the IR photon. Two photon ionization pathways for valence ionization of (b) ns subshell of He (c,d) np subshell of Ar or Ne for (c) m=0 and (d) m=±1.
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 2 . RABBITT (b) TDSE calculations within a single active electron potential (SAE) and (c) SOPT.
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 4 ANGLE-RESOLVED RABBITT IN ATOMS 4.3 RESULT I: Development of a unified formalism 4.3.1 Unified formalism From the most general expression of the PADs described in terms of spherical harmonics in equation 2.19, we derive an expression for the I SB (θ, τ ) PADs for each SB signal. Recalling equation 4.1 in terms of the Legendre polynomials for the two photon process, I SB (θ, τ ) is written as,

3 .

 3 Delay dependent signal, anisotropy parameters and phase shifts: The oscillatory component of the SB signal is characterized by the anisotropy parameters (γ 2 , γ 4 ) and phase shifts (φ 20 , φ 40 ) given as γ 2 = b 2 b 0 and γ 4 = b 4 b 0 (4.16) φ 20 = φ 2φ 0 and φ 40 = φ 4φ 0 (4.17

  )
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 42 Figure 4.2: Typical PES obtained for the XUV only measurements for the PI studies in (a) Ar in CIEL (b) and Ne in CIEL. In (a) dot lines indicate the energy positions of Ar(3s) ionization and dot-dash lines indicate that of Ar(3p) ionization induced by H 11 to H 23 . In (b) dot-dash lines indicate the position of electron peaks corresponding to Ne(2p) ionization.
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 43 Figure 4.3: Typical PES featuring SBs and HH IR peaks obtained for the RABBITT measurements performed in (a) Ar (b) Ne.

Figure 4 .

 4 Figure 4.3(a) presents the electron spectra displaying the SBs and dressed harmonics HH IR s in the electron energy region 0-20 eV in CIEL for Ar showing harmonics HH 11 -HH 21 and sidebands SB 12 -SB 20 . The SBs are located in between the dressed harmonics peaks and are selected by integrating the electron counts within an energy window of ±0.6eV.Figure 4.3(b) features the PES showing SBs and HH IR of Ne, displaying the odd harmonics HH 15 -HH 23 and sidebands SB 16 -SB 22 . The angle-resolved RABBITT in the following sections corresponds to the studies on SB 14 -SB 20 for Ar and SB 16 -SB 22 for Ne. The oscillations of electron signal generated at the positions of the dressed harmonics and sidebands are studied, and the corresponding angular distributions and other parameters are extracted.

Figure 4 .

 4 3(b) features the PES showing SBs and HH IR of Ne, displaying the odd harmonics HH 15 -HH 23 and sidebands SB 16 -SB 22 . The angle-resolved RABBITT in the following sections corresponds to the studies on SB 14 -SB 20 for Ar and SB 16 -SB 22 for Ne. The oscillations of electron signal generated at the positions of the dressed harmonics and sidebands are studied, and the corresponding angular distributions and other parameters are extracted.
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 41 Description of I SB (θ, τ ) for SB Ar 16 and SB N e 20 We report the main results on the I SB (θ, τ ) PADs for SB 16 in Ar (SB Ar 16 ) and SB 20 in Ne (SB N e 20 ) with similar photoelectron energies (Ee ≈ 9.04 eV for SB Ar 16 and Ee ≈ 9.44 eV for SB N e 20 ). Corresponding h i (τ ) functions for the two SBs for a single period of SB oscillation are given in figure 4.4, following equation 4.11. In the current analysis a 0 = 1 and the phases are computed with respect to φ 0 . This formalism retrieves the set of (a i , b i , φ i0 ) coefficients and the corresponding (β 2 4 , γ 2 4 , R and φ i0 ) for SB Ar 16 and SB N e 20 as given in tables 4.2 and 4.3. With a comparable angle integrated signal h 0 (τ ) for Ar and Ne, the angular properties are recorded in h 2 (τ ) and h 4 (τ ) oscillating around the mean values a 2 and a 4 , with amplitudes b 2 and b 4 and phase shifts φ 20 and φ 40 respectively. The phase shift φ 20 is relatively small in both cases of Ar and Ne, whereas φ 40 features a π phase shift between the two. We note that the undulation rate R for SB Ar 16 and SB N e 20 obtained in CIEL is in good agreement with R measured in MBES and previous results [3].

Figure 4 . 4 :

 44 Figure 4.4: Evolution of h i (τ ) functions (i=0,2,4) for SB Ar 16 and SB N e 20 for one SB oscillation with the XUV-IR delay varyying from 0 to 1.35 fs. Here the band thickness features the statistical uncertainity obtained from the chi square fit. The functions are normalized with a 0 and a common phase origin φ 0 . The horizontal lines depict the mean value a i of each h i (τ ) for SB Ar 16 and SB N e 20 .

From

  the set of (a i , b i , φ i0 ) parameters, the A(θ), B(θ) and C(θ) functions describing the PAD signal as shown in section 4.3.2 are extracted. The variation of A(θ) and B(θ) for SB Ar 16 and SB N e 20 as a function of the emission angle (figure 4.5) clearly shows larger anisotropy in the electron emission for delay integrated and delay dependent SB signals. This difference arises mainly from the observed differences in β 2(4) and γ 2(4) values for SB Ar 16 and SB N e 20 . The ratio of A(θ) and B(θ) is reflected in the observed low undulation rate R for both targets.

  Figure 4.5(c) presents the evolution of the atomic delay τ A (θ) (= C(θ) 2ω) as a function of emission angle for SB Ar 16 and SB N e 20 .
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 45 Figure 4.5: Evolution of A(θ), B(θ) and τ A (θ) for SB Ar 16 and SB N e 20 .

Figure 4 . 6 :

 46 Figure 4.6: Bidimensional color plot of the PAD signal I SB (θ, τ ) for a single SB oscillation for (a) SB Ar 16 and (b) SB N e 20 as a function of the emission angle θ and the XUV-IR delay τ . The white dashed line features the variation of the atomic time delay (τ A (θ)) indicating the location of the maximum of the SB signal for each angle.

Figure 4 . 7 :

 47 Figure 4.7: Variation of (a) β2 (τ ) and (b) β4 (τ ) for SB Ar 16 and SB N e 20 , where the horizontal lines denote the delay integrated asymmetry parameters (β 2 , β 4 ).

Figure 4 .

 4 Figure 4.8 presents the comparison of the h i (τ ) functions for SB Ar 16 , and neighboring harmonics (HH Ar 15 ) IR and (HH Ar 17 ) IR , with the (a i , b i , φ i ) parameters reported in table 4.4. In comparison to SB Ar 16 the h i (τ ) functions of (HH Ar 15 ) IR and (HH Ar 17 ) IR feature a phase difference of about π with lower amplitudes of the oscillations (b i ). The harmonics' feature a lower a i values leading to a lower asymmetry parameters for HH IR as illustrated in the following section (figure 4.11).

  Figure 4.8 presents the comparison of the h i (τ ) functions for SB Ar 16 , and neighboring harmonics (HH Ar 15 ) IR and (HH Ar 17 ) IR , with the (a i , b i , φ i ) parameters reported in table 4.4. In comparison to SB Ar 16 the h i (τ ) functions of (HH Ar 15 ) IR and (HH Ar 17 ) IR feature a phase difference of about π with lower amplitudes of the oscillations (b i ). The harmonics' feature a lower a i values leading to a lower asymmetry parameters for HH IR as illustrated in the following section (figure 4.11).
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 48 Figure 4.8: Evolution of h 0 (τ ) (red), h 2 (τ ) (blue), h 4 (τ ) (green) functions of (a) (HH Ar 15 ) IR , (b) SB Ar 16 and (c) (HH Ar 17 ) IR normalised to a 0 = 1.

Figure 4 .

 4 Figure 4.9 presents the comparison of the h i (τ ) functions for SB N e 20 , and the neighboring harmonics (HH N e 19 )IR and (HH N e 21 ) IR , with the (a i , b i , φ i ) parameters reported in table 4.5. One of the main differences in the case of h i (τ ) functions of HH IR s of Ne, arises from the negative and low asymmetry parameters of the electrons after XUV ionization (β SR

2 in figure 4 .

 24 11). This is clearly visible in the case of h 2 (τ ) functions of (HH N e 19 )IR and(HH N e 21 )IR of Ne with a much lower mean value a 2 in comparison to the nearby SB N e 20 .
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 4945 Figure 4.9: Evolution of h 0 (τ ) (red), h 2 (τ ) (blue), h 4 (τ ) (green) functions of (a) (HH N e 19 ) IR , (b) SB N e 20 and (c) (HH N e 21 ) IR normalised to a 0 = 1.

Figure 4 .

 4 Figure 4.11(a,b) displays the variation of the asymmetry parameters β SB 2 4 and β HH-IR

Figure 4 . 10 :

 410 Figure 4.10: Bidimensional color plot of the PAD signal I(θ, τ ) for (a) (HH Ar 15 ) IR and (b) (HH N e 19 ) IR as a function of the emission angle θ and the XUV-IR delay τ .

Figure 4 . 11 : 4 and β HH-IR 2 ,

 41142 Figure 4.11: Variation of β SB 2 , β SB 4 and β HH-IR 2

4 4 2 ) 2 .

 4422 energy. In the figure, β SB 2 4 for Ar and Ne are shown in solid circles and β HH-IR 2 are presented in open circles. The obtained β SB 2 4 and β HH-IR 2 in the RABBITT scheme are then compared to the asymmetry parameters β SR 2 (solid squares) extracted for one-photon ionization at Synchrotron facility. It is noted that β SB 2 takes a larger value than β SR 2 (β HH and β HH-IR In particular, for Ne, we see that the change in β SB 2 relative to β HH-IR 2 4 is larger than in Ar and this enhancement might be due to a relatively lower (close to zero) β SR 2 values for Ne. Physically, an increase in β SB 2 signifies the alignment of SB PADs in the presence of IR favouring electron emission in the direction parallel to the (common) polarization axis.
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 444432 RESULTS II: RABBITT EXPERIMENTS IN AR AND NE It is also noted that the depletion of HH peaks in the presence of IR results in a modification of the PADs of the dressed harmonics and thus, a decrease in β HH-IR 2 compared to β HH 2 is observed. Moreover, weak energy dependence of β SB 4 and β HH-IR 4 is seen for Ar and Ne. Within the uncertainty, for the case of Ar, we observe that the values of β SB 4 are slightly lower in magnitude in comparison to β HH-IR 4 of dressed harmonics, whereas, for Ne, β SB 4 are slightly higher than β HH-IR Evolution of anisotropy parameters and phase shifts r a d i a n s ) E l e c t r o n E n e r g y ( e V )

Figure 4 . 12 :

 412 Figure 4.12: Variation of γ 2 , γ 4 and φ 20 40 for two photon ionization of (a) Ar and (b) Ne (taken from [1]).

  14 and SB N e 18 (b) SBAr 16 and SB N e 20 (c) SB Ar 18 and SB N e 22 in figure4.13. It is noted that for smaller emission angles, Ne displays larger emission delays than Ar, while for larger emission angles, emission delays have a larger magnitude for Ar. Further, for small emission angles, lowest SBs, in particular, SB Ar 14 show a larger emission anisotropy.
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 413 Figure 4.13: Variation of atomic time delays with respect to θ=0°(a) SB Ar 14 and SB N e 18 (b) SB Ar 16 and SB N e 20 (c) SB Ar 18 and SB N e 22 for Ar (red) and Ne (blue).(a) also shows the experimental points taken from[21] (taken from SM of[1]).
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 4 RESULTS II: RABBITT EXPERIMENTS IN AR AND NE and final state dependent phases, as

(4. 25 )

 25 η l (k) characterizes the scattering phase accumulated by the photoelectron in the final angular momentum state 3 l. Y lm ( k) denotes the spherical harmonics and (M m l ′ λl ) ∓ 2q±1 denotes the emission and absorption matrix element for each angular channel involving the transition from l ′ → λ → l. Recalling equation 4.3, partial wave resolved DMEs are expanded as,
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 451 Intensity of the consecutive harmonicsUntil now, for obtaining equations 4.27 -4.29 we considered similar intensities for the consecutive harmonics and set aside the common terms factorising h i (τ ) functions. It is important to note that for different experimental conditions we might have different intensities of the successive harmonics, which can very well influence the observables. Considering the intensities, the magnitude of the radial matrix elements are multiplied by E 2q-1 and E 2q+1 in the expression for I SB (θ, τ ) in equation 4.24. Thereby in equation 4.11, the a i functions are multiplied by the corresponding E 2q±1 2 and b i functions are modified by the product E 2q-1 E 2q+1 . With this knowledge on the dependence of (a i , b i ) parameters on the intensities, we thus note from section 4.3 that the experimental conditions may influence the undulation rate R, asymmetry parameters β 2 4 and β 2 4 (τ ), whereas anisotropy parameters γ 2 4 and phase shifts φ 20 40 depend only on the dipole matrix elements characterizing the two-photon XUV-IR ionization.
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 453 Angular dependence of τ A (θ) and XUV-IR delay dependence of asymmetry parameters β(τ )

Figure 4 .

 4 Figure 4.14: h i (τ ) functions and β2 4 (τ ) of SB 16 extracted using the matrix elements reported in[18].

Figure 4 . 15 :

 415 Figure 4.15: Variation of A(θ), B(θ) and τ A (θ) of SB Ar16 as a function of the emission angle. The observables are determined using the matrix elements in[18].

Figure 4 .

 4 Figure 4.14(b) shows the evolution of β2 (τ ) and β4 (τ ) for SB Ar 16 for which we see a sharp drop in the evolution which was not seen in the experimental results given in figure 4.7. A(θ), B(θ), C(θ) are extracted from (a i , b i , φ i ) using equations 4.19 to 4.23 and are presented in figure 4.15. A positive delay of about 600 as is obtained for an emission at an angle of 90 ○ with respect to an emission at an angle of 0 ○ , which is in contradiction to the experimental results. As mentioned above, until now we considered equal intensities of the harmonics. On considering different relative intensities for the consecutive harmonics, as e.g. for SB Ar 16 formed by H15 and H17, we observe that the deduced (a i , b i ) parameters are changing with the change in the relative intensities. In particular for the β 2(4) (τ ) asymmetry parameter, changes are significant and are shown for intensity ratios 0.75, 1, 2 in figure 4.16.
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 416 Figure 4.16: Variation of (a) β2 (τ ) and (b) β4 (τ ) for SB Ar 16 for different intensities between the consecutive harmonics (0.75, 1, 2).
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 417 Figure 4.17: PES obtained for PI into the NO + (c 3 Π) ionic state showing HH 15 to HH 23 in the XUV photoionization scheme (blue solid line) and SBs and HH IR s in the XUV-IR RABBITT scheme (red).

Figure 1 :

 1 Figure 1: Inner valence PES of N 2 and CO at 50.3 eV[5] exhibiting different dominant (bands) peaks. Reprinted from [5], with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER].

Figure 2 :

 2 Figure 2: (a) Potential energy curves of various ionic states (X 2 Σ + g , C 2 Σ + u , F 2 Σ + g ) of N + 2 and (X 1 Σ + g , C 1 Σ + g ) of N 2+ 2, with respect to the N 2 (X 1 Σ + g v=0) ground state, obtained from the results shown in[6, 7]. Dissociation limits are indicated on the right side and FC region is marked by the shaded portion around 1.09 Å. (b) Potential energy curves of CO + and CO 2+ ionic states as a function of the binding energy. The grey shaded region represents the Franck Condon region. PECs are redrawn using the data provided in[8][9][10]. (c) The PECs of the main 2 Σ + g ionic states in the energy region of H band as taken from[6]. Reprinted from[6], with the permission of AIP Publishing.

Figure 3 :

 3 Figure 3: (N + ,e -) KECD characterizing the DPI of NO induced by (a) an APT consisting of a comb of harmonics of the order H15 (23.25 eV), H17 (26.35 eV), H19 (29.45 eV), H21 (32.55 eV). (N + ,e -) KECDs characterizing the DPI of NO induced by synchotron radiation at selected photon energies (b) hν= 29.45 eV, (c) hν= 26.35 eV, (d) hν= 23.25 eV. Measured 3D MFPADs for the dominant DPI process (labelled process I) at different photon energies (e) hν= 29.45 eV, (f ) hν= 26.35 eV, (g) hν= 23.25 eV for the molecular axis oriented parallel to the polarization axis[20, 21]. Reprinted from[21], with the permission of AIP Publishing.

Figure 5 . 1 :

 51 Figure 5.1: (a) Experimental PES at hν = 50.3 eV adapted from [14]. (b) Theoretical TPES adapted from Aoto et al. [4] as a function of the binding energy (eV) with shaded regions corresponding to bands A, B, C and regions B1, B2, B3 within band B. The positions of C 2 Σ + u , F 2 Σ + g , and H band are identified in the figures. Reprinted from [4], with the permission of AIP Publishing. Reprinted from [14], with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER].
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 2 INNER VALENCE IONIZATION OF N 2 (FROM EARLIER WORKS)

Figure 5 .

 5 Figure 5.2(c,d) shows the projection onto the x-axis and y-axis of the vibrational distribution selected in the KECD along the L 1 dissociation limit as shown in figure5.2(b). The 1D plot photoelectron energy spectrum (figure5.2(c)) displays partially resolved vibrational structures reflecting that of the KECD. The vibrational spacing is found to be in the range 0.26 eV (v = 7) and 0.2 eV (v = 11) within the uncertainties in determining the central electron energy, consistent with earlier findings (table 5.4). The ion and electron asymmetry parameters obtained for the transitions are given in table 5.4. They both vary as a function of the vibrational level, a trend that may be attributed to the influence of electron-nuclear coupling at play in the predissociation step. The ion asymmetry parameter increases from a value near zero for v = 3 to a value of 0.5 for v = 8-9, reflecting a dominant parallel character of the transition into the C 2 Σ + u state. Since the contribution of the 2 2 Π g state is minor, the low values of β i varying with the vibrational level suggest that the predissociation lifetime of the molecular ionic state is comparable or larger than

Figure 5 . 2 :

 52 Figure 5.2: KECD for the (N + ,e -) coincident events: x axis figures the ion energy E i (bottom) or the kinetic energy release (KER) of the two fragments (top); y axis figures the electron energy E e (left) or the binding energy BE (right). The KECD (a) illustrates the DPI processes populated at hν = 26.33 eV (≈H17) in the BE region A, ensuring a 4π collection of electrons and ions (recorded on CV40 with an extraction field of 30V/cm). The vibrational structure of the C 2 Σ + u ionic state (v = 3 to v = 11) elongated on the L 1 dissociation limit (red dashed diagonal line) is resolved in the bidimensional histogram (blue circles in selection (b) [3]), which also highlights the onset of the second dissociation limit (L 2 ). Purple lines in (b) indicate the position of the strongest vibrational levels (v = 6 to v = 16) of the weakly populated 2 2 Π g state observed in high resolution PES (see section 5.2.2.1), masked by the contribution of the C 2 Σ + u state. The vibrational distribution along the L 1 limit selected as shown in (b) and projected onto (c) the x axis (here E i ) and (d) the y axis (here E e ) which feature the specific photoion (PIS) and photoelectron (PES) spectra.

Figure 5 . 3 (

 53 Figure 5.3(b,c) presents the 1D projections of the complete KECD featuring the ion and electron energy spectra, specifying the position of processes I-V. These processes which overlap in ion and electron energies could not be resolved in PIS or PES, whatever the energy resolution. This example illustrates the resolving power of the electron-ion momentum correlation providing as a first outcome the KECD, which resolves each of these processes based on their electron, ion and dissociation energies. Figure 5.3(d,e) displaying the 1D PES extracted from the KECD after selection of, e.g. the L 1 and L 2 3

  Figure 5.3(b,c) presents the 1D projections of the complete KECD featuring the ion and electron energy spectra, specifying the position of processes I-V. These processes which overlap in ion and electron energies could not be resolved in PIS or PES, whatever the energy resolution. This example illustrates the resolving power of the electron-ion momentum correlation providing as a first outcome the KECD, which resolves each of these processes based on their electron, ion and dissociation energies. Figure 5.3(d,e) displaying the 1D PES extracted from the KECD after selection of, e.g. the L 1 and L 2 3

Figure 5 . 3 :

 53 Figure 5.3: (a) (N + , e -) KECD for DPI of N 2 at the photon energy 29.45 eV (H19) showing transitions into the C 2 Σ + u state (I) in the BE region A, F 2 Σ + g state and other weaker ionic states (IV) in the BE region B1 (recorded on CV40 with an extraction field of 65 V/cm). Each DPI process is identified by its binding energy and its dissociation limit (diagonal red lines). (b, c) 1D plots of the overall photoion and photoelectron spectra at H19, with the labelled positions of processes I to IV. (d, e) 1D PES extracted for the diagonal selections corresponding to the limits L 1 and L 2 3 . x axis figures the ion energy E i (bottom) or the KER of the two fragments (top); y axis figures the electron energy E e (left) or the binding energy BE (right).

Figure 5 .

 5 Figure 5.4 presents a series of (N + , e -) KECDs corresponding to the selected photon energies hν = 32.55 eV(H21),[START_REF] Dowek | Photoemission in the molecular frame using the vector correlation approach: from valence to inner-valence shell ionization[END_REF].65 eV(H23),[START_REF] Veyrinas | Molecular frame photoemission by a comb of elliptical highorder harmonics: a sensitive probe of both photodynamics and harmonic complete polarization state[END_REF].75 eV(H25),[START_REF] Dehmer | Shape resonances in molecular fields[END_REF].95 eV(H29), 48.05 eV(H31), 54.25 eV(H35). Except for the lower photon energy (H21) where photoionization into the C 2 Σ + u state (BE region A) is still the major DPI channel, the main processes identified in these KECDs are those labelled IV (BE band B1), VIII and IX (BE band B3) as discussed below. The BE region B2 is richly structured for photon energies (H21 to H25) with resolved processes labelled VI-a-b and VII-a-b of lower intensities, corresponding to the E and G bands (section 5.2.2.2): their angular properties support the identification of ionic states of Σ g and Π u symmetry, which are not investigated in more detail in this chapter. Finally, for photon energies above hν = 40 eV additional DPI channels are observed, corresponding to the BE region C in figure 5.1 whose upper limit merges with the double ionization threshold in the FC region, and beyond.Process IV with BE ≈ 28.5 eV (27 ≤ BE ≤ 30 eV) (figure5.4(a-f)) (band B1) dissociating through the L 3 limit (including possibly the neighbor limit L 2 at higher photon energies) is mainly attributed to photoionization into the single F 2 Σ + g state as discussed in section 5.3.1 and further below. Processes VIII and IX, which play a major role between 45 eV and 60 eV, correspond to a comparable binding energy band centered at BE ≈ 37 eV (band B3) extending up to the position of the D 1 limit around 39 eV. This band is generally labelled as the H band and assigned to (2σ -1 g ) inner-shell ionization. The reported KECDs first demonstrate that this band involves two distinct groups of dissociation limits separated by a significant gap of 2.8 eV, L 3 -L 9 (IX) and L 10 -L 11 (VIII). The KECDs obtained at

5. 3 .Figure 5 . 4 :

 354 Figure 5.4: (N + , e -) KECDs for DPI of N 2 at photon energies hν = 32.55 eV (H21), 35.65 eV (H23), 38.75 eV (H25), 44.95 eV (H29), 48.05 eV (H31), 54.25 eV (H35). Process I to IX are identified in the binding energy regions A (blue), B1(yellow), B2(red), B3 (beige) and C(green) featured on the right-vertical axis of the KECD, for specific dissociation limits (red dashed lines) and the D 1 limit (yellow line). Complete 4π collection of ions and electrons is ensured (recorded on CIEL setup with different electric extraction fields 20V/cm (H21), 35V/cm (H23, H25, H31), 60V/cm (H29) and 50V/cm (H35)). (For details on axis' label, see figure 5.2).

Figure 5 . 5 :

 55 Figure 5.5: (N + , e -) KECDs for DPI of N 2 at photon energies (a) hν = 37.2 eV(H24) and (b) hν = 38.75 eV(H25) near the onset of the H band in B3 region featuring process VIII dissociating through L 10 , and the substructures in process IX dissociating through L 3 (L 2 ), L 4 5 6 , L 7 and L 9 . Purple horizontal lines (lines 1 to 7 in table C.1) denote the main peaks in this energy region as reported in earlier works (see text). Corresponding (c,f ) photoelectron spectra, (d,g) ion energy spectra and (e,h) 1D dissociation energy plot at the respective photon energies. (For details on x and y axis labels, see figure 5.2).
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 3 RESULTS I: ENERGY-RESOLVED STUDIES AND ASYMMETRY PARAMETERS

Figure 5 . 6 :

 56 Figure 5.6: (a)(N + ,e -) KECD with selected BE region (50 eV to 60 eV) showing the two structures at hν = 60 eV. (b)The complete KECD featuring processes IV, VIII and IX and the region within the red box which constitutes the selected BE range in (a). (c) 1D-KER spectra and (d) the corresponding KECD arising from the analysis of two ion (N + ,N + , 2e) events produced after a direct double ionization process followed by dissociation.

Figure 5 . 7 :

 57 Figure 5.7: Evolution of branching ratios for processes IV, VIII and IX as a function of photon energy.

Figure 5 . 8 :

 58 Figure 5.8: Evolution of calculated cross sections of different ionic states in binding energy region region (a) below 34 eV and (b) above 34eV in length form, as a function of photon energy (30 eV to 70 eV). Here2 Σ + u (2) denotes the C 2 Σ + u state in A region, 2 Σ + g (2) is the F 2 Σ +g state in B1 region and 2 Σ + g (9) is the dominant state in B3 region (table B.1). For the 2 Σ + g (9) state, we note a shift of about 3 eV in the theoretical calculations in comparison to the onset of the H band in experiments. This shift is taken into account on comparing the measured and computed MFPADs and DMEs, reported later in this chapter.

Figure 5 . 9 :

 59 Figure 5.9: Evolution of the measured ion and electron asymmetry parameters (solid green dots including the related uncertainties) of process IV in comparison to the calculated values for the 2 Σ + g (2)(F 2 Σ + g ) state. Blue solid lines are the values computed in the length form and purple solid lines are the ones in the velocity form.

Figure 5 . 10 :

 510 Figure 5.10: Energy dependence of the measured ion and electron asymmetry parameters for processes VIII (green dots) and IX (red dots) in comparison to the calculated values for the dominant 2 Σ + g (9) state in length (blue line) and velocity (purple line) form.
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 4 RESULTS II: MFPADS OF THE DOMINANT PROCESSES
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 41 Process IV 5.4.1.1 Photoionization into the F 2 Σ + g state at hν=41.85 eV

CHAPTER 5 .

 5 INNER VALENCE DISSOCIATIVE PHOTOIONIZATION OF N 2 and selected representations of the I χ i (θ e , φ e ) MFPADs.

Figure 5 .

 5 Figure 5.11: : (a)-(e) Measured F 00 , F 20 , F 21 , F 22 , F 11 functions (dots and blue line representing their Legendre polynomial fit) and (f ) CDAD dimensionless parameter as a function of the emission angle θ e for process IV in comparison to the computed F LN functions and CDAD (purple solid line) obtained using length gauge calculations for PI into the F 2 Σ + g state at hν = 41.85 eV (H27).The F LN functions are expressed in Mbarn units. The normalization is done such that measured total cross section of process IV, proportional to the integral of the F 00 function, matches the computed total cross section for PI into the F 2 Σ + g state.

Figure 5 . 12 :

 512 Figure 5.12: (a) Measured 1D -I χ i (θ e ) angular distributions (blue dots and solid line) after averaging on the azimuthal angle for process IV at hν = 41.85 eV (H27) for orientations of the molecule parallel (χ i = 0 ○ ) and perpendicular (χ i = 90 ○ ) with respect to the polarization axis of linearly polarized light. These are compared to the theoretical 1D-I χ i (θ e ) angular distributions for PI into the F 2 Σ + g state (purple line).

Figure 5 . 13 :

 513 Figure 5.13: (a) Measured 3D -I χ i (θ e , φ e ) angular distributions for process IV at hν = 41.85 eV (H27) with the molecular axis aligned parallel (I χ i =0 o (θ e , φ e ) LP ), perpendicular (I χ i =90 o (θ e , φ e ) LP ), or at the magic angle (I χ i =54.7 o (θ e , φ e ) LP ) with respect to the polarization axis of linearly polarized light and I h = -1 (θ e , φ e ) CP χ i =90 o MFPADs for a molecule aligned perpendicular to the propagation axis of RHC circularly polarized light. (b) The corresponding computed MFPADs for PI into the 2 Σ + g (2) (F 2 Σ + g ) state using length gauge, which are in good agreement with the ones computed using velocity gauge.

Figure 5 . 14 :

 514 Figure 5.14: Cuts of the MFPADs (a) I χ i =0 o (θ e , φ e ) LP (b) I χ i =90 o (θ e , φ e ) LP (d) I χ i =54.7 o (θ e , φ e ) LP by a plane φ e = 0 ○ /180 ○ containing the molecular axis and the polarization axis of linearly polarized light. (c) Cut of the I χ i =90 o (θ e , φ e ) LP MFPADs by a plane φ e = 90 ○ 270 ○ for the N 2 molecular axis perpendicular (χ i =90 ○ ) to the polarization axis of linearly polarized light. (e) Relevant cuts of the I h = -1 (θ e , φ e ) CP χ i =90 o MFPADs by a plane φ e = 90 ○ 270 ○ with respect to the propagation axis of circularly polarized light. Measured distributions featuring the cuts are shown with red dots with the uncertainties and the corresponding computed distributions (length) are given in solid lines. The radii of the circles are given in the right hand side of the cuts, e.g. 2.2 Mbarn for (a).

Figure 5 . 15 :

 515 Figure 5.15: Evolution of the measured 3D -I χ i =0 o (θ e , φ e )LP and I χ i =90 o (θ e , φ e ) LP angular distributions for process IV at harmonic orders H19, H20, H21, H23, H25, H31, H35 with the molecular axis parallel and perpendicular to the polarization axis of the light. The results are compared to the computed MFPADs in velocity form.

Figure 5 . 16 :

 516 Figure 5.16: Evolution of the measured (a,c,e) and theoretical (length form) (b,d,f ) F 00 , F 20 , F 22 functions for process IV and F 2 Σ + g state at hν = 35.65 eV, 38.75 eV, 48.05 eV, 54.25 eV, 60.45 eV such that the integral of the measured F 00 function is normalized to that of the computed F 00 function.

Figure 5 . 17 :

 517 Figure 5.17: Evolution of the measured (left panel) and computed (right panel) F 21 , F 11 functions for process IV and F 2 Σ + g state for selected photon energies.

Figure 5 . 18 :

 518 Figure 5.18: Measured MFPADs for process (a) VIII, (b) IX and (c) computed MF-PADs in length form (d) computed MFPADs in velocity form for PI into the 2 Σ + g (9) ionic state at 51.15 eV (H33) for 3D-I χ i =0 o (θ e , φ e ) LP , I χ i =90 o (θ e , φ e ) LP , I χ i =54.7 o (θ e , φ e ) LP and I h = -1 (θ e , φ e ) CP χ i =90 o MFPADs.

Figure 5 .

 5 Figure 5.19: a-d) Relevant cuts of the MFPADs for process IX at H33 compared with the computed MFPADs (length form) for different geometries similar to what is described for process IV in figure 5.14.

Figure 5 . 20 :

 520 Figure 5.20: Measured F 00 , F 20 , F 21 , F 22 , F 11 functions and (f ) CDAD dimensionless parameter for processes VIII (blue dot) and IX (green square) in comparison with the computed F LN (purple solid line) functions (length form) for PI into the 2 Σ + g (9) state at hν = 51.15 eV (H33). (g,h) Measured 1D -I χ i (θ e ) angular distributions for orientations of the molecule parallel and perpendicular after averaging on the azimuthal angle with respect to the polarization axis for process VIII (blue dot) and IX (green square) compared to the theoretical 1D-I χ i (θ e ) angular distributions for 2 Σ + g (9).

Figure 5 . 21 :

 521 Figure 5.21: Evolution of the measured 3D-I χ i =0 o (θ e , φ e )LP and I χ i =90 o (θ e , φ e ) LP angular distributions for process VIII (column 1,2) and IX (column 3,4) at harmonic orders H25, H27, H29, H31, H35, H39.

Figure 5 . 22 :

 522 Figure 5.22: Evolution of the the measured 3D-I χ i =0 o (θ e , φ e ) LP and I χ i =90 o (θ e , φ e ) LP MFPADs for process IX and the corresponding theoretical 3D-I χ i (θ e , φ e ) angular distributions (velocity form) for PI into the 2 Σ + g (9) state at selected photon energies for parallel and perpendicular transitions.

Figure 5 . 23 :

 523 Figure 5.23: Energy evolution of the measured (left panel) and computed (right panel) F 00 , F 20 , F 22 functions for process IX and the the 2 Σ + g (9) state for selected photon energies. The F LN functions are computed using velocity gauge.

(

  figures C.2 and C.3).

Figure 5 . 24 :

 524 Figure 5.24: The measured (left panel) and computed (right panel) F 21 , F 11 functions for process IX and the 2 Σ + g (9) state at hν=41.85 eV, 44.95 eV, 48.05 eV, 54.25 eV and 57.35 eV.

Figures 5. 23

 23 Figures 5.23 and 5.24 exhibit the energy dependence of the measured and computed F LN functions at selected photon energies from H27 after normalization with the computed cross-section. For all photon energies, we note similar although attenuated oscillations for the measured F 00 and F 20 functions when compared to the computed F 00 and F 20 functions, which is reflected in similar 3D MFPADs for the parallel transition with a strong f σ u character. While for F 22 , which is mostly positive for all emission angles, we note larger oscillations around 90 ○ for higher photon energies when compared to the computed ones.

  Figures 5.23 and 5.24 exhibit the energy dependence of the measured and computed F LN functions at selected photon energies from H27 after normalization with the computed cross-section. For all photon energies, we note similar although attenuated oscillations for the measured F 00 and F 20 functions when compared to the computed F 00 and F 20 functions, which is reflected in similar 3D MFPADs for the parallel transition with a strong f σ u character. While for F 22 , which is mostly positive for all emission angles, we note larger oscillations around 90 ○ for higher photon energies when compared to the computed ones.

Figure 5 . 25 :

 525 Figure 5.25: Evolution of the C L ′ LN coefficients (L'=2,4,6) for the F 11 functions (top) and F 21 functions (bottom) derived from the (a,d) measured F LN s and computed F LN functions in (b,e) length form (c,f ) velocity form.

F

  21 the measured C L ′ LN have a smaller amplitude than the computed ones, consistent with figure 5.17.

Figure 5 . 26 :

 526 Figure 5.26: Magnitudes and phases of the measured (left panel) and computed (right panel) DMEs for PI into the 2 Σ + g (2) ionic state.

Figure 5 . 27 :

 527 Figure 5.27: Magnitudes and phases of the measured (left panel) and computed (right panel) DMEs for PI into the 2 Σ + g (9) ionic state.

CHAPTER 6 .

 6 INNER VALENCE DISSOCIATIVE PHOTOIONIZATION OF CO region) above 22.5 eV.

9 C(2s2p 3 5

 95 S)+O + (2s 2 2p 3 2 P ) 33.91 ⋆[10] C(2s 2 2p 2 P )3s)+O + (2s 2 2p 3 2 D) 35.51 L O + 10 [10] C(2s 2 2p 2 P )3s)+O + (2s 2 2p 3 2 D) 35.72 L O + 11 [10] C(2s 2 2p 2 P )3p)+O + (2s 2 2p 3 2 D) 36.57 L O + 12 [10] C(2s 2 2p 2 P )3p)+O + (2s 2 2p 3 2 D) 36.67 L O + 13 [10] C + (2s 2 ( 1 S)2p 2 P )+O + (2s 2 2p 3 4 S) 35.99 D 1 [10] in figure 6.1 adapted from [6, 9].

Figure 6 . 1 :

 61 Figure 6.1: Inner valence PES of CO at photon energy (a) hν = 50.3 eV adapted from [9] and (b) hν = 46.4 eV, adapted from [6] showing bands A, B(B1, B2, B3, B4), C and the position of selected dissociation limits. © Publishing. Reproduced with permission. All rights reserved.

Figure 6 . 2 :

 62 Figure 6.2: Inner valence PES of CO + at hν = 45 eV adapted from [12] illustrating the binding energy region 30 eV to 44 eV with sharp peaks labelled 1-43. This region of interest is divided into four bands labelled B1, B2, B3, B4 depending on the position of the main inner valence states. © IOP Publishing. Reproduced with permission. All rights reserved.

6. 2 .

 2 INNER VALENCE IONIZATION OF CO (FROM EARLIER WORKS) a C + ion and an excited O * atom. Atomic oxygen in the excited state further autoionizes to produce an autoionizing electron and an O + ion. The two charged fragments (C + , O + ) are then produced even below the double ionization threshold (41.325 eV) of CO leading to doubly charged dissociation limits (D 1 , D 2 ..). CO(X 1 Σ + ) + hν → CO + * + e -→ C + + O * + e - single ion DPI → C + + O + + e -+ e A atomic autoionization

6. 3 .

 3 Figure 6.3: (C + ,O) KECD at a photon energy of hν = 24.5 eV showing vibrational transitions into D 2 Π and 3 2 Σ + states in the BE region A dissociating through the L C+ 1 limit. x axis denotes the ion energy (bottom) or KER of the fragments (top) and y axis denotes the electron energy (left) or BE (right). The measurement is done with an electric field of 20 V/cm using CV-40 setup ensuring a 4π collection of ions and electrons. (b) The vibrational structures are resolved and the position of various vibrational levels of D 2 Π (black diamond) and 3 2 Σ + (blue open circle)[6] are marked in the bidimensional diagram after making a selection along the L C+ 1 limit. Projections of the bidimensional histogram on to the (c) x axis (E i ) and (d) y axis (E e ) featuring the photoion and photoelectron spectra.

Figure 6 .

 6 Figure 6.3 represents the (C + , e -) KECD at a photon energy of hν = 24.5 eV, spanning the 22 eV to 24.5 eV (0 < Ee < 2.5 eV) BE region, below the C( 3 P) +O + ( 4 S) L O+ 1 threshold at 24.71 eV. It shows resolved structures corresponding to the vibrational transitions from the ground state CO (v = 0 X 1 Σ + ) to the D 2 Π and 3 2 Σ + ionic states dissociating to the ground state limit L C+ 1 (C + ( 2 P ) + O( 3 P )) at 22.36 eV (process I), featured by the red

6. 3 .

 3 RESULTS I: ENERGY RESOLVED PROCESSES AND ASYMMETRY PARAMETERS 29 eV binding energy region, five processes IV-VIII are resolved in the (C + ,e -) KECD.Processes IV and V assigned to a transition into the 3 2 Π ionic state, populate the two L C+ 1 and L C+ 2 dissociation limits.

Figure 6 . 4 :

 64 Figure 6.4: (C + ,e -)(left) and (O + , e -)(right) KECDs at a photon energy 29.45 eV (H19). Processes I-VIII in band A are identified in the (C + , e -) KECD and i, ii in band A in the (O + , e -) KECD. The measurement is recorded in the CIEL set up at PLEIADES beamline with an electric field of 25 V/cm.

Figures 6 .

 6 Figures 6.5 and 6.6 show the (C + , e -) and (O + , e -) KECDs at energies 32.55 eV (H21), 35.65 eV (H23), 38.75 eV (H25), 41.85 eV (H27), 44.95 eV (H29) displaying all DPI processes involving CO + excited states for BE above 28 eV. The processes are labelled following the assignment discussed in the previous subsection 6.3.1. The KECDs are all presented with

Figure 6 . 5 :

 65 Figure 6.5: (C + , e -) (left panel) and (O + , e -) (right panel) KECDs for BE above 28 eV at photon energies hν = 32.55 eV (H21), 35.65 eV (H23) showing BE regions A (blue), B1 (yellow), B2 (red) and B3 (grey) marked on the right side of the y axis and the horizontal purple lines marking the sharp peaks in [12]. Position of IX, X, XI in B1, XII in B2 and XIII in B3 are marked in the (C + , e -) KECDs and processes i in A, i* in B1 and v and vi extending over B1 to B3 are labelled in the (O + , e -) KECDs. Axis labelling is same as that discussed in figure 6.3. In all the (O + , e -) KECDs, analysis of the (O + , e -) are limited to the selection of the forward O + ions. Electric fields of 25 V/cm (H21) and 50 V/cm (H23) were used for these measurements. The complete (C + , e -) KECDs are given in appendix D.2.

Figure 6 . 6 :

 66 Figure 6.6: (C + , e) (left panel) and (O + , e) (right panel) KECDs for BE above 28 eV at photon energies 38.75 eV (H25), 41.85 eV (H27), 44.95 eV (H29) showing BE regions B1 (yellow), B2 (red), B3 (grey), B4 (brown) and C (green). Electric field used are 50 V/cm (H25) and 35 V/cm (H27, H29).

Figure 6 . 8 :

 68 Figure 6.8: (C + , e -) and (O + , e -) KECD at hν = 38.75 eV and 40.3 eV featuring the onset of processes XIII, XIV, vii, viii and a part of v(vi) in bands B3 and B4.

Figure 6 . 9 :

 69 Figure 6.9: KECDs arising from the analysis of two ion (C + ,O + , 2e) events produced after direct and indirect double ionization process followed by dissociation at photon energies (a) 40.3 eV (H26), (b) 41.85 eV (H27), (c) 44.95 eV (H29) and (d) 48.05 eV (H31).

Figure 6 . 10 :

 610 Figure 6.10: MFPAD for the structure (b) in figure 6.9 attributed to indirect double ionization after the analysis of (C + , O + ) ion events at H29 for the molecular axis parallel and perpendicular to the polarization axis of linearly polarized light.

Figure 6 .

 6 Figure 6.9 displays a series of KECDs resulting from the analysis of the (C + , O + , e) events where the two ion fragments are detected in coincidence with one of the two electrons produced in a DAI process (e ph or e A ), or in double ionization (DI) into the CO 2+ (X 3 Π) and low excited CO 2+ states, for four photon energies 40.3 eV (H26), 41.85 eV (H27), 44.95 eV (H29) and 48.05 eV (H31). The excess energy (hν -36 eV) is transferred to the KER of the C + and O + ions and the kinetic energy of the two electrons. For the higher energies, the most intense localized structure (a) reflects double ionization into the lowest CO 2+ ionic states, which dissociate to the C + ( 2 P )+O + ( 4 S) limit, with KERs ranging between 7 and 9 eV and low energy photoelectrons which share the ionization energy, similar to what was presented in figure5.6 for N 2 . It vanishes for photon energies lower than the IP of CO 2+ double ionization (41.3 eV).

Figure 6 .

 6 Figure 6.11 shows the PI cross-sections of the three inner valence ionic states (5 2 Σ + , 8 2 Π, 6 2 Σ + ) in the B1 band computed by Pr. R. R. Lucchese using the MCSCI calculations in the length gauge, in close agreement with the calculations using the velocity form. In contrast to what is observed in N 2 (figure 5.8(a)) where the relative importance of other ionic states in the B1(N 2 ) band is weak in comparison to the N +2 (F 2 Σ + g ) state, we note that in the case of CO, the cross-section of the 8 2 Π ionic state is comparable to that of the 5 2 Σ + ionic state. Thus, we need to consider the contribution of both the 5 2 Σ + and 8 2 Π ionic states in the DPI processes, e.g. their influence may account for the observed lower ion asymmetry parameters for processes IX, X and XI.

Figure 6 . 11 :

 611 Figure 6.11: Energy dependence of theoretical cross sections of the three 5 2 Σ + , 8 2 Π, 6 2 Σ + ionic states in the B1 band using the MCSCI calculations in the length form.

Figure 6

 6 Figure 6.12(a) also presents the energy dependence of the computed ion asymmetry parameters for the 5 2 Σ + and 8 2 Π ionic states using the length and velocity calculations. Ion asymmetry parameters reported for process i* display a good agreement with the computed ones, in particular the velocity form. For the other two processes, β i lie between the computed β i parameters for the 5 2 Σ + and 8 2 Π ionic states. We then consider process i* as mainly due to the transition into the 5 2 Σ + state while processes IX, X and XI correspond to varying composition of the two ionic states. This is quantitatively assessed after studying their MFPADs in section 6.4.2.

Figure 6 . 12 :

 612 Figure 6.12: Evolution of ion and electron asymmetry parameters for processes in B1, with an error bar of ±0.05.

Figure 6 . 13 :

 613 Figure 6.13: Variation of asymmetry parameters as a function of photon energy for processes XIII+XIV and vii in bands B3 and B4 (uncertainty ±0.1).
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Figure 6 . 14 :

 614 Figure 6.14: Measured MFPADs for DPI of CO into (a) (v = 2) D 2 Π and (b) (v = 4) 3 2 Σ + for which the molecular axis is aligned parallel and perpendicular to the linear polarization. The orientation of the molecular axis is such that C is on top and O is on the opposite side.

Figure 6 .

 6 Figure 6.14(b) displays the MFPADs for the selection in figure 6.3 corresponding to the transition into the (v = 4) 3 2 Σ + ionic state including a weak contribution of the (v = 8, 9) D 2 Π ionic states for the molecular axis parallel and perpendicular with respect to the polarization axis of linearly polarized light.

  the measured RFPADs for process IV and V supports the fact that the transition occurs into the same ionic state (3 2 Π)[3]. Transitions into the 3 2 Π ionic state were shown to have dominant contributions from dπ partial waves (l = 2, m = ±1) in the final continuum for the parallel transitions and dσ(l = 2, m = 0), dδ(l = 2, m = ±2) or sσ(l = 0, m = 0) for the perpendicular transitions[3].

6. 4 . 2 Figure 6 . 16 :

 42616 Figure 6.16: Measured MFPADS for the parallel and perpendicular transitions at hν = 32.55 eV, 35.65 eV for processes (a) IX (b) X (c) XI (d) i * .

Figure 6 . 17 :

 617 Figure 6.17: Theoretical MFPADs I 0 ○ (θ e , φ e ), I 90 ○ (θ e , φ e ) at hν = 32 eV (left) for (a) 5 2 Σ + , (b) 8 2 Π, (c) combination of 0.47*5 2 Σ + +0.53*8 2 Π. Similarly at hν = 36 eV (right) (a) 5 2 Σ + , (b) 8 2 Π, (c) superposition of 0.32*5 2 Σ + +0.68*8 2 Π (d) 0.55*5 2 Σ + +0.45*8 2 Π.

6. 4 .

 4 RESULTS II: MFPADS FOR THE DOMINANT PROCESSES

Figure 6 . 19 :

 619 Figure 6.19: Measured MFPADs at hν = 41.85 eV (H27), close to the maximum of the resonance for the DPI processes IX+X, XI and i * with the CO molecular axis aligned parallel (χ i = 0 ○ ) and perpendicular (χ i = 90 ○ ) to the polarization axis of linearly polarized light. C is placed on the top and O on the bottom.

6. 4 . 2 . 3

 423 Dynamics across the shape resonance of 5 2 Σ + Now, we consider the energy dependence of the MFPADs for the main processes: IX+X and i* and compare it with that of the computed MFPADs.

Figure 6 . 20 :

 620 Figure 6.20: Evolution of the measured MFPADs I 0 ○ (θ e , φ e ), I 90 ○ (θ e , φ e ) for the DPI process labelled i * at photon energies from 38.75 eV to 48.05 eV in comparison to the theoretical MFPADs obtained for a transition into the 5 2 Σ + and 8 2 Π states in the ratio of about 75% and 25%.

Figure 6 . 21 :

 621 Figure 6.21: Measured MFPADs I 0 ○ (θ e , φ e ), I 90 ○ (θ e , φ e ) for process IX+X at energies (a) 38.75 eV (b) 40.7 eV (c) 41.85 eV (d) 44.95 eV 48.95 eV. Corresponding MFPADs computed at similar photon energies for a transition into 5 2 Σ + and 8 2 Π in a ratio close to 35% and 65%.

Figure 6 . 22 :

 622 Figure 6.22: Evolution of the measured (a,c,e) and theoretical (velocity form) (b,d,f ) F 00 , F 20 , F 22 functions for process i* and the superposition of the 5 2 Σ + state and 8 2 Π state in the ratio of about 75% and 25% at hν = 38.75 eV, 40.3 eV, 41.85 eV, 44.95 eV, 48.05 eV such that integral of the measured F 00 function is normalized to that of the computed F 00 function.

Figure 6 . 23 :

 623 Figure 6.23: Evolution of the measured (left panel) and computed (right panel) F 21 , F 11 functions for process i* and for the superposition of the 5 2 Σ + state and 8 2 Π state in the ratio of about 75% and 25% for selected photon energies.

Figure 6 . 24 :

 624 Figure 6.24: Energy dependence of MFPADs for processes XIV and vii aligned parallel and perpendicular to the polarization axis of linearly polarized light.

Figure 7 . 2 :

 72 Figure 7.2: (C + , e -) KECDs visualizing the superposition of harmonics H21-H23-H25-H27.

Figure 7 . 3 :

 73 Figure 7.3: 2D plots of the (a) magnitudes and (b) phases of the theoretical PDA and the corresponding (c) emission delay associated with photoionization into the F 2 Σ + g state in N 2 for the dominant parallel transition. The radius of the circle features the photoelectron kinetic energy (in eV) and the photoelectron emission angle θ k is relative to the molecular axis.

Figure D. 2 :

 2 Figure D.2: Band selections centred around 37.5 eV (red) and 39.3 eV (blue) in the BE region 36.5 eV to 40 eV corresponding to inner valence ionization into the (3σ -1 )2 Σ + band as given in[21]. Reprinted figure3with permission from[21] Copyright (2010) by the American Physical Society.

Figure D. 3 :

 3 Figure D.3: MFPADs for indirect double ionization of CO for the two band selections (red and blue) around the CO + ((3σ -1 ) 2 Σ + ) band at 43 eV as taken from [21]. Reprinted figure 3 with permission from [21] Copyright (2010) by the American Physical Society.

  

  

  

  

  

  

  

  

  

  

  θ e , φ e ) angular correlation histograms of the ion and electron fragments for definite angular selections, as summarized in section 3.1.2. From the set of F LN (θ e ) functions, one can reconstruct MFPADs for any orientation of the molecule with respect to the quantization axis of the incoming radiation. F 20 (θ e ), F 21 (θ e ), F 22 (θ e ), and F 11 (θ e ), where the additional F 11 (θ e ) function demonstrates the significance of circular dichroism.

	MFPADs are then defined for left (h = 1) and right
	(h = -1) circularly polarized light with helicity (h = ±1),	
	I h=±1 (χ i , θ e , φ e ) CP = F 00 (θ e ) --2 F 22 (θ e )P 2 1 2 F 20 (θ e )P 0 2 (cos(χ i )) -2 (cos(χ i ))cos(2φ e ) ± F 11 (θ e )P 1 1 2 F 21 (θ e )P 1 2 (cos(χ i ))cos(φ e ) 1 (cos(χ i )sin(φ e ) 1	(2.26)
	χ i defines the molecular orientation relative to the propagation axis of circularly polarized
	light and (θ e and φ e ) are the polar and azimuthal angles as defined for equation 2.25. In
	our experiments, with a single circularly polarized experiment, we obtain all the relevant
	information for studying MFPADs for any molecule orientation.	

On using circularly polarized light, we have a set of five F LN (θ e ) functions: F 00 (θ e ),

  Another important orientation of the molecular axis at the magic angle χ i = 54.7 ○ or for e.g. an angle χ i = 45 ○ . I 54,7 ○ (θ e , φ e ) = F 00 (θ e ) + 2 1 2 F 21 (θ e )cosφ e + 2F 22 (θ e )cos2φ e I χ i =45 ○ (θ e , φ e ) = F 00 (θ e ) -0.25F 20 (θ e ) + 1.5F 21 (θ e ) + 1.5F 22 (θ e )cos(2φ e )

					2	F 20 (θ e )	(2.34)
						(2.35)
	For circularly polarized light, MFPADs for the perpendicular orientation of the molec-
	ular axis with respect to the propagation axis is derived from equation 2.26 as,
	I h=±1 (θ e , φ e ) CP χ i =90 = F 00 (θ e ) -	1 4	F 20 (θ e ) -	3 2	F 22 (θ e )cos(2φ

e ) ± F 11 (θ e )sin(φ e )

  Decomposition of the F LN functions in terms of Legendre polynomials Each F LN function is expanded in terms of Legendre polynomials,

	CHAPTER 2. ANGULARLY RESOLVED PHOTOIONIZATION IN ATOMS AND
	MOLECULES
	2.2.3.4
	.37)
	I(θ e , φ e , χ i ) = F 00 (θ e ) + F 20 (θ e )P 20 (cos χ i )
	+ F 21 (θ e )P 21 (cos χ i ) cos(φ e )
	+ F 22 (θ e )P 22 (cos χ i ) cos(2φ e )
	+ F 40 (θ e )P 40 (cos χ i ) + F 41 (θ (2.38)

e )P 41 (cos χ i ) cos(φ e ) + F 42 (θ e )P 42 (cos χ i ) cos(2φ e ) + F 43 (θ e )P 43 (cos χ i ) cos(3φ e ) + F 44 (θ e )P 44 (cos χ i ) cos(4φ e )

  φ e ) integrated over χ i are obtained, I 0-180 (θ e , φ e ) = 2F 00 (θ e ) -2F 22 (θ e )cos(2φ e ) + π 2 F 11 (θ e ) sin(φ

e ) I 0-90 90-180 (θ e , φ e ) = F 00 (θ e ) ∓ 1 2 F 21 (θ e )cos(φ e ) -F 22 (θ e )cos(2φ e ) + π 4 F 11 (θ e ) sin(φ e ) I 60-120 (θ e , φ e ) = F 00 (θ e ) + 3 16 F 20 (θ e ) -11 8 F 22 (θ e )cos(2φ e ) + π 6 + √ 3 4 F 11 (θ e ) sin(φ e )

Table 3 .

 3 

	(eV) EF (V/cm) TOF (threshold) (us) Radius (mm)
	1	10	10.02		37.20
	1	6+foc	14.85		34.3
	1	12	9.15		34
	1	12+foc	10.52		24.3
	5	30 +foc	6.68		34.5
	5	60	4.1		34.2
	30	30	14.3	35.6	25.7
	10	10	8.4	61.3	25.4
	10	6	6.55	79	32.5
	10	12	9.2	56.1	23.2
	5	30	14.4	35.6	10.5

2: Estimated values of radius (in mm) and TOF (in ns) of electrons having energies (30 eV, 10 eV and 5 eV) under the influence of an electric field of (a) 10 V/cm (b) 6 V/cm (c) 12 V/cm (d) 30 V/cm and the corresponding magnetic field in Gauss.

Energy (eV) EF (V/cm) MF (G) TOF (ns) Radius (mm)

Table 3 . 3 :

 33 Characteristics of Synchrotron SOLEIL.

	Synchrotron SOLEIL	
	Circumference	354 m
	Energy	2.75 GeV
	Current	400 mA(multibunch)

Period 2.8 ns (multibunch), 147 ns (8-bunch) et 1.181 µs

(1-bunch) 

Table 4 . 1 :

 41 Harmonic order (HH) and Sideband order (SB), photon energies, electron energies corresponding to the PI of Ar and Ne (IP of Ar 15.76 eV, IP of Ne 21.56 eV).

	HH 11 17.05 hν 13 20.15 15 23.25 17 26.35 19 29.45 21 32.55 23 35.65	Ee Ar(3p) Ee Ar(3s) Ee Ne(2p) 1.29 4.39 7.49 1.69 10.59 4.79 13.69 0.21 7.89 16.79 3.31 10.99 19.89 6.41 14.09	SB 12 18.60 2.84 hν Ar Ee Ne Ee 14 21.70 5.94 0.14 16 24.80 9.04 3.24 18 27.90 12.14 6.34 20 31.00 15.24 9.44 22 34.10 18.34 12.54

Table 4 . 2 :

 42 and are reported in tables 4.2 The (a i ,b i , φ i ) parameters and (R, β 2 , β 4 , γ 2 , γ 4 , φ 20 , φ 40 ) for SBAr 16 featuring an uncertainty of about one standard deviation for a series of measurements.

		R	0.21(0.003)
	a i 1 h 2 1.31(0.01) 0.52(0.01) 0.13(0.01) b i φ i0 h 0 0.21(0.002) 0 h 4 0.08(0.01) 0.04(0.01) -0.63(0.15)	β 2corr 1.37(0.01) β 4 0.08(0.01) γ 2 2.48(0.03) γ 4 0.19(0.03) φ 20 0.13(0.01)
		φ 40	-0.63(0.15)
		R	0.26(0.02)
	a i 1 h 2 0.95(0.025) 0.48(0.06) 0.35(0.04) b i φ i0 h 0 0.26(0.02) 0 h 4 -0.1(0.045) 0.12(0.03) 3.24(0.36)	β 2corr 0.97(0.02) β 4 -0.10(0.04) γ 2 1.85(0.1) γ 4 0.46(0.09) φ 20 0.35(0.04)
		φ 40	3.24(0.36)

Table 4 .

 4 

3: The (a i ,b i , φ i ) parameters and (R, β 2 , β 4 , γ 2 , γ 4 , φ 20 , φ 40 ) for SB N e 20 . and 4.3.

  8). The (a i , b i , φ i ) parameters and all other relevant observables (R, β 2 , β 4 , γ 2 , γ 4 , φ 20 , φ 40 ) characterizing the harmonic oscillations are extracted. In this section we chose to report the neighboring harmonics (HH Ar 15 ) IR and (HH Ar 17 ) IR of Ar and (HH N e 19 ) IR and (HH N e 21 ) IR of Ne. This facilitates the comparison of the results to the corresponding SBs (SB 2q ) resulting from these consecutive harmonics (HH 2q±1 ).

Table 4 .

 4 

		a i	b i	φ i0		a i	b i	φ i0
	h 0	1	0.11	0	h 0	1	0.11	0
	h 2 0.808 0.25 0.071	h 2 1.03 0.26 0.07
	h 4 -0.06 0.18 -1.08	h 4 -0.18 0.01 0.93

4: The (a i ,b i , φ i ) parameters of (HH Ar 15 )

IR and (HH Ar 17 ) IR .

  .28) 

4.4. RESULTS II: RABBITT EXPERIMENTS IN AR AND NE

Table 4 . 7 :

 47 The (a i ,b i , φ i ) parameters of SB Ar 16 extracted using the matrix elements given in[18] (see table 4.6).

		R	0.89
	a i 1 h 2 2.77 2.58 0.141 b i φ i (rad) h 0 0.89 0.150 h 4 1.13 0.99 0.157	β 2 β 4 γ 2 γ 4	2.77 1.13 2.89

Table 4 .

 4 

	2 1.73 ±0.05
	β 4	0.50±0.02
	γ 2	2.30±0.05
	γ 4	0.65±0.02
	φ 20 0.024±0.07
	φ 40 0.081±0.08

8: (R, β 2 ,β 4 ,γ 2 , γ 4 , φ 20 , φ 40 ) for SB Ar 16 extracted from reference

  + (2s 2 2p 2 3 P )+N(2s 2 2p 2 ( 3 P )4s 4 P ) 37.2 eV L 15 N + (2s 2 2p 2 3 P )+N(2s 2 2p 2 ( 3 P )3d 4 P )

	2 2p 3 4 S)	24.293 eV	L 1
	N + (2s 2 2p 2 1 D)+ N (2s 2 2p 3 4 S)	26.192 eV	L 2
	N + (2s 2 2p 2 3 P )+N (2s 2 2p 3 2 D)	26.676 eV	L 3
	N + (2s 2 2p 2 3 P )+N (2s 2 2p 3 2 P )	27.869 eV	L 4
	N + (2s 2 2p 2 1 S)+N (2s 2 2p 3 4 S)	28.345 eV	L 5
	N + (2s 2 2p 2 1 D)+N (2s 2 2p 3 2 D)	28.575 eV	L 6
	N + (2s 2 2p 2 1 D)+N (2s 2 2p 3 2 P )	29.768 eV	L 7
	N + (2s 2 2p 2 1 S)+N (2s 2 2p 3 2 D)	30.728 eV	L 8
	N + (2s 2 2p 2 1 S)+N(2s 2 2p 3 2 P )	31.921 eV	L 9
	N + (2s 2 2p 2 3 P )+N(2s 2 2p 2 ( 3 P )3s 4 P )	34.7 eV	L 10
	N + (2s 2 2p 2 3 P )+N(2s 2 2p 2 ( 3 P )3s 2 P )	35.0 eV	L 11
	N + (2s 2 2p 2 3 P )+N(2s2p 4 4 P )	35.3 eV	L 12
	N + (2s2p 3 3 D)+N (2s 2 2p 3 4 S)	35.8 eV	L 13
	N + (2s 2 2p 2 3 P )+N(3s ′ 2 D)	36.7 eV	L 14
	N 37.4 eV	L 16
	N + (2s2p 3 3 P )+N (2s 2 2p 3 4 S)	37.9 eV	L 17
	N + (2s 2 2p 2 3 P )+N + (2s 2 2p 2 3 P )	38.857 eV	D 1

Table 5 . 5 :

 55 Binding energies, dissociation limits, ion and electron asymmetry parameters, associated with the DPI processes (I, II, III, IV, V) of N 2 at a photon energy of 29.45 eV (H19).

		I	II	III	IV	V
	BE (eV)	23.75 -27.1 26.5	27	28.2	28.5
	Limit	L 1	L 2	L 3	L 3	L 4
	β i	-0.04 (0.02)		-0.1 (0.02) -0.52 (0.06)
	β e	0	-0.66 -0.48 (0.04) -0.34 (0.02) -0.36 (0.06)
	Assignment	C 2 Σ + u			F 2 Σ + g	2 Π u
	5.3.2 Photon Energies hν = 30 eV to 60 eV		

5.3.2.1 Kinetic energy correlation diagrams: spectroscopy of the ionization continuum in the inner valence region

Table 5 . 6 :

 56 Peak binding energy (eV) and dissociation limits obtained for processes IX 2-3 , IX 4-6 , IX 7 and VIII identified in the B3 region at hν = 38.75 eV (H25).

		IX 2-3 IX 4-6 IX 7	VIII
	peak BE (eV)	36.9	37.3	37.1	37.3
	Dissociation limit	L 2 3	L 4 5 6 L 7	L 10 11
	17] (see table C.1 for the energies).				

  2 Σ + g (2) state corresponds to the F 2 Σ + g and the 2 Σ + g (9) state most likely merges with the main 2 Σ + g ionic state involved in the H band (table B.1). The computed cross sections support the dominant character of the 2 Σ + g (2) state in the 35-45 eV photon energy range, and that of the 2 Σ + g

Table 5 . 7 :

 57 Measured ion and electron asymmetry parameters (± 0.05) of process IV at selected photon energies.

	Process IV

Table 5 . 8 :

 58 Measured ion and electron asymmetry parameters of processes VIII, IX at selected photon energies. Uncertainties are within ±0.05 of the reported values . Ion asymmetry parameter (β i ) hν(eV) 38.75 41.85 44.95 48.05 51.15 54.25 57.35 60.Electron asymmetry parameter (β e ) hν(eV) 38.75 41.85 44.95 48.05 51.15 54.25 57.35 60.

	45

Table 5 . 9 :

 59 Measured asymmetry parameters of process VIII and substructures in IX at hν = 38.75 eV .

		IX 2 3 IX 4 5 6 IX 7	VIII
	peak BE (eV)	36.9	37.3	37.1	37.3
	Dissociation Limit	L 2 3	L 4 5 6 L 7	L 10 11
	β i	1.02	0.76	0.7	0.68
	β e	0.34	0.12	0.14	0.4
	threshold, are presented in table 5.9.				

  6.2. INNER VALENCE IONIZATION OF CO (FROM EARLIER WORKS) 6.2 Inner valence ionization of CO (from earlier works) 6.2.1 Ionic states, dissociation limits CO, isoelectronic to N 2 , has 14 electrons distributed in the ground state with a configuration of 1σ 2 2σ 2 3σ 2 4σ 2 1π 4 5σ 2 . The ionization potential in the Franck Condon region is 14.0139 eV

Table 6 . 2 :

 62 Dissociation limits L C +

  C + (2s 2 2p 2 P )+O * (2s 2 2p 3 ( 2 D)3s 1 D) 35.084 L C + 9 [4] C + (2s2p2 2 D)+O(2s 2 2p 4 1 S) 35.835 L C + 10 C + (2s 2 2p 2 P )+O * (2s 2 2p 3 ( 2 P )3s 3 P ) 36.479 L C + 11 [4] C + (2s 2 2p 2 P )+O *

	2 2p 4 3 P ) C + (2s 2 2p 2 P )+O(2s 2 2p 4 1 D) C + (2s 2 2p 2 P )+O(2s 2 2p 4 1 S) C + (2s2p 2 4 P )+O(2s 2 2p 4 3 P ) C + (2s2p 2 4 P )+O(2s 2 2p 4 1 D) C + (2s2p 2 2 D)+O(2s 2 2p 4 3 P ) C + (2s2p 2 4 P )+O(2s 2 2p 4 1 S) C + (2s2p 2 2 D)+O(2s 2 2p 4 1 D)	22.356 24.323 26.545 27.687 29.654 31.646 31.876 33.61 L C + L C + 1 L C + 2 L C + 3 L C + 4 L C + 5 L C + 6 L C + 7 8 [10]
		36.8	L C + 12
	C + (2s 2 2p 2 P )+O + (2s 2 2p 3 4 S)	35.99	D 1 [10]

  6.2. INNER VALENCE IONIZATION OF CO (FROM EARLIER WORKS)

Table 6 . 7 :

 67 Measured electron asymmetry parameters of processes IX, X, XI, i * in band B1 at a photon energy of 32.55 eV, 35.65 eV, 38.75 eV, 44.95 eV (uncertainty ± 0.05).

				Electron asymmetry parameter(β e )	
			32.55 35.65 38.75 40.3	41.85 44.95 48.05
	IX X	B1_L C + 4 B1_L C + 3	0.24 0.48	-0.06 0.36 0.48	0.54	0.5	0.66	0.7
	XI	B1_L C + 2	0.12	0	0.34	0.36	0.56	0.72	0.72
	i *	B1_L O + 1		0.06	0.54	0.52	0.52	1.12	1.54

  2 Σ + state and 8 2 Π state at hν = 38.75 eV, 40.3 eV, 41.85 eV, 44.95 eV, 48.05 eV are displayed in figures 6.22 and 6.23.

Table B . 2 :

 B2 .3(c). Ionic states included in the 13-channel MCSCI calculations of CO (by Pr. R.R Lucchese). Computed and experimental ionization potentials and computed photoionization cross sections at 50 eV, primary configurations are given. In these calculations the ionization potentials used for the different ion states were the experimental values, or estimated values given in the parentheses, given in the E exp column.

	State	E M CSI (eV ) E exp (eV )	σ(Mbarn)	Primary Configurations
			[12-14]	50 eV	
	X 1 Σ +	0	0		0.93 (3σ) 2 (4σ) 2 (1π)	4 (5σ) 2
	X 2 Σ +	13.94	14.0	1.458	0.87 (5σ) -1
	A 2 Π	17.28	16.9	4.834	0.91 (1π) -1
	B 2 Σ +	20.05	19.7	2.492	0.82(4σ) -1
	D 2 Π	23.48	22.7	0.141	0.67(5σ) -2 (2π) +1
					0.20(4σ) -1 (5σ) -1 (2π) +1
	3 2 Σ +	24.54	23.4	0.092	0.84(1π) -1 (5σ) -1 (2π) +1
	2 2 ∆	26.24	25.3	0.084	0.94(1π) -1 (5σ) -1 (2π) +1
	3 2 Π	27.90	25.7	0.114	0.55(4σ) -1 (5σ) -1 (2π) +1
					0.14(5σ) -2 (2π) +1
					0.11(1π) -1 (5σ) -2 (2π) +2
	4 2 Π	28.86	28.2	0.035	0.79(1π) -2 (2π) +1
	5 2 Π	29.45	28.5	0.043	0.88(4σ) -1 (5σ) -1 (2π) +1
	4 2 Σ +	30.74	(29.0)	0.052	0.47(1π) -1 (5σ) -1 (2π) +1
					0.24(1π) -2 (5σ) -1 (2π) +2
					0.11 (4σ) -1 (1π) -1 (2π) +1
	5 2 Σ +	33.32	31.4	0.541	0.55(4σ) -1 (1π) -1 (2π) +1
					0.20(1π) -1 (5σ) -1 (2π) +1
	8 2 Π	33.40	32.1	0.469	0.70(1π) -2 (2π) +1
					0.14(1π) -3 (2π) +2
	6 2 Σ +	34.18	(32.2)	0.047	0.67(1π) -2 (5σ) -1 (2π) +2
					0.12(1π) -1 (5σ) -1 (2π) +1

This simplifield form of the derivation will be used in chapter 4

Later, in the manuscript for parallel transition, we use Σ → Σ for representing a transition between the initial ground state and the continuum state. Likewise, Σ → Π for perpendicular transition.

In section 2.2.3 we use (θ e , φ e ) for describing emission direction in the MF

Light quantization axis: the polarization axis for linearly polarized light and the propagation axis for circularly polarized light.

I χi (θ e , φ e ) denotes the MFPAD at a particular molecular orientation and I(χ i , θ e , φ e ) denotes the complete MFPAD.

K shell ionization happens in the presence of soft X-ray photons having energy about a few hundreds of eV.

http://www.roentdek.com/

Final scattering phases and spherical harmonics of the final state are not included in (M m l ′ λl ) ±

2q∓1 .

We leave out the subscript IR in ω IR

4 measured for SBs and dressed harmonics for Ar and Ne as a function of the electron

(-i) l e iη lm ( k) in equation 2.10 is given here as e iη l ( k) to be consistent with the definition in[18]. On considering i l separately we need to take into account the sign change with the cross terms.

even similar scattering phases η + l = η - l

limit. In the (O + ,e -) KECD, we identify processes viii

6 , viii 7 8 , viii 9 and

To distinguish the photoelectron (e -) from autoionizing electron (e A ) a subscript 'ph' (e ph ) is used here in the subsection.
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Chapter 5

Inner valence dissociative photoionization of N 2

Introduction

This chapter, divided into 5 sections, is dedicated to the study of inner valence photoionization dynamics of N 2 in the 24 eV to 60 eV photon energy range. In section 5.2 we gather some relevant background knowledge concerning N + 2 ionic states, their binding energy, symmetry and dissociation limits, as well as photoelectron energy spectra and angular distributions based on earlier studies. In section 5.3, we report selected (N + ,e -) KECDs chosen within the experiments performed at Synchrotron SOLEIL at a series of photon energies listed in table 5.1 with their corresponding harmonic orders. The main processes (I, IV, VIII, IX) corresponding to the transitions to the C 2 Σ + u (I), F 2 Σ + g (IV) ionic states and H band (VIII, IX) are characterized in terms of their binding energy, dissociation limit, asymmetry parameter at selected photon energies. We also briefly describe other DPI processes in the relevant binding energy regions. For the three dominant processes assigned to the F 2 Σ + g state and H band, we report the energy dependence of the measured branching ratios and ion/electron asymmetry parameters.

Table 5.1: Photon energies used for the experiments at Synchrotron SOLEIL and the corresponding harmonic orders. Extraction fields ranging from 8 V/cm to 60 V/cm are used to ensure 4π collection of ions and electrons. In section 5.4, we study in more detail these three processes scrutinizing the MFPADs and their evolution with photon energy. The comparison of measured MFPADs with processes IX (L C+ 4 ), which can be attributed to the contribution of peak 1 superimposed on the observed continuous structures.

Energy

In the corresponding (O + , e -) KECDs, the observed structure along the diagonal L O+ 1 broadens in the lowest half of B1, before merging with the DPI process (process i in figure 6.4) assigned to the 4 2 Σ + ionic state well identified at lower energy [3]. We tentatively restrict the selection of process i* at this energy to 0 ≤ Ee ≤ 1.4 eV partially masked by some substructures along the diagonal L O+ 1 which are no longer visible for higher energies. For photon energies higher than H21, the whole B1 band is accessible, including the upper part where sharp peaks 2 and 3, up to peak 4 (horizontal lines in figure 6.5) were observed in high resolution PES at 32.82 -32.98 -33.17 eV BEs (figure 6.2), and assigned to DPI through Rydberg ionic states producing C + or O + fragments in threshold photoelectron-ion coincidence spectra [13]. These processes may contribute to the low Ee part of processes IX, X, XI and i*, where sub-structures are partially resolved for the lower photon energies (H23). For photon energies H25 and higher, processes IX and X corresponding to L C+ 3 and L C+ 4 are no longer resolved, so the characteristics such as branching ratios, asymmetry parameters or MFPADs are reported for IX+X as a whole and compared to processes XI, and i* in the B1 region. As seen from figure 6.6, processes IX+X, XI and i* play a significant role in the PI dynamics of CO.

The characteristic feature of the elongated structure along the diagonal line (red lines) of processes IX+X, XI and i * , with a large sharing between electron and ion energies (0 -3 eV), is consistent with the transition to an ionic state with a PEC which is repulsive in nature and has a large slope in the FC region. Following the assignment in references [3,11,19] this binding energy region reflects the transition into the 5 2 Σ + + 6 2 Σ + states with the possible contribution from other Π ionic states (8 2 Π)(table 6.1). More on these spectroscopic aspects, highlighting the possible composition of each of these processes based on their asymmetry parameters and MFPADs is reported in the following sections. Furthermore, the importance of these processes is consistent with the presence of a σ * shape resonance linked to the 5 2 Σ + ionic state with a maximum seen at about 40-45 eV [8,9]. state and (c) featuring a fixed electron energy distribution centred at 0.5 eV. These reflect the two components of the same DAI process, where either the photoelectron e ph or the electron e A resulting from the major autoionization decay of O* atoms, is detected in coincidence with the two ionic fragments. In our acquisition conditions aiming at the study of the energy dependence of the DSI channels, the statistics for the DAI channels remained quite low; however, figure 6.10 displays one example of MFPAD corresponding to the inner-valence ionization DAI channel (b) for the H29 photon energy. A contribution of the (C + , O + , e) events is also identified in the (C + ,e) and (O + ,e) KECDs, when one of the two ion fragments is not detected due to the detector efficiency (figure 6.6(e,f)).

The present results characterizing the double ionization channels (DI and DAI) in band B4 and BE region C are very consistent with those reported by Osipov et al. [4] for a fixed photon energy of 43 eV. This illustrate inner valence ionization into the (3σ -1 ) 2 Σ + band selecting a band around 39.3 eV via the analysis of the (C + , O + , e ph , e A ) events. This dedicated study conducted up to the MFPADs for selected (C + , O + ,e ph ) or (C + , O + ,e A ) events is complementary to the results reported here and in the next section (section 6.4.3) providing, in particular the MFPADs for the major DSI channels ((C + ,e ph ) or (O + ,e ph )) involving the (3σ -1 ) 2 Σ + band. 6.3.2.2 Dynamics of photoionization into the 5 2 Σ + state and (3σ -1 ) 2 Σ + band Band B1

In this section, we examine the β i and β e ion and electron asymmetry parameters of the processes in the same B1 BE range, as presented in tables 6.6 and 6.7 at selected photon energies. We observe that the four processes are characterized by a positive β i asymmetry parameter, however it takes larger values (1 ≤ β O+ ≤1.6) for process i* than for processes IX, X, (or IX+X)(0.3 ≤ β C+ ≤0.7) and XI (0.4 ≤ β C+ ≤0.9). The evolution of the asymmetry parameters for the three processes as a function of the photon energy (30 eV to 50 eV) is presented in figure 6.12.

The large increase of β i for process i*, reflecting a significant anisotropy of the molecular axes parallel to the polarization axis of the incoming light, is consistent with the

Process IV and V

For processes IV and V displaying a similar binding energy around 27 eV in the (C + , e -) KECD in figure 6.4. The DPI reactions are assigned as, In the lower photon energies (hν < 38 eV), the structures assigned to the DPI processes in the KECDs are well resolved. We obtain an asymmetry parameter of about β i = 0.26 and β e = 0.02 for process IV and β i = 0.52 and β e = 0.04 for process V at a photon energy of hν = 29.45 eV in comparison to β i = 0.4 and β e = 0.1 as reported in Lebech et al [3,7]. The effect of a predissociation time of the order of 1 ps had been inferred from the comparison of measured and computed MFPADs [3]. In such a case, the measured PADs are obtained in the reference frame attached to the recoil C + ion velocity and thus referred to as recoil frame PADs (RFPADs).

The measured MFPAD (or RFPAD) at hν = 29.45 eV for processes IV and V are given in figure 6.15(a,b) for the orientation of the recoil ion axis parallel and perpendicular to the polarization axis of linearly polarized light. As illustrated in figure 6.15(c) these are in reasonable agreement with the results reported in Lebech et al [3]. The resemblance of CHAPTER 7. CONCLUSION AND PERSPECTIVES figure contains information only on the position of each of these DPI processes obtained from the corresponding measured KECDs induced by each comb of harmonics. The KECDs for different energies can be normalized before superposition, using measured or computed total cross-section references. In figure 7.1(a), we note that process IV(F 2 Σ + g state) is dominant in the region considered with a weak contribution coming from the tail of process I (C 2 Σ + u state) and can be studied with an APT composed of (H21-H23-H25 ). For DPI of N 2 induced by harmonics H31-H33-H35, we observe that the contributions arising from F 2 Σ + g state (IV) and H band (VIII) having similar ion energy (E i ≈ 1 eV) are challenging to be separated in a KECD with electron energy along y axis and ion energy along x axis. The strategy to follow in such a case is to take advantage of the resolution achieved in terms of the dissociation limits (chapters 3,5), where the two contributions are disentangled as given in figure 7.1(b). While for process IX (H band), even though it is well separated in terms of ion energy, the intrinsic electron energy width and the numerous dissociation limits associated with the process restrict its disentanglement in a RABBITT experiment. In such examples, the alternative approach discussed below will be favoured to study the ionization dynamics. Two-photon XUV-IR RABBITT studies in CO are more complex with several overlapping ionic states as shown in figure 7.2 where the (C + , e -) KECD depicts DPI of CO induced by harmonics H21-H23-H25-H27. In the current experimental condition, with Appendix A

Appendix A : Electron and ion trajectory

The (A + , e -) charged particles produced in the interaction region by DPI of AB molecules AB → A + + B + e -, with initial momenta p + A and p e , are accelerated via a set of electric and magnetic fields, chosen to ensure a complete (4π sr) collection of both entities. The measured time of flight and impact positions of these particles on their respective detectors result from trajectories obeying Lorentz force and Newton's equations of motion, and allow for the determination of p + A and p e for each coincident event. They provide for each particle, the kinetic energy and the emission direction in the laboratory frame, from which the emission direction of the photoelectron in the molecular frame can be obtained. Basic information on ion and electron trajectories in the presence of electric and magnetic fields relevant for coincidence measurements are given in [1], and is summarized below.

One of the simplest possibilities to accelerate particles from the interaction region is to use a uniform electrostatic extraction field parallel to the spectrometer axis z. The corresponding momentum equations for each particle are written as,

where p x , p y and p z are the momentum components, m is the mass, x, y are the impact coordinates, t is the time of flight, E is the electric field, t 0 is the time of flight of particles with zero longitudinal momentum component (p z = 0). The condition to obtain a complete collection is that the impact position of the particle on the detector corresponds to a radius smaller than that of the detector (R D ). For given size of the detector and experimental geometry, one can retrieve its maximum possible kinetic energy such that the impact position of the particle is less than the maximum possible radius R D . For zero transverse momentum, the maximum limit on the radius is attained for energies

d is the length of the acceleration region of the spectrometer, l is the length of the field free region, q is the charge of the photofragment.

The CIEL set-up introduced in Chapter 3 combines an electric field and a magnetic field parallel to the time of flight axis, which controls the radial expansion of the electron trajectory. Instead of the parabolic paths with increasing radial extent associated with a single electrostatic extraction field, electrons in the presence of a B field obey the Lorentz force equations and follow a helical or spiral path. The subsequent reduction in radial expansion allows to limit the strength of electric fields, increasing the precision in time of flight of the high energy electrons. The presence of such a field, in the range of few tens of Gauss, does not affect the trajectory of the ions due to their large mass, which also benefit from the introduction of an electrostatic lens [2]. In the absence of such electrostatic lenses, the trajectory of the ion fragments follows equation A.1 whereas, the impact position of the electrons follows the equations [1]:

For a given electron kinetic energy determined by the photon energy and the ionization potential, the radius for the helical electron trajectory is given by

Radius of the helical trajectory also depends on the strength of the magnetic field B, kinetic energy (momentum p x , p y ), time of flight and ω, angular frequency of the electron. The diameter of the spiral path (2R) gives the radius of the impact position of the electron on the detector.

For all integer number of revolutions of the electron, (ωt = nπ, n=0, 2, 4) sin ωt 2 → 0 under this condition, electrons are arriving at the centre of the detector with R=0. These are the magnetic nodes, which need to be avoided. Whereas for half-integer oscillation, the electrons follow a half-turn revolution (such as 1/2, 3/2, 5/2) when ωt = kπ (k=1, 3, 5) and sin ωt 2 → 1, maximizing the radius of the helical trajectory on arrival on the detector.

In the presence of E and B fields, the momenta is obtained from the equations A. 3,([1])

From this set of equations, we obtain the expression for the energy of the electrons [1],

Similar to the equation A.2, we limit the maximum energy or radius of the electron helical trajectory depending on the radius of the detector,

The main criterion for choosing a set of E and B fields is that the radius of the trajectory is less than than the detector size and thereby have a complete collection of electrons and ions for a photoionization event.

Appendix B

Appendix B : Theoretical Calculations B.1 Theoretical calculations: N 2 and CO Theoretical calculations in the current work were performed by Prof. R. R. Lucchese and used a method similar to that described in an earlier study on inner valence photoionization of CO [3]. For the CO target, calculations, including ionic states with ionization potentials up to 34 eV, were extended to higher photon energies up to 50 eV. MFPADs for specific ionic states were computed in particular for the photon energies of a comb of high-order harmonics composing a typical attosecond pulse train in a RABBITT time resolved experiment. For N 2 , the calculations included the ionic states up to an ionization potential of 40 eV and covered a broad photon energy range from the respective thresholds up to 60 eV.

The multichannel Schwinger configuration interaction (MCSCI) method [4,5] was used to compute the transition matrix elements with the initial and final ion states represented as complete active space configuration interaction (CASCI) wave functions. In the case of N 2 and CO, the calculations were done at the experimental equilibrium geometry with R(C-O) = 1.12823 Å [6] and R(N-N) = 1.09768 Å [7] respectively. The one-electron basis set used to construct these bound state wave functions was the augmented correlationconsistent polarized valence triple-zeta (aug-cc-pVTZ) basis set of Dunning and coworkers [8,9]. The active bound orbitals used in both the initial and final states were computed using a state-averaged complete active space self-consistent field (SACASSCF) calculation with four σ and two pairs of π orbitals for CO, and using two active σ g orbitals, one pair of π u orbitals, two active σ u , orbitals and one pair of π g orbitals for N 2 .

The MCSCI calculation on CO photoionization included 13 channels as presented in table B.2 while on N 2 photoionization, the calculations included 8 channels as shown in table B.1. Labels used in the manuscript, computed and experimental ionization potentials, the computed cross section at 50 eV and the primary electronic configuration are given. Here, the numbers listed with the primary configurations are the total probability B.1. THEORETICAL CALCULATIONS: N 2 AND CO for the system being in the indicated electronic configuration.

State

Label used E M CSI (eV ) E exp (eV ) [10,11] σ(Mbarn) 50 eV Primary Configurations MFPADs for the two dominant processes of inner valence ionization of N 2 were investigated by Hikosaka et al [15] and Motoki et al [16,17]. As mentioned in section 5.2 Hikosaka et al [15] studied angular distribution of photoelectrons of fixed in space N 2 molecules, emitted parallel and perpendicular to the polarization axis of linearly polarized light, resulting in the formation of F 2 Σ + g and H band at hν=40.8 eV, 48.4 eV and 51.0 eV. Motoki et al [16,17] reported the experimental study of H band at hν= 45 eV, 48.2 eV, 58.2 eV and 65 eV. In this short section the MFPADs obtained in these two notable 

C.2 Sharp peaks on the PES of N 2

The purple lines in figure 5.5 denote the peak positions in references [18,19] Σ + as per the labelling followed in the thesis) for molecular axis parallel and perpendicular to the polarization axis, as taken from [20]. The MFPADs are measured from the O end (0 ○ ). Republished with permission of Royal Society of Chemistry, from [20]; permission conveyed through Copyright Clearance Center, Inc.

Information on the MFPADs for the two main processes in inner valence region of CO is limited in literature. Hikosaka et al. [20] reported MFPADs for PI into the 5 2 Σ + state at photon energies 40.8 eV and 48.4 eV for the parallel and perpendicular transitions. As seen in figure D.1 taken from [15], the main contribution arises from partial waves with l ≤ 3. The results are then compared to the MFPADs reported for the process identified along the L O+ 1 (C + O + ) dissociation limit in figure 6.20.