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Introduction

Properties of matter can be revealed through its interaction with light. Light can be considered as an electromagnetic field or composed of quanta of energy, the photons.

The effect resulting from this interaction depends on the energy of the incident radiation. Microwaves (∼ 1 µeV to 1 meV) induce transitions among rotational levels, while vibrational motion can be excited by infrared radiation (∼ 1 meV to 1 eV). Visible (a few eV) and ultraviolet (∼ 10 to 100 eV) light can trigger electronic transitions. Ultraviolet radiation ionizes valence orbitals, whereas core shells can be depleted with x-rays (∼ 0.1 to 100 keV). X-ray based spectroscopies are widely used to gain insight into the local electronic structure of isolated elements or atoms and molecules embedded in an environment, and are element specific [1]. Such capabilities evidence their potential as tools for chemical analysis.

Lasers are powerful optical devices to excite specific energy levels of a system and trigger chemical reactions in a controlled way. The development of ultrashort laser pulses led to the emergence of time-resolved spectroscopy. A pulse duration in the same order than the timescale of the process to be probed is required. Observation of molecular fragmentation is thus possible using laser pulses of picosecond duration. Femtosecond laser pulses give the possibility to investigate nuclear motion shorter than a single vibrational or rotational period [2]. Recent sources such as high harmonic generation [START_REF] Mcpherson | Studies of multiphoton production of vacuum-ultraviolet radiation in the rare gases[END_REF][START_REF] Ferray | Multiple-harmonic conversion of 1064 nm radiation in rare gases[END_REF] produce attosecond pulses which allow us to track the fast electronic motion.

A specific type of laser, the free electron laser (FEL), was invented by Madey in 1971 [START_REF] Madey | Stimulated emission of bremsstrahlung in a periodic magnetic field[END_REF].

The working principle of a FEL is based on the interaction of relativistic electrons with their emitted radiation as a beam of electrons traverses a periodic magnetic layout. As an outcome of this energy transfer, one particular mode of the electromagnetic field is amplified, producing an extremely bright, coherent and ultra-intense radiation. Lasing does not result from stimulated emission processes as in conventional lasers.

The start of operation of the first x-ray free electron laser (XFEL), the Linac Coherent Light Source (LCLS) in 2009 [START_REF] Bostedt | Linac coherent light source: the first five years[END_REF], pushed the frontiers of science and forshadowed great discoveries on properties of matter with spatial (angström) and temporal (femtosecond) resolutions out of reach so far with optical lasers or synchrotron sources (see Fig. 1).

XFEL sources deliver radiation from the soft (∼ 100 eV) to the hard (∼ 11 keV) x-ray regimes. The unique characteristics of XFEL radiation are exploited in several areas, such as atomic [START_REF] Young | Femtosecond electronic response of atoms to ultra-intense X-rays[END_REF][START_REF] Rudek | Ultra-efficient ionization of heavy atoms by intense X-ray free-electron laser pulses[END_REF][START_REF] Doumy | Nonlinear atomic response to intense ultrashort x rays[END_REF][START_REF] Frasinski | Dynamics of hollow atom formation in intense X-ray pulses probed by partial covariance mapping[END_REF][START_REF] Son | Impact of hollow-atom formation on coherent x-ray scattering at high intensity[END_REF][START_REF] Ho | Theoretical Tracking of Resonance-Enhanced Multiple Ionization Pathways in X-ray Free-Electron Laser Pulses[END_REF], molecular [START_REF] Fang | Double core-hole production in N 2 : beating the Auger clock[END_REF][START_REF] Hoener | Ultraintense X-ray induced ionization, dissociation, and frustrated absorption in molecular nitrogen[END_REF][START_REF] Berrah | Double-core-hole spectroscopy for chemical analysis with an intense X-ray femtosecond laser[END_REF][START_REF] Cryan | Auger electron angular distribution of double core-hole states in the molecular reference frame[END_REF][START_REF] Salén | Experimental verification of the chemical sensitivity of two-site double core-hole states formed by an x-ray free-electron laser[END_REF][START_REF] Larsson | Double core-hole formation in small molecules at the LCLS free electron laser[END_REF][START_REF] Mucke | Covariance mapping of two-photon double core hole states in C 2 H 2 and C 2 H 6 produced by an x-ray free electron laser[END_REF] and optical physics, photochemistry [START_REF] Ullrich | Free-electron lasers: new avenues in molecular physics and photochemistry[END_REF], nonlinear

x-ray spectroscopy [START_REF] Young | Femtosecond electronic response of atoms to ultra-intense X-rays[END_REF][START_REF] Doumy | Nonlinear atomic response to intense ultrashort x rays[END_REF], ultrafast and time-resolved spectroscopy [START_REF] Erk | Imaging charge transfer in iodomethane upon x-ray photoabsorption[END_REF][START_REF] Lehmann | Ultrafast x-ray-induced nuclear dynamics in diatomic molecules using femtosecond x-ray-pump-x-ray-probe spectroscopy[END_REF], matter under extreme conditions like nanoscale objects (clusters [START_REF] Schorb | Size-dependent ultrafast ionization dynamics of nanoscale samples in intense femtosecond x-ray free-electronlaser pulses[END_REF], nanocrystals [24,[START_REF] Chapman | Diffraction before destruction[END_REF]), condensed matter physics [START_REF] Vinko | Creation and diagnosis of a solid-density plasma with an X-ray free-electron laser[END_REF] and structural biology [START_REF] Neutze | Potential for biomolecular imaging with femtosecond X-ray pulses[END_REF][START_REF] Seibert | Femtosecond diffractive imaging of biological cells[END_REF][START_REF] Quiney | Biomolecular imaging and electronic damage using X-ray free-electron lasers[END_REF].

In particular, double core hole spectroscopy allows us to sensitively probe the electronic structure and the local environment of the ionized species [START_REF] Cederbaum | On double vacancies in the core[END_REF]. This sensitivity is considerably enhanced compared to conventional x-ray spectroscopies. Double core hole states, also referred as hollow states, are characterized by two electron vacancies in the inner shells. In the XFEL regime, the dominant pathway to produce them is the sequential absorption of two x-ray photons, where a singly core ionized species is produced in the intermediate step. However, the interaction of XFEL radiation with matter is not limited to the formation of two core holes. Indeed, the extreme peak power of these sources leads to a tremendous amount of photoionization, resonant excitation, Auger decay and fluorescence channels together with molecular distortion and fragmentation [START_REF] Ho | Theoretical Tracking of Resonance-Enhanced Multiple Ionization Pathways in X-ray Free-Electron Laser Pulses[END_REF]. Theoretical developments should come to the rescue to bring out the basic mechanisms into play, and are expected to have an interpretative and predictive impact on experimental investigations.

In this thesis, we tackle the study of double core hole state formation induced by the sequential absorption of two x-ray photons from an intense femtosecond laser pulse. On one hand, we bring forward the influence of the nuclear dynamics on core photoionization processes. On the other hand, we demonstrate that an active control over the competition between photoabsorption and Auger decay in the intermediate single core hole state is possible by varying the laser pulse characteristics. In pursuing these goals, we develop for the first time a time-dependent full quantum model treating both the photon absorption and the nuclear dynamics explicitly as well as the Auger decay phenomenologically. This purely theoretical work paves the road for a complete description of double core hole state formation in the XFEL regime.

The thesis is organized as follows. In Chapter 1, we first introduce the physical processes involved in conventional x-ray photoelectron and Auger electron spectroscopies, as well as their potential in terms of chemical analysis. Moreover, the experimental and theoretical approaches available to date to describe double core hole state formation are presented.

Then, we review in Chapter 2 the electronic structure methods which are suitable to treat core hole states. We apply these methods in Chapter 3 to calculate the potential energy curves of the prototype carbon monoxide molecule. After that, we develop in Chapter 4 a theoretical model to investigate the creation of double core hole states in molecules through sequential absorption of two x-ray photons from a single femtosecond laser pulse.

Afterwards, we present and discuss our results in Chapter 6. More specifically, we calculate photoelectron spectra from coincidences of two photoelectrons emitted during the formation of double core hole states in carbon monoxide. We study these photoelectron spectra for different laser pulse durations. In a second step, we show that by varying the laser pulse duration we can actively control the formation of doubly core-ionized states.

We also highlight the signature of the nuclear dynamics on core photoionization processes by comparing the photoelectron spectra simulated within synchrotron and XFEL condi-tions. Finally, we draw conclusions and propose perspectives to extend the present study in Chapter 6.5.3.

Chapter 1

State of the Art on Double Core Hole State Formation

In this thesis, we investigate the formation of doubly core ionized states induced by the absorption of x-ray photons from a femtosecond laser pulse. To introduce this topic, the ability of x-ray photoelectron and Auger electron spectroscopies to probe the elemental composition and the chemical environment of the ionized species is presented. The physical processes underlying these techniques are described, namely single core-ionization induced by the absorption of a x-ray photon followed by Auger decay. Then, we show that the sensitivity to the chemical environment is significantly enhanced by creating multiple holes in the core shell. In particular, the formation of double core hole states using either synchrotron or x-ray free electron laser radiation is discussed. After that, the static and time-dependent models developed to study multiple core hole states are reviewed, with emphasis on the power and limitations of these methods. A brief description of core-ionized and excited (satellite) states is then given. Finally, we consider the experimental spectrum of doubly core-ionized states of carbon monoxide produced with a x-ray free electron laser. This molecule is also used as a prototype in the present study.

X-ray Photoelectron and Auger Electron Spectroscopies

The experimental discovery of the photoelectric effect by Hertz in 1887 led to the emergence of powerful qualitative and quantitative techniques for chemical analysis. Siegbahn received the Nobel Prize in 1981 for the development of X-ray Photoelectron Spectroscopy (XPS), also called Electron Spectroscopy for Chemical Analysis (ESCA), which relies on this phenomenon [START_REF] Siegbahn | ESCA, atomic, molecular and solid state structure studied by means of electron spectroscopy[END_REF]. On the other hand, Auger Electron Spectroscopy (AES) is based on the Auger effect which was discovered independently by Meitner [START_REF] Meitner | Über die entstehung der β-strahl-spektren radioaktiver substanzen[END_REF], Robinson [START_REF] Robinson | The secondary corpuscular rays produced by homogeneous X-rays[END_REF] and Auger [START_REF] Auger | Sur l'effet photoélectrique composé[END_REF] in the 1920s.

In the following, we provide a global description of the physical processes underlying these spectroscopies, before exploring their applications.

Ionization Processes Involved in XPS and AES

Upon irradiation of an atom or molecule with a x-ray photon whose energy is fixed and exceeds the ionization potential of an inner shell, an electron is removed, creating a singly core ionized cation and a photoelectron, as shown in Fig. 1.1 a). The higher the energy of the incident photon is, the deeper the electron that can be ejected. Indeed, Fig. 1.2

shows the variation of the absorption cross section as a function of the photon energy in an atom. There is a global decrease in the cross section for increasing photon energy. For some discrete energies which are element specific, there is a sudden increase in the cross section. These absorption edges occur at ionization energies of inner shells. For example, the K edge originates from the ionization of the innermost (1s) orbital, while the L edges correspond to transitions from the 2s, 2p 1/2 and 2p 3/2 orbitals.

To illustrate the photoionization processes, one considers the ionization of an isolated atom B:

B + ω → [B(K -1 )] + + e ph , ( 1.1) 
where [B(K -1 )] + is a single core hole (SCH) state with an electron vacancy in the K shell and e ph is the photoelectron. Knowing the energy of the incident photon ( ω) and by measuring the energy ε of the emitted electron, energy conservation principle enables to access its binding energy

ω i ω = ε + ω i . (1.2)
In Eq. 1.2 we assume that the photoelectron does not loose energy after being emitted.

There are different sources of energy loss. In condensed phase, photoelectrons may be inelastically scattered by interacting with the surrounding atoms [START_REF] Tougaard | Influence of elastic and inelastic scattering on energy spectra of electrons emitted from solids[END_REF]. This energy loss should appear as a work function characteristics of the material in Eq. 1.2. Moreover, in the multi-keV regime, a recoil energy is given to the sample according to momentum conservation, which further reduces the kinetic energy of the emitted electron. Finally, the photoelectron may lose energy before it reaches the detector or at the detector.

The presence of the core hole induces a rearrangement of the whole electronic cloud of the cation: The orbitals contract due to a change in the inner charge screening. The unstable cationic species deexcites through competing radiative and non-radiative femtosecond processes [START_REF] Auger | The effect of a photoelectric compound[END_REF][START_REF] Bambynek | X-ray fluorescence yields, Auger, and Coster-Kronig transition probabilities[END_REF]. The total width of the core hole state Γ CH is inversely proportional to its lifetime τ CH and is given by

Γ CH = τ CH = Γ Rad + Γ A . (1.3)
Γ Rad and Γ A are the radiative (or fluorescence) and Auger decay widths, respectively [START_REF] Bambynek | X-ray fluorescence yields, Auger, and Coster-Kronig transition probabilities[END_REF][START_REF] Krause | Atomic radiative and radiationless yields for K and L shells[END_REF].

The fluorescence relaxation pathway -see Fig. 1.1 b) -involves the refilling of the core hole by an outer shell electron with the emission of a x-ray photon

[B(K -1 )V n ] + → [BV n-1 ] + + ω , (1.4) 
where V n denotes an outer shell orbital occupied by n electrons.

On the other hand, non-radiative transitions which are auto-ionizing processes are possible thanks to the electrostatic interaction between electrons. Auger electron spectroscopy (AES) relies on the detection of the electron emitted in the relaxation process:

[B(K -1 )V n V m ] + → [BV n-1 V m-1 ] 2+ + e A . ( 1.5) 
During the Auger decay, an electron from an outer shell V fills the electron vacancy in the K shell, as shown in Fig. 1.1 c). Due to electron correlation, this leads to the emission of an Auger electron e A which carries away the excess energy, and to the formation of an Auger state which is doubly ionized in the valence shells. This process does not depend on the photon energy, unlike photoelectron emission. From the energy conservation principle, the energy of the Auger electron is

ε A = ω SCH -ω A , (1.6)
which holds when the lifetime broadening is neglected. ω SCH and ω A are the electronic energies of the SCH and the final dicationic Auger states, respectively. Measuring the energy of the Auger electron provides information on the electronic structure of the ionized atom or molecule. Successive Auger decays involving the refilling of the outer shell vacancies may also take place, if it is energetically allowed. The second step of the Auger cascade is thus 

[BV n-1 V m-1 V l ] 2+ → [BV n V m-1 V l-2 ] 3+ + e A , ( 1 

XPS and AES as Tools for Chemical Analysis

The binding energy of a core electron (ω i in Eq. 1.

2) is characteristic of the atomic species, since the 1s orbital is deeply localized around the nucleus. Besides this element specificity, the binding energy is sensitive to the chemical environment which results in an energy shift in the electron spectrum, so-called chemical shift [START_REF] Hagström | Electron spectroscopy for chemical analyses[END_REF]. Indeed, although core electrons ∼ 20 -60 Å depending on the material [START_REF] Ishitani | Application of X-ray photoelectron spectroscopy to surface analysis of carbon fiber[END_REF]. X-ray photoelectron diffraction patterns can be used to characterize crystals [START_REF] Fadley | The study of surface structures by photoelectron diffraction and Auger electron diffraction[END_REF][START_REF] Fadley | X-ray photoelectron spectroscopy: From origins to future directions[END_REF][START_REF] Kim | The growth of iron oxide films on Pt (111): a combined XPD, STM, and LEED study[END_REF]. By varying the angle of the incident x-ray beam with respect to the sample, near-surface contributions are enhanced compared to the bulk, and provide informations on the thickness and roughness of the surface [START_REF] Fadley | Surface analysis and angular distributions in x-ray photoelectron spectroscopy[END_REF][START_REF] Powell | Electron effective attenuation lengths for applications in Auger electron spectroscopy and x-ray photoelectron spectroscopy[END_REF].

Changes in magnetic properties of strongly correlated materials with temperature are observed in core and valence photoelectron spectra [START_REF] Mannella | Direct observation of high-temperature polaronic behavior in colossal magnetoresistive manganites[END_REF]. In liquid phase, XPS also allows to investigate interactions among solute and solvent molecules [START_REF] Siegbahn | ESCA applied to liquids[END_REF]. Moreover, time-resolved measurements provide a means to follow the evolution of chemical processes by varying the time delay between a pump and a probe pulse [START_REF] Drescher | Time-resolved atomic inner-shell spectroscopy[END_REF][START_REF] Drescher | Time-resolved ESCA: a novel probe for chemical dynamics[END_REF]. XPS and AES are also sensitive to the oxidation number of the ionized element [START_REF] Fadley | Chemical bonding information from photoelectron spectroscopy[END_REF], to valence density of states [START_REF] Baer | Band structure of metals studied by ESCA[END_REF] and to core level multiplet splittings in paramagnetic molecules [START_REF] Hedman | Energy splitting of core electron levels in paramagnetic molecules[END_REF], to name but a few.

These electron techniques may be combined by measuring in coincidence the emitted photoelectron and Auger electrons, which permit unambiguous identification of spectral features [START_REF] Haak | Auger-photoelectron coincidence measurements in copper[END_REF].

However, conventional XPS may not be sensitive enough to distinguish atoms in very similar chemical environments. In order to circumvent this limitation, one can induce the formation of two core holes instead of a single one.

Multiple Core Hole State Formation

The enhanced sensitivity of multiple core hole spectroscopy to the chemical environment is illustrated in Fig. 1.5, where the binding energies (BEs) of doubly core ionized C 2 H 2 , C 2 H 4 and C 2 H 6 molecules are compared to that of the singly core ionized species [START_REF] Cederbaum | On double vacancies in the core[END_REF].

The two core holes in a molecule may be either located on the same atom (single-site DCH or ss-DCH) or on different atomic sites (two-site DCH or ts-DCH), while in atoms only the former configuration exists. The energy gaps between the three molecules are 0.12 -0.44 eV [START_REF] Cavell | Core photoelectron spectroscopy of some acetylenic molecules[END_REF][START_REF] Thomas | Vibrational structure in the carbon 1s ionization of hydrocarbons: Calculation using electronic structure 192 theory and the equivalent-cores approximation[END_REF], 0.2 -2.1 eV [START_REF] Nakano | Single Photon K -2 and K -1 K -1 Double Core Ionization in C 2 H 2n (n= 1-3), CO, and N 2 as a Potential New Tool for Chemical Analysis[END_REF] and 2.7 -3.1 eV [START_REF] Nakano | Single Photon K -2 and K -1 K -1 Double Core Ionization in C 2 H 2n (n= 1-3), CO, and N 2 as a Potential New Tool for Chemical Analysis[END_REF] for SCH, ss-DCH and ts-DCH states, respectively. Therefore, the very close single ionization potentials prevent to distinguish these molecules. Moreover, the difference in BEs of C 2 H 4 and C 2 H 6 (∼ 0.2 eV) remains small when the two core holes are located on the same atom, while the splitting is increased (∼ 3.1 eV) for ts-DCH states. To explain this observation, one has to consider 

1s 2 1s C 2 H 2 C 2 H 4 C 2 H 6 C 2 H 2 C 2 H 4 C 2 H 6 C 2 H 2 C 2 H 4 C 2 H 6
(K -1 K -1 ) states of C 2 H 2 , C 2 H 4 and C 2 H 6 molecules.
The small chemical shifts between the SCH states do not allow to distinguish these molecules. However, creating two core holes on different atomic sites leads to a split of the neardegeneracy. Adapted from Ref. [START_REF] Cederbaum | On double vacancies in the core[END_REF].

the different contributions to the BE1 . Both DCH configurations display much larger relaxation effects than SCH states [START_REF] Lablanquie | Properties of hollow molecules probed by single-photon double ionization[END_REF]. The relaxation energy decreases the binding energy by 13.5 -14 eV and 49.1 eV for the SCH states and the ss-DCH state of C 2 H 2 , respectively (the relaxation energies for the other molecules are not provided in [START_REF] Cederbaum | On double vacancies in the core[END_REF]). Indeed, by creating two core holes on the same atom, the screening of the nuclear charge is significantly reduced which strongly perturbes the electronic cloud. The relaxation energies are lower for the ts-DCH configurations compared to the ss-DCH states, and amount to 24.8, 27.2 and 28.5 eV for C 2 H 2 , C 2 H 4 and C 2 H 6 , respectively. Therefore, when both sites are ionized the relaxation energy increases with the number of neighbouring hydrogens since they donate electrons to the ionized atom. On the other hand, the Coulomb repulsion between the two holes increases the BE. When the holes are on the same atom, the repulsion energy reaches 95.4 eV for the three molecules. To a good approximation, the repulsion energy in ts-DCH states is inversely proportional to the internuclear distance [START_REF] Ohrendorf | Double vacancies in the cores of silane and tetrafluorosilane[END_REF], and amounts to 12, 10.8 and 9.4 eV for triple, double and single bond species, respectively.

The core holes located on different atomic sites repel each other electrostatically, such that the spectroscopy of ts-DCH states is much more sensitive to the bond length [START_REF] Nakano | Single Photon K -2 and K -1 K -1 Double Core Ionization in C 2 H 2n (n= 1-3), CO, and N 2 as a Potential New Tool for Chemical Analysis[END_REF].

To summarize, the larger relaxation in DCH states compared to SCH states is ascribed to the stronger perturbation imposed on the electron density. However, the effect of the local environment on single-site double ionization potentials is not sufficient to distinguish between ss-DCH states of C 2 H 4 and C 2 H 6 . In contrast, the ts-DCH states exhibit enhanced chemical shifts. The split of the near-degeneracy arises from the dependence of the repulsion energy on the bond length. Therefore, the Coulomb repulsion between holes located on different atoms provides structural informations and probes bonding properties more sensitively than the SCH and ss-DCH configurations [START_REF] Tashiro | Molecular double core hole electron spectroscopy for chemical analysis[END_REF][START_REF] Takahashi | Theoretical Molecular Double-Core-Hole Spectroscopy of Nucleobases[END_REF].

Experimental Breakthrough

Despite the inherent power of DCH spectroscopy as a sensitive probe to the chemical environment, the observation of DCH states in molecules is recent and still experimentally challenging. Doubly core ionized states were first observed during nuclear reactions of radioactive elements: K-shell electron capture involves the emission of a neutrino and the simultaneous transformation of a proton in a neutron, which may lead to the ejection of another core electron [START_REF] Charpak | Etude expérimentale de la double ionisation de la couche-K du Mn-55 lors de la désintégration du Fe-55 par capture[END_REF][START_REF] Langevin | Etude de l'excitation et l'autoionisation du cortège électronique accompagnant la capture K de Ge-71[END_REF][START_REF] Primakoff | Atomic Excitation and Ionization Accompanying Orbital Electron Capture by Nuclei[END_REF][START_REF] Briand | Observation of K hypersatellites and KL satellites in the X-ray spectrum of doubly K-ionized gallium[END_REF]. However, the probability that only a neutrino is produced with no other particles is much higher. DCH states can also be produced in collisions of multicharged high energy ions with a target [START_REF] Richard | Direct Observation of K α Hypersatellites in Heavy-Ion Collisions[END_REF] or in plasma excitation [START_REF] Nagel | Ion-excited XUV radiation from solid targets[END_REF]. These techniques induce M-and L-shell ionization simultaneously to K-shell ionization, leading to complex satellite structures [arising from simultaneous ionization and excitation processes, see Section 1.2.3]. High energy electron bombardment of a sample can induce double core ionization, but many of these processes are due to secondary bremsstrahlung [START_REF] Briand | The structure of Kα hypersatellite spectra of Cu, Ni and Fe as a test of intermediate coupling[END_REF]. A more efficient and selective technique for DCH formation relies on photoionization, which was first achieved using fluorescence x-ray tubes [START_REF] Keski-Rahkonen | Kαh hypersatellite spectra and K shell double photoionization cross sections of elemental Mg, V, Cr, Mn, and Fe[END_REF]. The aforementioned techniques produced DCH states in atoms and crystals. Experimental study of DCH states was then boosted by the emergence of x-ray free electron lasers (XFELs), together with well-established third generation synchrotron radiation sources.

1.2.1.a Synchrotrons

Synchrotrons are accelerators of charged particles (usually electrons), whose working principle relies on Einstein's theory of relativity. This theory states that an accelerated charge emits an electromagnetic field. In synchrotron, bunches of electrons are first accelerated in a linear accelerator by a radiofrequency field until their velocity is very close to the speed of light. Then, the beam of ultrarelativistic electrons is sent through a circular accelerator. When the desired energy is reached (1-8 GeV), electrons are injected in a storage ring. Along the ring, the electron beam passes through magnetic devices such as dipoles which maintain electrons on curved trajectories. In dipoles, undulators or wrigglers (the latter two are sequences of magnets of alternate polarities, see Fig. 1.6), the electron trajectories are curved by a magnetic field. As a result of this acceleration, incoherent synchrotron radiation is emitted and collected at several places along the ring called beamlines, where the sample is irradiated. At some places along the ring, resonating cavities accelerate electrons by means of radiofrequency radiation in order to compensate for the energy loss. The photon energy is tunable and extends from ∼ 5 × 10 -4 eV to 100 keV while the brilliance is in the order of 10 18 -10 21 photons/(s mm 2 mrad 2 0.1%bandwidth).

Nonlinear multiphoton absorption processes are very unlikely because the photon density of synchrotron radiation sources is not high enough. DCH states are thus produced through single x-ray photon absorption followed by the simultaneous ejection of two electrons owing to electron correlations. Panels 1.7 a) and c) depict the formation of ts-DCH and ss-DCH states, respectively. Due to electron correlation, the absorption of the incident photon leads to the removal of two core electrons which end up into the continuum. K-shell of atom A is given by

AB + ω → [A(K -2 )B] 2+ + 2e ph , (1.8)
while the production of a ts-DCH state with two holes located on different atoms is given by

AB + ω → [A(K -1 )B(K -1 )] 2+ + 2e ph . (1.9)
For a closed-shell system, both singlet and triplet [A(K -1 )B(K -1 )] 2+ states are produced.

Afterwards, the two orbital vacancies are filled sequentially through an Auger cascade, as shown on Panels 1.7 b) and d). Only the first relaxation step in the decay of ss-DCH and ts-DCH states are depicted.

The detection of DCH states is challenging owing to their very small cross sections. The cross sections of ss-DCH and ts-DCH states are ∼ 10 -2 -10 -4 and ∼ 10 -5 -10 -7 smaller than that of SCH states depending on the photon energy [START_REF] Eland | Double core hole creation and subsequent Auger decay in NH 3 and CH 4 molecules[END_REF][START_REF] Lablanquie | Evidence of Single-Photon Two-Site Core Double Ionization of C 2 H 2 Molecules[END_REF]. The probability of ts-DCH state creation is extremely weak since the Coulomb interaction between electrons on different atomic sites is small. Efficient multi-electron coincidence techniques were used to extract the faint DCH signal among the background of more probable events, and to detect the species produced in the decay dynamics [START_REF] Nakano | Single Photon K -2 and K -1 K -1 Double Core Ionization in C 2 H 2n (n= 1-3), CO, and N 2 as a Potential New Tool for Chemical Analysis[END_REF][START_REF] Lablanquie | Properties of hollow molecules probed by single-photon double ionization[END_REF][START_REF] Eland | Double core hole creation and subsequent Auger decay in NH 3 and CH 4 molecules[END_REF][START_REF] Lablanquie | Evidence of Single-Photon Two-Site Core Double Ionization of C 2 H 2 Molecules[END_REF]. By measuring in coincidence the two photoelectrons produced in double core ionization and the two Auger electrons emitted upon their decay (4-electron coincidence), ss-DCH signal was detected [START_REF] Lablanquie | Properties of hollow molecules probed by single-photon double ionization[END_REF][START_REF] Lablanquie | Evidence of Single-Photon Two-Site Core Double Ionization of C 2 H 2 Molecules[END_REF]. 3-electron coincidence techniques were used to probe ts-DCH states by measuring two photoelectrons and one Auger electron, since the two emitted Auger electrons are in the same energy range [START_REF] Lablanquie | Evidence of Single-Photon Two-Site Core Double Ionization of C 2 H 2 Molecules[END_REF].

To conclude, the probability to create DCH states via the absorption of a single x-ray photon depends on the strength of electron correlation and not on the radiation characteristics.

1.2.1.b X-ray Free Electron Lasers

X-ray free electron lasers (XFELs) offer an alternative way to produce DCH states [START_REF] Bostedt | Linac coherent light source: the first five years[END_REF].

A XFEL is composed of a source producing electrons, which are sent through a sequence of linear accelerators. The electrons are accelerated at relativistic speed until their energy reaches the GeV range. Then, the electron beam passes through a long undulator where the electrons oscillate in a magnetic field and interact with their own emitted radiation. In the self-amplified spontaneous emission (SASE) mode, the initial field of spontaneous emission of large bandwidth is amplified exponentially to a particular mode of the electromagnetic wave. The electron microbunches built in the undulator produce pulsed radiation of a few femtosecond up to 200 fs duration. XFEL laser pulses thus provide both temporal and spatial (down to the angström scale) resolutions. Moreover, FELs operate over a wide range of photon energies from 0.3 to 11 keV with a brilliance of 10 34 photons/(s mm 2 mrad 2 0.1%bandwidth) which is orders of magnitude higher than available in storage rings [START_REF] Ullrich | Free-electron lasers: new avenues in molecular physics and photochemistry[END_REF]. The extreme high peak power and transverse coherence of these sources are obtained without the need of an optical cavity. The unprecedented x-ray radiation intensity of XFEL sources enables effective nonlinear multi-photon processes.

The major drawback of SASE FEL radiation is its chaoticity: Pulses are irreproducible and consist of a random number of spikes of different frequencies, phases (in time and space) and intensities. Therefore, the total pulse energy fluctuates from one pulse to the other [START_REF] Rohringer | X-ray nonlinear optical processes using a selfamplified spontaneous emission free-electron laser[END_REF][START_REF] Rohringer | Resonant Auger effect at high x-ray intensity[END_REF].

Due to the very recent development of XFELs, only few observations of DCH states have been carried out. Most investigations concern atoms [START_REF] Young | Femtosecond electronic response of atoms to ultra-intense X-rays[END_REF][START_REF] Rudek | Ultra-efficient ionization of heavy atoms by intense X-ray free-electron laser pulses[END_REF][START_REF] Doumy | Nonlinear atomic response to intense ultrashort x rays[END_REF][START_REF] Frasinski | Dynamics of hollow atom formation in intense X-ray pulses probed by partial covariance mapping[END_REF][START_REF] Son | Impact of hollow-atom formation on coherent x-ray scattering at high intensity[END_REF][START_REF] Ho | Theoretical Tracking of Resonance-Enhanced Multiple Ionization Pathways in X-ray Free-Electron Laser Pulses[END_REF] or multiply core ionized small molecules [START_REF] Fang | Double core-hole production in N 2 : beating the Auger clock[END_REF][START_REF] Hoener | Ultraintense X-ray induced ionization, dissociation, and frustrated absorption in molecular nitrogen[END_REF][START_REF] Berrah | Double-core-hole spectroscopy for chemical analysis with an intense X-ray femtosecond laser[END_REF][START_REF] Cryan | Auger electron angular distribution of double core-hole states in the molecular reference frame[END_REF][START_REF] Salén | Experimental verification of the chemical sensitivity of two-site double core-hole states formed by an x-ray free-electron laser[END_REF][START_REF] Larsson | Double core-hole formation in small molecules at the LCLS free electron laser[END_REF][START_REF] Mucke | Covariance mapping of two-photon double core hole states in C 2 H 2 and C 2 H 6 produced by an x-ray free electron laser[END_REF].

The dominant pathway to produce DCH states is the sequential absorption of two xray photons from a femtosecond laser pulse, so-called x-ray two photon photoelectron spectroscopy (XTPPS) [START_REF] Santra | X-ray two-photon photoelectron spectroscopy: a theoretical study of inner-shell spectra of the organic paraaminophenol molecule[END_REF]. 

[A(K -1 )B] + + ω → [A(K -1 )B(K -1 )] 2+ + e ph , (1.10) 
or on the same atomic site in the case of ss-DCH states (Panel 1.8 d)) .11) Since DCH states are created through the sequential absorption of two x-ray photons, the relative intensity ratio of single and double core ionization processes is in the order of a few percents [START_REF] Mucke | Covariance mapping of two-photon double core hole states in C 2 H 2 and C 2 H 6 produced by an x-ray free electron laser[END_REF]. Moreover, the probability to create a ts-DCH state is typically twice larger than the probability to produce a ss-DCH state [START_REF] Salén | Experimental verification of the chemical sensitivity of two-site double core-hole states formed by an x-ray free-electron laser[END_REF][START_REF] Mucke | Covariance mapping of two-photon double core hole states in C 2 H 2 and C 2 H 6 produced by an x-ray free electron laser[END_REF], since after the first core
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DCH states have a finite core hole lifetime and decay via the Auger process (not shown on Fig. 1.8). Because the number of decay channels is twice larger for DCH states compared to SCH ones, one expects their Auger decay rates to be twice larger as well. However, due to large valence orbitals contraction upon core ionization, it was observed that Auger lifetimes of DCH states are two to three times smaller than SCH ones [START_REF] Kolorenč | K-shell Auger lifetime variation in doubly ionized Ne and first row hydrides[END_REF][START_REF] Inhester | Core hole screening and decay rates of double core ionized first row hydrides[END_REF][START_REF] Inhester | Auger spectrum of a water molecule after single and double core ionization[END_REF][START_REF] Chen | Auger transition rates and fluorescence yields for the double-K-hole state[END_REF].

The absorption of several photons within the same pulse occurs on the femtosecond time scale. Therefore, photoionization and Auger decay are competing processes in the intermediate SCH state. Thus the probability of double core ionization mainly depends on the pulse characteristics. Population control can be achieved by tuning for example the intensity and the duration of the pulse.

The electronic response of a system interacting with a XFEL pulse is not limited to the formation of SCH and DCH states and their Auger decay. Indeed, an incredible number of ionization, excitation, fragmentation and decay pathways during the course of a single pulse are accessible [7-9, 12, 13]. For example, Young et al. observed fully stripped neon atoms through the absorption of six photons. These highly charge states are produced at a photon energy (2 keV) above all Ne charge states, through a sequence of photoionization-Auger (PA) mainly and two successive photoionization (PP) processes.

For a lower photon energy (1.05 keV), Ne 8+ are created by a sequence of PA events and valence ionization. The asymmetry between odd and even charge states yields indicates that the main ionization pathway consists of PAP• • • cycles. Even charge states dominate, since each PA sequence results in the ejection of two electrons. In Ref. [START_REF] Rudek | Ultra-efficient ionization of heavy atoms by intense X-ray free-electron laser pulses[END_REF], Rudek et al. observed the formation of Xe 36+ charge states at a photon energy of 2 keV which are inaccessible with sequential one-photon absorption. Such high charge states result from resonant excitations to Rydberg and outer valence shells, followed by autoionization of these multiply excited states. Such resonance-enabled x-ray multiple ionization (REXMI) pathway also explained the production of Ar ions above charge state 10+ [START_REF] Ho | Theoretical Tracking of Resonance-Enhanced Multiple Ionization Pathways in X-ray Free-Electron Laser Pulses[END_REF]. In the current study, such resonant excitations are ignored which is valid for photon energies high above the K edges.

Theoretical Investigations on Core Hole State Formation

The theoretical demonstration that multiple core hole spectroscopy brings more insight into the chemical environment of the ionized atom than conventional spectroscopies was provided in 1986 by Cederbaum and coworkers [START_REF] Cederbaum | On double vacancies in the core[END_REF][START_REF] Cederbaum | Many-body theory of multiple core holes[END_REF]. In the wake of this pioneering work, several theoretical studies on DCH states brought to light the great potential offered by DCH spectroscopy.

The first analyses explored double core vacancies using a time-independent description. In Ref. [START_REF] Cederbaum | Many-body theory of multiple core holes[END_REF] Cederbaum et al. developed a many-body theory associated with the formation of several core holes: The energy of DCH states are obtained from the two-particle propagator. In Ref. [START_REF] Cederbaum | On double vacancies in the core[END_REF] (see introduction of Section 1.2), the second order algebraic diagrammatic construction ADC(2) scheme is used to approximate the one-or two-particle propagators. The binding energies (BEs) of SCH and DCH states of C 2 H 2 , C 2 H 4 and C 2 H 6 calculated with this method are compared to the ∆SCF energies. The BEs of SCH, ss-DCH and ts-DCH states of SiH 4 and SiF 4 were computed with the Green's function method in conjonction with the ADC(2) scheme as well [START_REF] Ohrendorf | Double vacancies in the cores of silane and tetrafluorosilane[END_REF]. They showed that relaxation of valence electrons dominates correlation effects but both correlation and relaxation are important to describe accurately ionization potentials. The same method was used to calculate single and double ionization potentials of the para-, meta-and ortho-aminophenol isomers [START_REF] Kryzhevoi | Inner-shell single and double ionization potentials of aminophenol isomers[END_REF]. The double ionization potential of ts-DCH states is found to be sensitive to the relative position and orientation of the hydroxyl and amine substituents. Such discrimination is challenging with standard XPS. In Ref. [START_REF] Lablanquie | Evidence of Single-Photon Two-Site Core Double Ionization of C 2 H 2 Molecules[END_REF], the ss-DCH spectrum as well as the BE of the ts-DCH states of C 2 H 2 are calculated at the configuration interaction including single and double excitations (CISD) level of theory. In Refs. [START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. I. Theoretical model applied to the interpretation of experimental results on H 2 O[END_REF][START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. II. Specificities of hollow nitrogen molecular ions[END_REF], absolute cross sections of ss-DCH states of H 2 O and N 2 were calculated for the first time. For H 2 O, the contribution of symmetric and asymmetric stretching modes to the dissociation of K -2 and K -2 V states (where one core electron is ejected and one core electron is promoted to a valence orbital) are deduced from the potential energy curves obtained with the multiconfiguration self-consistent field (MCSCF) and multireference configuration interaction (MRCI) methods, keeping the HOH angle fixed. As other illustrative examples, the BEs of DCH states and relaxation-correlation contributions were investigated using the complete active space self-consistent field (CASSCF) method and the density func-tional theory (DFT) [START_REF] Tashiro | Molecular double core hole electron spectroscopy for chemical analysis[END_REF][START_REF] Tashiro | Double core-hole electron spectroscopy for open-shell molecules: Theoretical perspective[END_REF][START_REF] Takahashi | Theoretical spectroscopy on K -2 , K -1 L -1 , and L -2 double core hole states of SiX 4 (X= H, F, Cl, and CH 3 ) molecules[END_REF][START_REF] Ueda | Extracting chemical information of free molecules from K-shell double core-hole spectroscopy[END_REF].

To summarize, a time-independent description of double core vacancies allows computation of electronic properties such as the binding energies and the contribution of relaxation and correlation energies. The effect of the laser pulse is only considered as a source of energy broadening of the spectrum. However, most of the studies provide neither absolute nor relative spectral intensities. The relative intensities of the peaks in the electron spectrum of DCH states produced through direct single-photon absorption can be calculated from the Franck-Condon factors. This approach requires diagonalization of the nuclear Hamiltonian. However, DCH state formation by the sequential absorption of two photons leads to a coherent superposition of vibrational states in the SCH state. Therefore in this case, the vibrational distribution in the final DCH states can not be deduced from the Franck-Condon factors alone. Since photoionization, nuclear dynamics and Auger decay take place on the same femtosecond time scale, they should be treated simultaneously. If the dynamics induced by the interaction of the molecule with an electric field is included explicitly, a time-dependent formalism of DCH state formation is suitable. Time-dependent treatments of inner-shell double ionization are more scarce, and limited to classical rate-equation models for describing the time evolution in the different ionization channels of a system interacting with a x-ray pulse. Furthermore, in most studies the nuclei were assumed to be fixed during the interaction with the field. These rate-equation models were first developed to investigate core-ionization processes in atoms. Rohringer and Santra developed a rate-equation model to determine the influence of chaotic photon statistics on DCH state formation in He and Ne atoms via the sequential absorption of x-ray photons [START_REF] Rohringer | X-ray nonlinear optical processes using a selfamplified spontaneous emission free-electron laser[END_REF]. In Refs. [START_REF] Young | Femtosecond electronic response of atoms to ultra-intense X-rays[END_REF] and [START_REF] Rudek | Ultra-efficient ionization of heavy atoms by intense X-ray free-electron laser pulses[END_REF], rate-equation models that include sequential onephoton absorption were also developed, using a Hartree-Fock Slater approach to calculate the cross sections and the Auger decay rates. In Ref. [START_REF] Young | Femtosecond electronic response of atoms to ultra-intense X-rays[END_REF], Young. et al. calculated the neon charge state yields at energies below, above and far above the binding energy of the K-shell. They described the effect of intensity-induced x-ray transparency which inhibits the formation of high charge states for short pulses. Moreover, they showed that the double-to-single core hole ratio can be used to estimate the actual laser pulse duration.

In Ref. [START_REF] Rudek | Ultra-efficient ionization of heavy atoms by intense X-ray free-electron laser pulses[END_REF], Rudek et al. explained the discrepancy between theoretical and experimental xenon charge state yields by the presence of resonant excitations in highly charge ions, a process which was not included in their model.

On the other hand, rate-equation models were used to treat molecules using the fixed nuclei approximation. In Ref. [START_REF] Santra | X-ray two-photon photoelectron spectroscopy: a theoretical study of inner-shell spectra of the organic paraaminophenol molecule[END_REF], atomic photoionization cross sections serve as input parameters for a molecular kinetic model of single and double core shell ionization of para-aminophenol. This model is used to calculate photoelectron spectra of SCH as well as ss-DCH and ts-DCH states, whose discrete lines are convoluted with a gaussian width to take into account the laser pulse energy broadening. This work demonstrates that x-ray two-photon photoelectron spectroscopy is a powerful tool to probe the electronic structure and the chemical environment of the molecular cation. In Ref. [START_REF] Hoener | Ultraintense X-ray induced ionization, dissociation, and frustrated absorption in molecular nitrogen[END_REF], the sequential multiple photoionization and relaxation of N 2 is investigated with a molecular rate-equation model that includes all possible atomic ionization channels and inter-atomic valence charge dynamics. The failure of an atomic rate-equation model to reproduce the charge state distribution demonstrates the importance of molecular valence charge redistribution. In addition, they showed that for sufficiently short pulses, x-ray induced transparency reduces the photoionization cross section as well as the Coulomb repulsion.

A theoretical description of the formation of multiply-ionized N 2 molecules exposed to XFEL radiation is also proposed in Ref. [START_REF] Buth | Ultrafast absorption of intense x rays by nitrogen molecules[END_REF]. Buth et al. compared the ability of several phenomenological models to describe the ion yields. All one x-ray photon absorption and Auger decay channels are included in the rate-equation models. The fragmentation matrix model, which uses the probabilities from atomic rate-equations to deduce the molecular ion yields treating the two N atoms as independent, gives the best agreement with experimental results, especially for short pulses. The fragmentation during the course of the pulse is neglected and explains the deviation for longer pulses. They also showed that PAP sequences compete with DCH formation especially for long pulses. For high photon flux and short pulses, the contribution of DCH states is larger because of the faster photoionization compared to the Auger decay. Finally, the nuclear dynamics after single and double core ionization of H 2 O is investigated by Inhester et al. by means of ab initio molecular dynamics simulations [START_REF] Inhester | Auger spectrum of a water molecule after single and double core ionization[END_REF]. To account for the nuclear dynamics, the Auger spectra for different molecular geometries are incoherently sumed up, such that possible interferences between different decay pathways cannot be described. They found that the fast dissociation dynamics in the DCH state leaves a clear signature in the Auger spectrum. However, the signature of the nuclear dynamics in the photoelectron spectrum is not investigated in their study.

To summarize, statistical models describe successfully the experimental ion yields as long as all the relevant channels are included in the rate-equations. Most of these studies investigate the electronic populations in the core hole and Auger states during the course of the pulse, using Auger decay rates to account for the relaxation phenomenon. The classical treatment of the molecular effects were described by adding the contributions from different molecular geometries incoherently or were deduced from atomic ion yields.

Therefore, the vibrational dynamics is not described explicitly and interference effects between different ionization pathways can not be described. Therefore, the limitations of a classical treatment of core hole state formation strongly encourage the development of full quantum models. Time-dependent quantum models similar to the one used in the present work were developed in the last few years to treat the Auger decay subsequent to single core ionization or core-excitation in atoms and molecules, using short and intense x-ray pulses. These models were inspired from that of Pahl et al. [START_REF] Pahl | Competition between excitation and electronic decay of short-lived molecular states[END_REF]. Population control of the SCH state of neon during the Auger process was performed by varying the laser pulse duration and intensity [START_REF] Sullivan | Normal Auger processes with ultrashort x-ray pulses in neon[END_REF]. The resonant (O 1s → π * ) and nonresonant (O 1s -1 ) x-ray excitations as well as Auger decay in CO are treated in [START_REF] Picón | Time-dependent Schrödinger equation for molecular core-hole dynamics[END_REF]. In Ref. [START_REF] Demekhin | Resonant Auger decay of the core-excited C * O molecule in intense x-ray laser fields[END_REF], Demekhin et al. investigated the rovibrational dynamics of the resonant Auger process of the carbon core-excited C * O(1s -1 π * ) molecule in intense x-ray laser fields. Moreover, resonant Auger decay following photoabsorption of H 2 O in the weak-field approximation is studied for narrowand broad-band excitations [START_REF] Eroms | Nuclear dynamics during the resonant Auger decay of water molecules[END_REF]. The vibrational distribution in the photoabsorption and Auger electron spectra gives insight on the topologies and the relative displacements of the minima of the potential energy surfaces. On the other hand, x-ray pump -x-ray (or IR) probe schemes were developed to gain insight into the nuclear dynamics of doubly valence ionized N 2+ 2 Auger states subsequent to K-shell ionization [START_REF] Lehmann | Ultrafast x-ray-induced nuclear dynamics in diatomic molecules using femtosecond x-ray-pump-x-ray-probe spectroscopy[END_REF][START_REF] Hanna | Laser control over the ultrafast Coulomb explosion of N 2+ 2 after Auger decay: A quantum-dynamics investigation[END_REF]. To conclude, a time-dependent full quantum description of DCH state formation via the sequential absorption of two x-ray photons from a single femtosecond laser pulse is still missing. To our knowledge, there is no (even classical) description of the vibrational dynamics in the formation of DCH states.

SCH and DCH Satellite States

The present work focuses on the formation of molecular DCH states and their characterization through the detection of two photoelectrons in coincidence. However, the absorption of a x-ray photon by an atom or a molecule may lead to additional processes that contribute to the wealth of core hole spectroscopy. In this section, we present the formation of SCH and DCH satellite states as well as the static models that were developed to describe them.

The removal of a core electron changes the potential felt by the remaining electrons such that further electronic excitation can occur. The cross sections associated with these so-called satellite (or shake-up) states are smaller than for simple ionized states, and the photoelectrons have lower energy [START_REF] Lablanquie | Properties of hollow molecules probed by single-photon double ionization[END_REF]. The production of SCH satellite states induced by the absorption of two x-ray photons is very unlikely when the photon energy is high above the K edge (i.e. above any valence-valence resonance). Therefore, we focus on satellite states created by the absorption of a single x-ray photon.

The formation of SCH satellite states K -1 V -1 V is illustrated in Fig. 1.9: The absorption of a x-ray photon promotes one core electron into the continuum, with the simultaneous excitation of an electron from the V to the V' vacant shells. The core-ionized excited matrix elements have two contributions (see Ref. [START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. I. Theoretical model applied to the interpretation of experimental results on H 2 O[END_REF] and Appendix 4.A.1). The direct term corresponds to the absorption of a photon by the core electron which is ejected into the continuum, with the promotion of a valence electron to a vacant orbital. The conjugate term describes the absorption of a photon by a valence electron together with a monopolar core ionization. The direct contribution dominates at photon energies far above the core ionization threshold. Like in conventional XPS, double core ionization can be accompanied by the simultaneous excitation of an electron from the outer shell V to a vacant orbital V' (see Panel 1.10 a)), leading to the formation of K -2 V -1 V states. In a single x-ray photon absorption, the existence of much more pronounced satellites of DCH compared to SCH states is due to the larger relaxation effects in the presence of two core vacancies [START_REF] Lablanquie | Properties of hollow molecules probed by single-photon double ionization[END_REF][START_REF] Ohrendorf | Double vacancies in the cores of silane and tetrafluorosilane[END_REF][START_REF] Lablanquie | Evidence of Single-Photon Two-Site Core Double Ionization of C 2 H 2 Molecules[END_REF]. Single x-ray photon absorption can also induce the formation of K -2 V satellite states via simultaneous K-shell ionization and K-shell excitation (see Panel 1.10 b)). K -2 V can be viewed as a highly excited K -1 satellite state, where the excited electron originates from the core shell instead of a valence shell [START_REF] Eland | Double core hole creation and subsequent Auger decay in NH 3 and CH 4 molecules[END_REF][START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. I. Theoretical model applied to the interpretation of experimental results on H 2 O[END_REF][START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. II. Specificities of hollow nitrogen molecular ions[END_REF][START_REF] Nakano | Near-edge x-ray absorption fine structures revealed in core ionization photoelectron spectroscopy[END_REF][START_REF] Carniato | Photon-energy dependence of single-photon simultaneous core ionization and core excitation in CO 2[END_REF]. Several studies investigated the formation of DCH satellite states using a time-independent description. In Ref. [START_REF] Lablanquie | Evidence of Single-Photon Two-Site Core Double Ionization of C 2 H 2 Molecules[END_REF], the ss-DCH spectrum of C 2 H 2 , including the main line and the satellite states K -2 V -1 V , is calculated at the CISD level of theory. Absolute cross sections for K -2 V satellite states of H 2 O and N 2 are calculated using a similar model based on CI in Refs. [START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. I. Theoretical model applied to the interpretation of experimental results on H 2 O[END_REF][START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. II. Specificities of hollow nitrogen molecular ions[END_REF]. The ratio K -2 V/K -2 is in the order of 10 -2 -10 -3 depending on the photon energy. K -2 V and K -1 V states were also studied using MCSCF and MRCI methods [START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. I. Theoretical model applied to the interpretation of experimental results on H 2 O[END_REF]. When V is an anti-bonding orbital, the nuclear dynamics in the dissociative K -2 V state is found to be more pronounced than in the K -2 state. Moreover, Carniato and coworkers demonstrated that direct and conjugate contributions have comparable magnitude for K -2 V states. Dipolar and monopolar excitations of a 1s electron to a vacant orbital offer the possibility to observe K -2 V states of different symmetries. The conjugate contribution to the K -2 V spectra shows similarities with near edge absorption fine structure (NEXAFS) signal below the K -1 ionization threshold. Those transitions which preserve the symmetry are dipole forbidden in NEXAFS and can only be observed in NEXAFS spectra through vibronic coupling [START_REF] Carniato | Photon-energy dependence of single-photon simultaneous core ionization and core excitation in CO 2[END_REF]. Therefore, DCH satellite states allow us to observe transitions which are dipole forbidden in conventional photoabsorption spectroscopy and thus provide new informations on the electronic structure.
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Formation of Carbon Monoxide DCH States using XFEL

The formation of DCH states of CO in the XFEL regime has been investigated experimentally by Berrah and coworkers [START_REF] Berrah | Double-core-hole spectroscopy for chemical analysis with an intense X-ray femtosecond laser[END_REF]. We summarize here the processes resulting from the interaction of the molecule with an intense x-ray femtosecond laser pulse.

The photon energy was fixed at 700 eV, above the ionization potentials of carbon and oxygen K-shells. The 10 fs pulse duration is in the order of the carbon Auger lifetime, such that there is a competition between second photon absorption and Auger decay in Experimental spectrum arising from double core ionization of carbon in CO and other nonlinear events, shifted with respect to the electronic energy of the carbon SCH state ω C . ω ij denotes the electronic energy of a DCH state with one hole on atom i and one hole on atom j (recorded at 700 eV, 10 fs pulse duration, I = 10 17 W/cm 2 ). Adapted from Ref. [START_REF] Berrah | Double-core-hole spectroscopy for chemical analysis with an intense X-ray femtosecond laser[END_REF]. gle the processes which come into play. The positions of the single-site [C(K -2 )O] 2+ and two-site [C(K -1 )O(K -1 )] 2+ DCH states are indicated by green sticks. The relative intensities can not be deduced from the spectrum because the DCH signal is blurred by other spectral features. Moreover, two-photon absorption can induce the formation of doubly ionized [C(K -1 )OV -1 ] 2+ molecular ions, with one hole in the K-shell and the other hole in a valence orbital V. In addition, atomic [C(K -1 )V

ω ij -ω C [eV] [C(K -1 )O(K -1 )] 2+ [C(K -1 )O] + [C(K -2 )O] 2+ [C(K -1 )] + [C(K -1 )V -4 ] 5+ [C(K -1 )V -3 ] 4+ [C(K -1 )V -2 ] 3+ [C(K -1 )V -1 ] 2+ [C(K -2 )V -1 ] 3+ [C(K -2 )V -2 ] 4+ [C(K -2 )V -3 ] 5+
-q ] (q+1)+ ions with one hole in the carbon K-shell and q holes in the valence orbitals (magenta lines) are produced by core ionization of valence ionized atomic fragments. These atoms result from a sequence of ionization events (direct valence ionization or Auger decay) preceding or following molecular fragmentation. Furthermore, core ionization of atomic fragments with one hole in the K-shell and q holes in the valence shells results in the formation of [C(K -2 )V -q ] (q+2)+ ions (blue lines). Finally, a continuous background due to shake-off processes (single photon absorption leading to the emission of two photoelectrons from valence orbitals) overlaps these manifold of states. This background prevents us distinguishing weak processes and to determine the probability of each event. The presence of satellite states is not mentioned in Ref. [START_REF] Berrah | Double-core-hole spectroscopy for chemical analysis with an intense X-ray femtosecond laser[END_REF].

Therefore, the electron spectrum arises from a sequence of events due to core-and valencephotoionization and Auger decay of molecular ions or atomic fragments. This complicated spectrum strongly encourages the development of models to unravel the dynamics of DCH state formation.

Summary: State of the Art on Double Core Hole State Formation X-ray photoelectron and Auger electron spectroscopies are widely used qualitative and quantitative tools for chemical analysis of gas, clusters, liquids and solids. These techniques provide a means to probe the elemental composition and the geometric structure of a sample, and to study electron correlations, to name but a few applications.

However, the sensitivity of these conventional techniques may not be sufficient to probe elements in very similar chemical environments.

Creating two core holes in the same atom (single-site DCH state) brings only small additional enlightenment, despite the much larger relaxation effects.

On the other hand, two-site DCH configuration allows us to sensitively probe the local environment of both ionized atoms and the bonding properties through the electrostatic repulsion between the core holes.

Nowadays, DCH states are produced using third generation synchrotrons and XFEL radiation.

In synchrotron experiments, DCH states are produced through single photon double core ionization. Therefore, the probability of DCH state formation relies purely on electron correlation which is an intrinsic property of the system. As a result, cross sections for ts-DCH states are ∼ 10 -3 smaller than that of ss-DCH states. The sequential absorption of two x-ray photons is the dominant process leading to the creation of DCH states in the XFEL regime. The cross sections of ts-DCH and ss-DCH states formation are on the same order of magnitude, since the probability of double core ionization mainly depends on the laser pulse characteristics.

The inclusion of the x-ray laser pulse in the total Hamiltonian encourages a timedependent picture of DCH state production. Since photoionization, nuclear dynamics and Auger decay take place at the same femtosecond timescale, they should be treated simultaneously. To our knowledge, no formalism was yet available to describe DCH state formation through the sequential absorption of two

x-ray photons from a single laser pulse.

Chapter 2 Electronic Structure Methods

The electronic structure problem of core hole states requires us to treat both strong relaxation effects in the presence of a core vacancy and electron correlations. In this chapter, we present the methods used in this work to calculate the potential energy curves of the molecular single and double core hole states. First, the Born-Oppenheimer approximation is introduced, which allows us to separate the electronic and nuclear degrees of freedom.

Then, the representation of the many-electron wavefunction in terms of Slater determinants built from one-electron spin orbitals is given. After that, we review some of the methods employed to describe the relaxation effects in core hole states. In particular, the equivalent core model which allows us to mimic the effect of a core hole on the outer shell electrons is explained. Another approach to include the relaxation effects in the presence of a core vacancy is the delta-self consistent field (∆SCF) method. First, the general Hartree-Fock (HF) equations are derived. Expressions for the double ionization potentials are given in terms of the HF orbital energies within the frozen orbital approximation.

Then, the derivation of the Roothaan equations in the restricted closed-shell Hartree-Fock (RHF) formalism is detailed. For systems with unpaired electrons, two HF formalisms are available: The unrestricted Hartree-Fock (UHF) method is first introduced in order to construct the restricted open-shell Hartree-Fock (ROHF) operator. Finally, the HF wavefunction can be used as a reference in a single-reference configuration interaction calculation. The multi-determinantal representation of the many-electron wavefunction allows to include part of the electron correlation which is missing in the HF mean-field approach.

The Born-Oppenheimer Approximation

Quantum mechanical properties of matter are revealed by solving the time-dependent Schrödinger equation (TDSE):

Ĥ(t) |Ψ(t) = i d dt |Ψ(t) , ( 2.1) 
in atomic units. For a molecule, the solution of this equation |Ψ(t) is called a molecular wavefunction, and depends on both electronic and nuclear coordinates. The wavefunction contains all the information on the system. The total Hamiltonian Ĥ may explicitly depend on time, for example if an external electric field interacts with the system, and is given by

Ĥ(t) = Tn + Te + Vee + Vnn -Vne + Ŵ (t) = ĥe + Tn + Ŵ (t). (2.2)
ĥe is the electronic Hamiltonian, which depends on the nuclear coordinates. All the time dependence is given by the operator Ŵ (t). Tn and Te are the kinetic energy operators of the nuclei and of the electrons, respectively:

Tn = - M A=1 1 2M A ∇ 2 A Te = - N i=1 1 2 ∇ 2 i , (2.3) 
where N and M are the numbers of electrons and nuclei, respectively. M A is the mass of the atom A in atomic units. Vee and Vnn correspond to the Coulomb repulsion between electrons and between nuclei, respectively, while Vne represents the Coulomb attraction between electrons and nuclei:

Vee = N i=1 N j>i 1 r ij (2.4) Vnn = M A=1 M B>A Z A Z B R AB (2.5) Vne = N i=1 M A=1 Z A r iA . (2.6)
Since nucleons are about 1836 times heavier than electrons, the nuclear motion is slow compared to the electronic motion. Hence, within the Born-Oppenheimer approximation [START_REF] Bransden | Quantum mechanics[END_REF], electrons are considered to move in the field of fixed nuclei. Therefore, Tn is neglected and Vnn reduces to a constant. The full molecular problem is solved by treating separately the electron and nuclear degrees of freedom. The molecular wavefunction thus factorized as

|Ψ(t) = |χ n (t) ⊗ |χ e , ( 2.7) 
with |χ n (t) the nuclear wave packet and |χ e the electronic state. We assume that the time dependence of the nuclear wavefunction arises solely from the operator Ŵ (t), in addition to a trivial time-dependent phase factor.

The time-independent Schrödinger equation (TISE) for the electrons is

ĥe |χ e = E e ( R) |χ e . ( 2.8) 
The electronic wavefunction |χ e and the electronic energy E e ( R) depend parametrically on the nuclear coordinates (denoted as R). The electronic energy is then substituted in the TDSE for the nuclei

( ĥn + W e (t)) |χ n (t) = ( Tn + E e + W e (t)) |χ n (t) = i d dt |χ n (t) , ( 2.9) 
with W e (t) = χ e | Ŵ (t)|χ e . The nuclei move in an effective potential created by the electrons E e called potential energy surface (or potential energy curve in one-dimension).

In this section, we are concerned with finding the solution to the electronic TISE 2.8.

Representation of the Many-Electron Wavefunction

Since electrons are fermions, the electronic wavefunction must be antisymmetric with respect to the interchange of both spatial and spin coordinates x = {r, σ s } of any two electrons

χ e (x 1 , • • • , x i , • • • , x j , • • • , x N ) = -χ e (x 1 , • • • , x j , • • • , x i , • • • , x N ), (2.10) 
with N the total number of electrons. In order to ensure the antisymmetry principle, the electron wavefunction can be expressed in the form of Slater determinants (SDs):

χ e (x 1 , • • • , x N ) = 1 √ N ! φ i (x 1 ) • • • φ j (x 1 ) . . . . . . . . . φ i (x N ) • • • φ j (x N ) ≡ |φ i • • • φ j . (2.11)
φ are the N spin orbitals (one-electron functions) which are the product of a spatial orbital and a spin (α or β) function. (N !) -1/2 is a normalization factor. The last term in Eq. 2.11 is a short hand notation for a normalized SD which shows only the diagonal elements.

Determinant properties allow to satisfy automatically the antisymmetry principle since interchanging two rows of the SD changes its sign. Moreover, the SD is zero if two electrons occupy the same spin orbital (i.e. if two columns are identical), in agreement with the Pauli exclusion principle. HF-based methods commonly express the many-electron wavefunction in the form of SDs as we show below.

Treatment of Electron Relaxation

In the following, we present the basic electronic structure methods which allow to describe the large relaxation effects in core hole states.

Hartree-Fock Method

The Hartree-Fock method plays a central role in quantum chemistry and is the cornerstone for more accurate approximations.

The HF theory is based on a single determinantal form of the many-electron wavefunction.

For a N -electron system, the ground state wavefunction is given by

|χ GS e = |φ 1 • • • φ N . (2.
12)

The energy of the ground state wavefunction E GS [{φ a }] is a functional of the spin orbitals and is given by

E GS [{φ a }] = χ GS e | ĥe |χ GS e = N a=1 dx 1 φ * a (x 1 ) ĥ(x 1 )φ a (x 1 ) (2.13) + 1 2 N a=1 N b=1   dx 1 φ * a (x 1 ) Ĵb (x 1 )φ a (x 1 ) -dx 1 φ * a (x 1 ) Kb (x 1 )φ a (x 1 )   .
where ĥ(x 1 ) is given by the sum of the kinetic energy of electron 1 and the Coulomb potential between electron 1 and the nuclei. The Coulomb one-electron operator acting on φ a (x 1 ) gives

Ĵb (x 1 )φ a (x 1 ) = dx 2 |φ b (x 2 )| 2 1 r 12 φ a (x 1 ). (2.14)
The expectation value of this local operator describes the average repulsion energy between electrons 1 and 2 over all coordinates of electron 2. The exchange non-local operator

Kb (x 1 )φ a (x 1 ) = dx 2 φ * b (x 2 ) 1 r 12 φ a (x 2 ) φ b (x 1 ), (2.15) 
has no classical equivalent. This operator arises from the antisymmetric properties of the many-electron wavefunction.

To derive the HF equations, we look for a set of orthonormal spin orbitals {φ a } which minimizes the energy E GS (Eq. 2.13). The SD built from these spin orbitals gives the best approximation to the ground state of the system. In order to keep the spin orbitals orthonormal, the Lagrange's method of undetermined multipliers is used

L[{φ a }] = E GS [{φ a }] - N a=1 N b=1 E ab dx 1 φ * a (x 1 )φ b (x 1 ) -δ ab , (2.16)
where E ab is a set of Lagrange multipliers. As for the energy, the Lagrangian L[{φ a }] is a functional of the spin orbitals. After some straightforward mathematical operations, one obtains

F (x 1 )φ a (x 1 ) = N b=1 E ab φ b (x 1 ), ∀a (2.17) 
with F (x 1 ) the Fock operator defined as F (x 1 ) = ĥ(x 1 ) + N b=1

( Ĵb (x 1 ) -Kb (x 1 )) = ĥ(x 1 ) + V HF eff (x 1 ).

(2.18)

V HF eff (x 1 ) corresponds to the total effective potential experienced by electron 1 in the spin orbital φ a , arising from the N -1 electrons in all other spin orbitals. It is given by the sum of Coulomb Ĵb (x 1 ) and exchange Kb (x 1 ) terms. Therefore, the instantaneous interaction between the electrons is not included in the HF method. Instead, the electrons move in the average potential created by all the other electrons. Since V HF eff (x 1 ) and thus the Fock operator depend on their eigenfunctions, the HF equations must be solved iteratively.

The HF eigenvalue equations are obtained by applying an unitary transformation to the set of spin orbitals

φ a = b U ab φ b , (2.19)
where U is an unitary transformation matrix which diagonalizes the Fock matrix, i.e.

E = U † EU. (2.20) 
with E ab = φ a | F |φ b and E is the Hermitian matrix whose diagonal elements are the energies of the spin orbitals. Since the Fock operator is invariant under an unitary transformation of the spin orbitals, one finally obtains the HF eigenvalue equation:

F (x 1 )φ a (x 1 ) = E a φ a (x 1 ), (2.21) 
with E a the energy of the spin orbital φ a .

2.3.1.a Core Hole Hartree-Fock Energies in the Frozen Orbital Approximation

In the following, we derive expressions for the HF double ionization potentials of the ss-DCH and ts-DCH states in the frozen orbital approximation. The relaxation effects in the final state are thus neglected, such that the orbitals of the doubly core-ionized states are those of the neutral ground state. As a consequence, the mono-electronic, Coulomb and exchange integrals for different spin states are identical. In this approximation, the orbital energy represents the energy required to remove an electron from that spin orbital, i.e. it is equal to the negative of the ionization potential. We consider here a two-electron system, but the calculations can be generalized to N -electron species.

The HF energy of a system with two paired electrons in the spatial orbital 1s A -i.e.

1s 2 configuration -is given by (see Eq. 2.13):

E 1s A α1s A β = 2 i=1 h ii + 1 2 2 i=1 2 j=1 (J ij -K ij ) = 1s A α| ĥ(x 1 )|1s A α + 1s A β| ĥ(x 2 )|1s A β + J 1s A α1s A β -K 1s A α1s A β = 2 1s A | ĥ(r 1 )|1s A + J 1s A 1s A , ( 2.22) 
where h ii are the matrix elements of the one-electron operator, while J ij and K ij are the matrix elements of the Coulomb and exchange operators, respectively. There is no exchange energy in the case of two paired electrons. Moreover, the orbital energy of one electron in 1s A is

1s A = 1s A | ĥ(r 1 )|1s A + J 1s A 1s A . (2.23)
From Eqs. 2.22 and 2.23 we deduce an expression for the double ionization potential of the ground state leading to the formation of a ss-DCH state:

DIP ssDCH = E N -2 -E 1s A α1s A β = -E 1s A α1s A β = -2 1s A + J 1s A 1s A . (2.24)
Therefore, the energy required to create two holes in the core shell is not simply given by the sum of the 1s orbital energies since the electron-electron interactions play a role.

Now we consider the case of two electrons of opposite spins in different spatial functions 1s

A and 1s B . We do not need to consider the spin explicitly, since the Hamiltonian does not depend on this degree of freedom. However, the HF energy does depend on the spin through the spatial wavefunction which should be symmetric with respect to the interchange of the two electrons in the case of a singlet state. The spatial wavefunction of a singlet state is given by

1 √ 2 1s A (1)1s B (2) + 1s A (2)1s B (1) , (2.25)
such that the HF energy becomes

E 1s A α1s B β = 1s A | ĥ(r 1 )|1s A + 1s B | ĥ(r 2 )|1s B + J 1s A 1s B + K 1s A 1s B . (2.26)
Therefore, the double ionization potential of the ground state leading to the formation of a singlet ts-DCH state is:

DIP S=0 tsDCH = E N -2 -E 1s A α1s B β = -1s A | ĥ(r 1 )|1s A -1s B | ĥ(r 2 )|1s B -J 1s A 1s B -K 1s A 1s B . (2.27)
Finally, a system with two electrons of same spin (for example α) but in different spatial orbitals 1s A and 1s B has an antisymmetric spatial function:

1 √ 2 1s A (1)1s B (2) -1s A (2)1s B (1) . (2.28)
The HF energy is:

E 1s A α1s B α = 1s A | ĥ(r 1 )|1s A + 1s B | ĥ(r 2 )|1s B + J 1s A 1s B -K 1s A 1s B . (2.29)
The double ionization potential of the ground state leading to the formation of a triplet ts-DCH state is thus:

DIP S=1 tsDCH = E N -2 -E 1s A α1s B α = -1s A | ĥ(r 1 )|1s A -1s B | ĥ(r 2 )|1s B -J 1s A 1s B + K 1s A 1s B . (2.30)
The difference in energy between the triplet and singlet ts-DCH states is

E 1s A α1s B α -E 1s A α1s B β = -2K 1s A 1s B ≤ 0, (2.31)
such that the triplet is more stable than the singlet configuration in the frozen orbital approximation. We show in Chapter 3 that the singlet state of [C(K -1 )O(K -1 )] 2+ is more stable compared to the triplet state when the relaxation effects are taken into account.

In order to determine the correct ionization potentials, the relaxation effects in the coreionized final states have to be taken into account. The molecular orbitals should be optimized in the presence of core holes within a self-consistent field procedure as we explain in the following.

2.3.1.b Restricted Closed-Shell Hartree-Fock

We are concerned here with an even number N of electrons, where the N/2 spin orbitals are doubly occupied. In other words, the α and β spin functions are constrained to share the spatial function Φ. The HF equation 2.21 expressed in terms of the spin orbitals can be converted to a spatial eigenvalue problem by integrating over the spin coordinates:

F (r 1 )Φ a (r 1 ) = E a Φ a (r 1 ), (2.32) 
where F (r 1 ) is the Fock operator for a closed shell system and is given by

F (r 1 ) = ĥ(r 1 ) + N/2 a
(2 Ĵa (r 1 ) -Ka (r 1 )).

(2.33)

For numerical applications, the differential equation 2.32 is written in an algebraic form by expanding the molecular (or atomic) orbitals in a known set of normalized basis functions

Φ a (r 1 ) = K κ=1 C κa ϕ κ (r 1 ), (2.34) 
with K the dimension of the basis set. The basis functions ϕ commonly used are contracted gaussian functions as they offer a compromise between numerical efficiency and a qualitative description of molecular (or atomic) orbitals. The larger the basis set {ϕ κ } is, the closer the energy E GS to the Hartree-Fock limit. The latter is defined as the HF energy when the basis set is complete, and is an upper bound to the exact ground state energy. We now substitute the expansion 2.34 into the HF equation 2.32, multiply by ϕ * γ (x 1 ) and integrate over the spatial coordinates of electron 1 to obtain

κ C κa dr 1 ϕ * γ (r 1 ) F (r 1 )ϕ κ (r 1 ) = E a κ C κa dr 1 ϕ * γ (r 1 )ϕ κ (r 1 ). (2.35)
The matrix representation of Eq. 2.35 corresponds to the so-called Roothaan equations

FC = SCE, (2.36) 
where F is the Fock matrix, C is the matrix of the expansion coefficients and E the diagonal matrix of the orbital energies. The overlap and Fock matrix elements are given by

S γκ = dr 1 ϕ * γ (r 1 )ϕ κ (r 1 )
(2.37)

F γκ = dr 1 ϕ * γ (r 1 ) F (r 1 )ϕ κ (r 1 ), (2.38) respectively. 
In order to solve Roothaan equations, we look for an explicit expression of the Fock matrix. To this aim, we define the total charge density for a closed-shell system using the expansion 2.34

ρ(r) = 2 N/2 a |Φ a (r)| 2 = γκ P γκ ϕ γ (r)ϕ * κ (r), (2.39) 
where the density matrix is obtained from the expansion coefficients

P γκ = 2 N/2 a C γa C * κa .
(2.40)

The Fock matrix elements are thus

F γκ = γ| ĥ|κ + λσ P λσ γσ 1 r 12 κλ - 1 2 γσ 1 r 12 λκ , (2.41)
with the two-electron integrals defined as

γσ 1 r 12 κλ = dr 1 dr 2 ϕ * γ (r 1 )ϕ * σ (r 2 ) 1 r 12 ϕ κ (r 1 )ϕ λ (r 2 ). (2.42)
Now that we found an explicit expression for the Fock matrix elements, we want to transform the Roothaan equations in an eigenvalue problem. In this purpose, we look for a transformation matrix X which orthogonalizes the basis set {ϕ}, i.e.

X † SX = I, (2.43) 
with I the identity matrix. S is an Hermitian matrix, such that it can be diagonalized by

an unitary matrix U U † SU = s, (2.44) 
where s is a diagonal matrix of the eigenvalues of S. A transformation matrix given by 

X = Us -1/2 , ( 2 
F = X † FX and C = X -1 C. (2.46)
Using previous definitions, Roothaan equations 2.36 become

F C = C E. (2.47) 
Therefore, solving Roothaan equations reduces to diagonalization of the Fock matrix F expressed in the orthonormal basis {ϕ }. Since the Fock matrix depends on the density matrix and thus on the coefficients, i.e. F ≡ F [C ], the eigenvalue problem 2.47 is solved iteratively using the self-consistent field (SCF) procedure:

1. Specify molecular properties (nuclear coordinates, number of electrons) and the basis set {ϕ} 2. Calculate two-electron integrals γσ| 1 r 12 |κλ , and the matrix elements S γκ (Eq. 2.37) and h γκ 3. Diagonalize S and deduce X from Eq. 2.45 4. Determine a guess for the density matrix P (using the Hückel routine for example) 5. Calculate the Fock matrix elements F γκ from Eq. 2.41 6. Calculate the Fock matrix in the orthonormal basis using Eq. 2.46 

F MO = C † FC.
(2.48)

Not converged Converged

2.3.1.c Unrestricted and Restricted Open-Shell Hartree-Fock

The restricted HF method does not allow us to treat molecules with unpaired electrons

or dissociating to open-shell fragments. To deal with such problems, the unrestricted HF (UHF) or the restricted open-shell HF (ROHF) formalisms [START_REF] Roothaan | Self-consistent field theory for open shells of electronic systems[END_REF] are to be used.

In the following, we first derive the SCF equations within the UHF formalism. The expression for the Fock operator at the ROHF level of theory is then deduced from the UHF Fock operator.

Within the UHF method, different sets of spatial orbitals ({Φ α } and {Φ β }) are defined for the α and β electrons. After integration over the spin, the UHF eigenvalue equations are

F α (r 1 )Φ α a (r 1 ) = E α a Φ α a (r 1 ) (2.49) F β (r 1 )Φ β a (r 1 ) = E β a Φ β a (r 1 ), (2.50) 
with F α (r 1 ) = α| F (x 1 )|α and F β (r 1 ) = β| F (x 1 )|β . More specifically, the Fock operators for the two sets are given by 

F α (r 1 ) = ĥ(r 1 ) + Nα a ( Ĵα a (r 1 ) -Kα a (r 1 )) + N β a Ĵβ a (r 1 ) (2.51) F β (r 1 ) = ĥ(r 1 ) + N β a ( Ĵβ a (r 1 ) -Kβ a (r 1 )) + Nα a Ĵα a (r 1 ), ( 2 
Φ α a (r 1 ) = K κ=1 C α κa ϕ κ (r 1 ) (2.53) Φ β a (r 1 ) = K κ=1 C β κa ϕ κ (r 1 ), (2.54) 
with K the dimension of the basis set. Substituting these equations in the UHF Eqs. 2.49 and 2.50 one gets the matrix eigenvalue problem

F α C α = SC α E α (2.55)
F β C β = SC β E β , ( 2.56) 
which reduces to are not eigenfunctions of the spin operator Ŝ2 . The problem of spin contamination can be circumvented using the ROHF formalism.

F α C α = C α E α (2.57)
F β C β = C β E β , ( 2 
The ROHF molecular (or atomic) orbitals are expanded in an unique set of normalized basis functions

Φ a (r 1 ) = K κ=1 C αβ κa ϕ κ (r 1 ), (2.59) 
with K the dimension of the basis set. Then, the UHF Fock operators F α and F β (see Eqs.

2.51 and 2.52) are transformed in the molecular basis by means of the set of expansion

coefficients denoted C αβ F α MO = (C αβ ) † F α C αβ , F β MO = (C αβ ) † F β C αβ . ( 2.60) 
The ROHF Fock matrix in the MO basis is expressed in terms of the UHF Fock matrices according to

F ROHF MO =        A cc F α MO + B cc F β MO F β MO (F α MO + F β MO )/2 F β MO A oo F α MO + B oo F β MO F α MO (F α MO + F β MO )/2 F α MO A vv F α MO + B vv F β MO        (2.61)
The blocks of the ROHF Fock operator correspond to the closed shell (label c), the open shell (label o) and the virtual (label v) MOs. The coefficients A ss and B ss (with s=c,o,v) are specific of the coupling scheme used [START_REF] Plakhutin | Koopmans theorem in the ROHF method: Canonical form for the Hartree-Fock hamiltonian[END_REF]. At each step of the SCF procedure, the Fock matrix in the molecular basis is transformed back in the primitive basis

F ROHF = SC αβ F ROHF MO (SC αβ ) † , ( 2.62) 
with F ROHF and S the Fock and overlap matrices in the primitive basis, respectively. The Fock matrix F ROHF is then diagonalized to get a new set of expansion coefficients C αβ from which the density matrix is calculated. This procedure is repeated iteratively until convergence.

The ROHF method presents several drawbacks. First, spatial orbitals are forced to be the same for α and β electrons which makes the variational energy too high with respect to the UHF energy. Moreover, the choice of the diagonal blocks of the matrix F ROHF MO is arbitrary.

This choice does not affect the total energy and the density matrix, but influences the orbitals and their energies [START_REF] Plakhutin | Koopmans theorem in the ROHF method: Canonical form for the Hartree-Fock hamiltonian[END_REF]. It also determines the convergence properties of the scheme.

Application to Core Hole States

2.3.2.a The Delta-Self Consistent Field Method

The core hole binding energy (BE) is defined as the difference between the energy of the core-ionized species and those of the neutral ground state. In the ∆SCF method, both the initial and the final states are obtained through a SCF procedure:

BE = χ CH e | ĥe |χ CH e -χ GS e | ĥe |χ GS e , (2.63) 
with |χ CH e the electronic wavefunction of the core-ionized species. The relaxation effects in the presence of a core hole in the final state is thus included in the ∆SCF method unlike the ionization potentials calculated within the frozen orbital approximation (See Eqs. 2.24, 2.27 and 2.30). This method provides the absolute energy of core-ionized systems.

Since core ionized states are excited (unstable) species, the inner vacancy may be refilled during the SCF procedure, since the latter provides the state of lower energy. In order to avoid this variational collapse, the occupation of the core orbital has to be enforced at each step of the SCF procedure (see Section 3.2.2).

If the trial wavefunction is not close enough from the targeted core hole state, the final state is likely to have a hole in the valence shell instead at the end of the SCF procedure.

Moreover, difficulties to localize the cole hole can appear when equivalent atoms are treated. For example, we may want to create a core vacancy on one particular atom, and the HF method will converge to a system with a cole hole on another (equivalent) atom. In the present work, the SCF procedure converges nicely to the core hole state.

For the sake of completeness, we still present the equivalent core model which allows to circumvent these limitations.

2.3.2.b The Equivalent Core Model

A basic approach to mimic the presence of a core hole is the equivalent core model (ECM)

or Z + 1 model [START_REF] Hollander | X-ray photoelectron spectroscopy[END_REF][START_REF] Jolly | Thermodynamic interpretation of chemical shifts in core-electron binding energies[END_REF]. Core electrons shield the nuclear charge seen by the electrons in outer shells. The removal of a core electron induces an increase of the core charge, given by the sum of the charge of the nucleus and of the core shell. This change in the electric potential results in valence orbital contraction. The ECM assumes that valence electrons relax as if the nuclear charge of the ionized atom increases by one unit. Therefore, the core ionized (K -1 ) element of atomic charge Z can be replaced by the next element in the periodic table. The valence electrons of the core ionized species and of the equivalent Z + 1 element behave in a very similar way under the Coulomb potential created by the core. The number of valence electrons has to be the same for the two species, in order to recover the same amount of relaxation energy.

In order to illustrate the ECM model, Fig. The potential energy curve of [CNe] 2+ does not have a minimum.

A RHF calculation (for example) allows to determine the energy of the equivalent core species as well as the relaxed orbitals.

The ECM greatly simplifies the ab initio calculations, since instead of calculating a core excited or core ionized state, the problem reduces to the calculation of a ground state with a fully occupied core shell. Nevertheless, this model presents several limitations [START_REF] Denis | Étude ab initio de molécules en phase gazeuse: double ionisation, spectroscopies en couches de valence et de coeur[END_REF].

Among them, the presence of an additional proton and extra electron(s) in the equivalent Z + 1 species prevents the calculation of absolute ionization energies. The energies of the valence orbitals of the Z and Z + 1 systems are not equal. However, this model predicts fairly good relative core electron binding energies (within ±1 eV) [START_REF] Hollander | X-ray photoelectron spectroscopy[END_REF]. Moreover, the coreionized and the equivalent core species have different spin symmetries: For example, the singly core-ionized [C(K -1 )O] + state is a doublet, while the equivalent core species [NO] + is a singlet. The correct spin is recovered by performing post Hartree-Fock calculations using the relaxed molecular orbitals of the Z + 1 system. Corrections to the standard ECM are suggested in [START_REF] Wohlfarth | Systematic corrections to the equivalent core model[END_REF].

The Hartree-Fock method is a mean-field approach and thus can not reproduce the instantaneous Coulomb repulsion between the electrons. Furthermore, a single-determinantal representation of the many-electron wavefunction only correlates electrons with parallel spins, the so-called exchange correlation: The probability to find two electrons with parallel spins at the same position is zero. Such single-determinantal approach usually fails to describe molecular fragmentation. This lack of electron correlations can be overcome using post HF methods based on a multi-configurational representation of the many-electron wavefunction.

Treatment of Electron Correlation: Configuration Interaction Method

Configuration interaction (CI) is a widely used variational method for treating electron correlation [START_REF] Shavitt | The method of configuration interaction[END_REF]. This method is very general and applies to closed-and open-shell systems as well as ground and excited electronic states. In the following, we describe how the many electron CFs are generated from a given active space in the single-reference CI method. The N -electron wavefunction is expressed as a linear expansion of N -electron CFs: 

|χ CI e = C ref |χ ref + a,i C i a |χ i a + a<b,i<j C ij ab |χ ij ab + • • • = m C m |χ m . ( 2 
|χ i a = â † i âa |χ ref , |χ ij ab = â † i â † j âa âb |χ ref , • • • (2.65)
where â † and â are creation and annihilation operators, respectively.

A full-CI wavefunction is obtained by including all possible CFs in the expansion 2.64.

Assuming a complete basis set, this wavefunction represents the exact solution of the electronic Schrödinger equation and describes exactly the electron correlation. In practice, a finite basis set is used, and the full-CI wavefunction is exact within the space spanned by the basis set (complete active space calculation). However, full-CI calculations are computationally too expensive except for very small systems or poor basis sets.

There are several ways to make a CI calculation affordable. First, the size of the active space may be reduced by discarding some valence orbitals and by performing excitations among the remaining orbitals. In addition, the CI expansion can be truncated at a certain excitation level. For example, all single excitations from the reference are included in a CIS calculation, while all single and double excitations are generated in a CISD calculation. The exponential increase of the size of the CI expansion with the excitation level generally prevents to include higher excited CFs. Despite that, doubly excited CFs play a preponderant role in the CI expansion [START_REF] Shavitt | The method of configuration interaction[END_REF]. Finally, the computational costs can be reduced by restricting the occupation number of each subspace. For example, minimum and maximum occupation numbers are specified for each subspace in an Occupation Restricted Multiple Active Spaces (ORMAS) determinant CI calculation. This restricted active space approach is particularly adapted to the study of core-ionized or core-excited states.

As the HF method, the CI approach relies on the variation principle [START_REF] Shavitt | The method of configuration interaction[END_REF]. The CI energy is thus obtained by minimizing the energy E[χ CI e ] with respect to all expansion coefficients of the trial function 2.64:

∂ ∂C m E[χ CI e ] = ∂ ∂C m χ CI e | ĥe |χ CI e χ CI e |χ CI e = 0, ∀m (2.66) 
while the orbitals used to construct the CFs are unchanged. This leads to the CI eigenvalue problem:

h e C = ESC, (2.67) 
where E is the diagonal matrix of the CI eigenenergies and C the vector of the expansion coefficients C m . The electronic Hamiltonian h e and the overlap S matrix elements are

h euv = χ u | ĥe |χ v , S uv = χ u |χ v . (2.68)
S is the identity matrix if HF orbitals are used. The variational principle guarantees that including additional terms in the expansion 2.64 makes the energies E n of the truncated CI converge to the full-CI limit

E full-CI n ≤ E M +1 n ≤ E M n , ( 2.69) 
with M and M + 1 the number of terms in the expansion. The total electronic energy E of a non-relativistic system is given by the sum of the reference energy E ref (typically the HF energy) and the correlation energy

E corr E = E ref + E corr .
(2.70)

Summary: Electronic Structure Methods

In this chapter, we described the electronic structure methods used in the present work to calculate molecular core hole states. These methods have to take into account the electron correlations and the large relaxation effects in the presence of core holes to provide an accurate description of the electronic structure.

The electronic and nuclear degrees of freedom can be treated separately within the Born-Oppenheimer approximation.

The many-electron wavefunction χ e can be represented as a Slater determinant or linear combination of Slater determinants to ensure its antisymmetry properties.

A Slater determinant is made of one-electron functions, the spin-orbitals.

The Hartree-Fock method describes the relaxation effects in core-ionized states, which are neglected in the frozen orbital approximation. In the Hartree-Fock formalism, χ e is described by a single Slater determinant, whose spin orbitals are optimized variationally. This mean-field method provides the absolute energy of the core-ionized system but it neglects the major part of electron correlation.

The equivalent core or (Z+1)-approximation also includes the valence relaxation effects in core-ionized systems. This basic approach mimics the potential created by the hole on the outer shell electrons by adding a proton to the nucleus.

However, this method provides neither the absolute energies nor the correct spin symmetry.

A multi-determinantal representation of χ e takes into account the major part of electron correlation. In the single-reference configuration interaction method, χ e is given by a linear combination of configuration functions which differ from a reference function by some excitation level. The expansion coefficients are optimized variationally, while the spin orbitals are unchanged. In the configuration interaction approach, the presence of a hole in the core shell is imposed by restricting the orbital occupancy. anticipate some effects of the nuclear dynamics on core photoionization processes. Furthermore, the protocole to calculate the PECs at the configuration interaction including single and double excitations (CISD) level of theory is detailed. After that, the core hole lifetimes used in our model are discussed and compared to the ones calculated using a Fano-CI method. Then, the different bond lengths of the singly and doubly core ionized molecules are explained by considering the bond order. The importance of relaxation phenomena in core hole states is then illustrated from the atomic Mulliken electronic populations in each molecular orbital. Finally, we present the energy of the Auger states calculated with the CISD method.

Electronic States Included in our Model

The electronic configuration of the ground state of CO is

(1σ) 2 (2σ) 2 (3σ) 2 (4σ) 2 (1π) 4 (5σ) 2 ≡ (1s O ) 2 (1s C ) 2 (3σ) 2 (4σ) 2 (1π) 4 (5σ) 2 X 1 Σ + , (3.1)
with four core electrons and ten valence electrons. The 1σ and 2σ molecular orbitals are deeply localized around the nuclei and thus have a strong atomic character. Hence, the labels 1σ and 2σ in Eq. 3.1 are replaced by 1s O and 1s C , respectively.

In the present work, we develop a theoretical model to investigate the formation of DCH states of CO, by detecting in coincidence the two photoelectrons emitted during the successive absorption of two x-ray photons (see Chapter 4 for more details).

The photon energy is set to 1 keV (higher than the double core ionization threshold of all DCH states). Moreover, we use a laser pulse of 1 to 40 fs durations and intensities between I = 10 15 and 10 16 W/cm 2 (corresponding to a photon density of 4 Mb -1 ). Since sequential ionization is a nonlinear process, the absorption of more than two photons can be neglected in the rather weak field regime considered.

The photon energy is ∼ 700 and ∼ 630 eV above the K-shell ionization potentials of the carbon in CO and [C(K -1 )O] + , as well as ∼ 460 and ∼ 370 eV higher than the K-shell ionization potentials of the oxygen in CO and [CO(K -1 )] + , respectively. At a photon energy well above the K edges, the cross sections of valence orbital ionization are much smaller than for core orbitals [START_REF] Ribic | Status and prospects of x-ray free-electron lasers (X-FELs): a simple presentation[END_REF]. To a good approximation, we can thus neglect processes involving valence ionization of core-ionized species.

Let us consider now the SCH and DCH satellite states to assess the possibility of overlap with the core hole primary spectra. The experimental XPS satellite spectra of CO is provided in Ref. [START_REF] Ehara | C 1s and O 1s photoelectron satellite spectra of CO with symmetry-dependent vibrational excitations[END_REF]. The energy of the SCH satellite states are reported in Fig. 3.1.

The 15 bands in the C 1s satellite spectrum lie in the 8.43-30.2 eV range above the main line and the intensities amount to 0.2% to 3.9% of the primary peak [START_REF] Ehara | C 1s and O 1s photoelectron satellite spectra of CO with symmetry-dependent vibrational excitations[END_REF]. Moreover, the 9 bands in the O 1s satellite spectrum are shifted by 16 to 30.73 eV with respect to the main peak and have relative intensities in the order of 0.4% up to 6.5%. Therefore, the signal from the SCH satellite states produced through the absorption of a single photon does not overlap the SCH primary spectrum if the laser bandwidth is small enough (i.e.

for a pulse duration of about 10 fs). Moreover, since the photon energy is not in resonance with valence to valence transitions, the probability to create a SCH satellite state through the absorption of two photons is negligible. On the other hand, Fig. 3.1 shows that the energy required to remove an electron from the carbon K-shell when the oxygen is core ) is the vertical electronic energy for creating a hole in the carbon (oxygen) K-shell, when there is a hole in the K-shell of oxygen (carbon). Second column: Satellites of SCH and DCH states, whose energies are taken from Refs. [START_REF] Ehara | C 1s and O 1s photoelectron satellite spectra of CO with symmetry-dependent vibrational excitations[END_REF] and [START_REF] Tashiro | Double core-hole correlation satellite spectra of N 2 and CO molecules[END_REF], respectively. Third column: Doubly valence ionized states V -2 populated via the Auger decay of the SCH states, as well as K -1 V -2 states populated via the PAP sequence of events or through the Auger decay of the ts-DCH states, calculated with the CISD method. For details on the electronic structure calculations, see Sections 3.2 and 3.4.4.

ionized (ω C/O ) is
[C(K -1 )O] + [C(K -1 )OV -2 ] 3+ [C(K -1 )OV -1 V ′ ] + ω C/O 545 550 555 560 565 E [eV] [CO(K -1 )] + [CO(K -1 )V -1 V ′ ] + ω O/C 624 640 656 672 688 [C(K -2 )O] 2+ [CO(K -1 )V -2 ] 3+ [C(K -2 )OV -1 V ′ ] 2+ 858 864 870 876 [C(K -1 )O(K -1 )] 2+ S=1 [C(K -1 )O(K -1 )] 2+ S=0 [C(K -1 )O(K -1 )V -1 V ′ ] 2+ S=0 [C(K -1 )O(K -1 )V -1 V ′ ] 2+ S=1 1176 1183 1190 1197 1204 1211 [CO(K -2 )] 2+ [CO(K -2 )V -1 V ′ ] 2+
the energy required to remove an electron in the oxygen K-shell when the carbon is core ionized (ω O/C ) is close to the energy of the satellites of [CO(K -1 )] + . Therefore, the ts-DCH primary and satellite peaks may overlap with the SCH satellite spectrum [START_REF] Fang | Double core-hole production in N 2 : beating the Auger clock[END_REF][START_REF] Tashiro | Double core-hole correlation satellite spectra of N 2 and CO molecules[END_REF].

However, the intensities of the DCH satellite lines are less than 10% of the main line according to Ref. [START_REF] Tashiro | Double core-hole correlation satellite spectra of N 2 and CO molecules[END_REF]. Therefore, the contribution of the satellite states are not considered in the present work as a first approximation.

Furthermore, the V -2 and K -1 V -2 states are produced in the Auger decay of the SCH and ts-DCH states, respectively. These Auger states are well separated with respect to the other states. Anyway, the signal from the Auger electrons can be set apart from the photoelectron signal by varying the photon energy of the laser pulse. The K -1 V -2 states can also be produced in the photoionization-Auger-photoionization (PAP) sequence of events. We show in Section 3.4.4 that the PAP signal overlaps with the photoionizationphotoionization (PP) signal when the two photoelectrons are measured in coincidence.

Despite that, the PAP signal can be distinguished from the PP signal in a 3-electron coincidence measurement. We can thus ignore PAP sequence of events.

To conclude, we can neglect all side-processes accompanying the production of core hole states as a first approximation. during the photon absorption by the carbon SCH state. In contrast, the R eq of the singly core ionized oxygen state is larger by 0.03 Å than that of the ground state. Moreover, the PEC of [CO(K -1 )] + is less bound compared to that of the ground state, such that the nuclear wave packet will spread along R in the intermediate SCH state. The singlet and triplet ts-DCH states have nearly identical PECs with a R eq close to the ground state value (∆R eq = 0.03 Å). To conclude, owing to the different shapes of the PECs and the different R eq s, distinct effects of the nuclear dynamics are expected for the different ionization pathways.

Single

The vertical electronic energies are summarized and compared with values from literature in Table 3 ) states with respect to the ground electronic state (at R = 1.13 Å), calculated at the CISD level of theory; R eq : Equilibrium internuclear distances. Bond orders are obtained at the HF and DFT levels of theory (values for the singlet ts-DCH configuration are not given since singlet open-shell SCF calculations can not be performed with the GAMESS program).

Protocole to Calculate the PECs of Core Hole States

The PECs of the ground, the SCH as well as the ss-DCH and ts-DCH states are obtained with the GAMESS-(US) 2013 program package by varying the internuclear distance between 0.7 and 1.5 Å by steps of 0.05 Å. For each geometry, the following protocol is applied:

All calculations are performed using the correlation-consistent polarized valence quadruplezeta (cc-pVQZ) basis set of Dunning [START_REF] Dunning | Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through neon and hydrogen[END_REF] in the C 2v symmetry. The degeneracy of the π x and π y orbitals (which belongs to the B 1 and B 2 irreducible representations) is correctly described in this symmetry group. 138 MOs are built from this basis set.

First, the MOs defining the active space are optimized using the Hartree-Fock (HF) procedure to include the large relaxation effects upon core ionization [START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. I. Theoretical model applied to the interpretation of experimental results on H 2 O[END_REF][START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. II. Specificities of hollow nitrogen molecular ions[END_REF]. Restricted HF (RHF) calculations are performed for the ground and ss-DCH states, where the core occupancy is set to zero for the latter. For SCH and ts-DCH states, the occupancy of the core shell is set to one in a restricted open-shell HF (ROHF) procedure. In order to avoid variational collapse, the MO ordering is changed beforehand and the ionized 1s orbital is transposed with the highest occupied MO at each step of the SCF procedure.

The HF MOs optimized for each state are used to build the reference wavefunction for calculations at the configuration interaction including single and double excitations (CISD) level of theory. This method allows us to take into account the major part of electron correlations. In order to specify the occupation of the 138 MOs considered, we run occupation restricted multiple active spaces (ORMAS) CI calculations. More specifically, we divide the active space of SCH and ss-DCH states into three groups: One group is restricted to the core orbital of the ionized element, the second to the active orbitals and the latter to the virtual orbitals (see Fig. 3.3). A group containing a single 1s orbital is required to fix the core occupancy and thus avoid computing a large number of valence ionized states. For SCH states, the core group comprises a single electron, while the core shell of the ionized atom is empty for ss-DCH states. The electronic configurations are generated by considering all possible excitations of one and two electrons among the twelve active electrons. Thus, the number of electrons in the occupied and virtual groups varies between 10-12 and 0-2, respectively (see Table 3.2). The active space of the ts-DCH states is partitioned into four groups, since it is necessary to define different groups for the carbon and oxygen 1s orbitals. Therefore, a single electron occupies each of the core group. In this case, there are ten active electrons and the number of electrons in the occupied and virtual groups fluctuates between 8-10 and 0-2, respectively (see Table 3.2). 250 to 400 thousands of determinants are generated for these active spaces.

SCH and DCH Auger Lifetimes

Auger Lifetimes in our Model

A range of experimental and theoretical values for the Auger lifetimes of the SCH states of CO can be found in the literature [START_REF] Nicolas | Lifetime broadening of core-excited and-ionized states[END_REF][START_REF] Carroll | Carbon 1s photoelectron spectroscopy of CF 4 and CO: Search for chemical effects on the carbon 1s hole-state lifetime[END_REF][START_REF] Coville | Molecular effects on inner-shell lifetimes: Possible test of the one-center model of Auger decay[END_REF][START_REF] Larkins | Core-hole electronic structure studies on molecules using synchrotron radiation[END_REF][START_REF] Medhurst | Vibrationally resolved threshold photoemission of N 2 and CO at the N and C K-edges[END_REF][START_REF] Randall | Photon energy dependence of the high resolution C 1s photoelectron spectrum of CO in the threshold region[END_REF][START_REF] Osborne | The vibrationally resolved participator Auger spectra of selectively excited C 1s (2σ) -1 2π 1 vibrational states in carbon monoxide[END_REF][START_REF] Köppe | Relaxation effects in C1s photoionisation of CO: a high resolution photoelectron study in the near-threshold region[END_REF][START_REF] Hergenhahn | Vibrational structure in inner shell photoionization of molecules[END_REF]. In our model the Auger lifetimes of SCH states are taken from Ref. [START_REF] Nicolas | Lifetime broadening of core-excited and-ionized states[END_REF]. At the time of performing the calculations, no Auger lifetimes of DCH states of CO were reported. In this work, the core hole lifetimes of ss-DCH states are taken to be three times smaller than that of SCH states, as it was estimated for the core-ionized water molecule in Refs. [START_REF] Inhester | Core hole screening and decay rates of double core ionized first row hydrides[END_REF][START_REF] Inhester | Auger spectrum of a water molecule after single and double core ionization[END_REF]. The decay rate for the ts-DCH states is defined as the sum of the decay rates for the carbon and oxygen SCH 

Fano-CI Auger Lifetimes

The SCH and DCH lifetimes were calculated recently by Nicolas Sisourat using the Fano-CI method [START_REF] Miteva | On the computations of decay widths of Fano resonances[END_REF]. This method relies on Fano theory which describes a resonance as a bound state embedded in and coupled to a continuum of states. The CI method is used to describe the initial metastable state and the continuum of final states. Since in practice the continuum of states is discretized, the Stieltjes imaging procedure [START_REF] Averbukh | Ab initio calculation of interatomic decay rates by a combination of the Fano ansatz, Green s-function methods, and the Stieltjes imaging technique[END_REF] is then applied to recover the correct normalization of the continuum of states. 

R = 1.06 Å R = 1.128 Å R = 1.16 Å [C(K -1 )O] + 108 103 98 [CO(K -1 )] + 177 180 182 [C(K -2 )O] 2+ 318 300 300 [CO(K -2 )] 2+ 571 565 569 [C(K -1 )O(K -1 )] 2+ (S = 0) 297 290 282 [C(K -1 )O(K -1 )] 2+ (S = 1) 302 295 281
Table 3.4: Dependence of the Auger decay width of each core hole state on the internuclear distance, for three R values around the equilibrium internuclear distance of the ground electronic state (R eq = 1.128 Å).

Decay channels 

ΓCH [meV] [C(K -1 )O] + [C(K -2 )O] 2+ [C(K -1 )O(K -1 )] 2+ [C(K -1 )O(K -1 )] 2+ (S = 0) (S = 1) 1 Π(π -1 5σ -1 )
ΓCH [meV] [CO(K -1 )] + [CO(K -2 )] 2+ [C(K -1 )O(K -1 )] 2+ [C(K -1 )O(K -1 )] 2+ (S = 0) (S = 1) 1 Π(π -1 5σ -1 ) 18 10 2 4 1 Σ(π -1 π -1 )
(K -1 )O] + , [CO(K -1 )] + , [C(K -2 )O] 2+ , [CO(K -2 )] 2+
, as well as the singlet and triplet [C(K -1 )O(K -1 )] 2+ states, respectively. The decay rates of the ss-DCH states are ∼ 2.86 -2.89 times smaller than the decay rates of the corresponding SCH states, in agreement with the factor of 3 used in our model. Moreover, the decay widths of the singlet and triplet ts-DCH states differ by 35 meV, while in our model they were considered to be identical. Furthermore, the sum of the Auger decay widths of the SCH states amounts to 314 meV, which is different from the decay widths of the ts-DCH states.

These results validate the atomic Auger decay widths used in our model.

Additional Electronic Structure Calculations

Relaxation Effects in the Presence of Core Holes

To illustrate the strong orbital relaxation in the presence of two core holes, we calculate for each valence molecular orbital the difference in atomic Mulliken electronic populations (∆MP) between the core hole states and the neutral species, as shown in Fig. obtained from a DFT calculation at the equilibrium internuclear distance of CO. Obviously, the carbon Mulliken populations are the negative of the oxygen ones. In general, creating one core hole on the carbon induces an increase of the carbon Mulliken populations in each MO compared to the neutral CO (full magenta line). On the contrary, the carbon Mulliken populations decrease when one hole is created in the oxygen K-shell (full orange line). This illustrates the electron flux in the molecule towards the ionized atom, in order to compensate for the positive charge of the hole. The electron flux is even more pronounced when two holes are created in the same K-shell (brown and blue lines). For example, ∆MP is twice larger by creating two core holes instead of a single one for the π y orbital. Finally, the small change in the MPs when the two holes are created on different atoms is explained by electron motion in opposite directions such that the total electron flow is weak.

[C(K -2 )O] 2+ [C(K -1 )O] + [CO(K -1 )] + [CO(K -2 )] 2+ [C(K -1 )O(K -1 )] 2+ (S = 1)
In order to further highlight the effect of the core hole(s) on the electron density, the occupied molecular orbitals of the ground, the SCH and the DCH states calculated with the Hartree-Fock method are shown in Fig. 3.5 with the same isodensity. For all electronic states, the 2σ (C 1s) MO is more diffuse than the 1σ (O 1s) MO, because the nuclear charge of the carbon is lower than those of the oxygen. Moreover, creating one hole in the carbon K-shell has a small effect on the MOs: Only the electron density of the 1π y orbital decreases slightly at the oxygen site. On the contrary, the presence of a core hole on the oxygen induces a decrease of the electron density of the 1π x and 1π y (and to a less extent of the 3σ) at the carbon site. The electronic cloud moves from the carbon to the oxygen to compensate for the positive charge of the hole. This compensation phenomenon is also observed when two holes are created on the same atom: The electron density of the 3σ, 4σ and 1π y increases significantly on the carbon atom in [C(K -2 )O] 2+ , while the electron density of the 3σ, 1π x and 1π y orbitals falls off at the carbon site in [CO(K -2 )] 2+ . Therefore, the electron density of the outer shells is strongly perturbed when two core holes are created on the same atom. Charge reorganization is more extensive in the oxygen SCH and DCH states compared to the carbon. The same trend was observed in the case of oxygen and carbon SCH and DCH satellite states in Refs. [START_REF] Ehara | C 1s and O 1s photoelectron satellite spectra of CO with symmetry-dependent vibrational excitations[END_REF][START_REF] Tashiro | Double core-hole correlation satellite spectra of N 2 and CO molecules[END_REF]. Finally, the electron density of the ts-DCH states is almost unaffected compared to the neutral species, since the electron density of the bond is drawn by the holes located on opposite atoms. 

CO [C(K -1 )O] + x z y [CO(K -1 )] + [C(K -2 )O] 2+ [CO(K -2 )] 2+ [C(K -1 )O(K -1 )] 2+ S = 0 S =

Bond Order and Dipole Moment

The equilibrium internuclear distances of the core hole states can be explained from the bond order calculated at the RHF (or ROHF) and DFT levels of theory (see Table 3.1).

Since the bond orders obtained with these two methods are similar, we discuss only the R(O)HF results. The bond order of the carbon SCH and ss-DCH states is similar and amounts to ∼ 2.9 -3 in HF calculations, since these states have close equilibrium internuclear distances. The bond order (1.6 in HF) of oxygen SCH state is smaller than the one of the ground state (2.4), and reflects the weakening of the bond in the presence of a core hole. Moreover, the similar R eq of the ground and triplet ts-DCH states is related to the close bond order of these states (2.29 and 2.38, respectively). Indeed, the core holes located on different atoms are weakly coupled, such that the bond length remains almost unchanged upon creation of ts-DCH states. Finally, the dissociative character of [CO(K -2 )] 2+ can be explained from the very low bond order (∼ 0.9).

Let us consider now the dipole moment of CO. A RHF calculation gives a dipole moment of -0.123 Debye for the neutral molecule at the equilibrium internuclear distance, while a positive dipole moment of 0.112 Debye is observed experimentally [START_REF] Szabo | Modern quantum chemistry: introduction to advanced electronic structure theory[END_REF], with an excess of electron density on the carbon (C δ-O δ+ ). The sign is corrected by including correlation effects: The dipole moment amounts to 0.146 Debye using the CISD method. This result illustrates that the treatment of electron correlations is essential for a correct description of the electronic structure of CO.

Core-Core and Core-Valence Correlation Energies

In the CISD calculations, excitations from the frozen 1s orbital are prevented by imposing the core occupancy. In the following, we quantify the core-core and core-valence correlation energies which are not taken into account.

In the case of SCH states, correlation between the core electron of the ionized 1s orbital and the valence electrons is neglected. The core-valence correlation energy E corr cv can be estimated from CISD calculations on the ground electronic state where: 1) Excitations from the core and valence orbitals are allowed (E cc+cv+vv ); 2) Excitations occur from the core orbital while the valence orbitals are frozen (E cc ); 3) Excitations of valence electrons are included while core orbitals are frozen (E vv ). By substracting the HF energy:

E corr cv = E vv + E cc -E cc+cv+vv -E HF , ( 3.2) 
we obtain the core-valence correlation energy which amounts to E cv ∼ 0.59 eV. Corevalence correlation is completely neglected for ts-DCH states since the two 1s orbitals are frozen.

We also neglect core-core correlations in core hole states but this effect is relatively small:

A correlation energy of E corr cc = 2.18 eV is obtained by substracting the HF energy to a CISD energy where all valence electrons are frozen, and only excitations from the core orbitals are allowed:

E corr cc = E cc -E HF . (3.3)

Energy of the Doubly Valence Ionized Auger States

In this section we want to determine if the PAP signal, which is observed in the XFEL regime, overlaps with the PP signal by measuring in coincidence the two photoelectrons.

In order to determine the energy of the second emitted photoelectron in the PAP sequence of events, we calculate the electronic energies of the intermediate Auger states V -2 and of the final singly core-ionized and doubly valence ionized K -1 V -2 states. In this purpose, we perform RHF and ROHF calculations for the [COV -2 ] 2+ , [C(K -1 )OV -2 ] 3+ and [CO(K -1 )V -2 ] 3+ states, using 138 MOs and 63 to 627 thousands of determinants. We consider only the ten lowest states for each configuration to reduce the computational costs. The relaxed molecular orbitals are used to perform restricted active space CISD calculations, as explained in Sec. 3.2.2. The core occupancy is fixed to one in the case of K -1 V -2 states, while two holes are imposed in the valence orbitals.

The vertical electronic energies of these states are given in Table 3.7, where we neglect the states with more than two holes in the valence shells. We did not compute the corresponding intensities, such that some decay channels may be negligible. We also report the main configurations together with the amplitude squared, as given in the output of GAMESS. It has to be noted that these configurations do not correspond to spin-adapted CSFs.

The energies of the Auger electrons emitted during the decay of the carbon and oxygen SCH states are ∼ 237 -252 eV and ∼ 483 -488 eV, respectively. These values are in good agreement with the main peaks of the experimental Auger electron spectrum [START_REF] Nakano | Single Photon K -2 and K -1 K -1 Double Core Ionization in C 2 H 2n (n= 1-3), CO, and N 2 as a Potential New Tool for Chemical Analysis[END_REF].

For a photon energy of 1 keV, the energies of the photoelectrons emitted during the tran-

sitions [COV -2 ] 2+ → [C(K -1 )OV -2 ] 3+ and [COV -2 ] 2+ → [CO(K -1 )V -2 ] 3+ amount to
∼ 674 -689 eV and ∼ 421 -449 eV, respectively. However, the experimental Auger spectra extend on larger energy intervals (see [START_REF] Nakano | Single Photon K -2 and K -1 K -1 Double Core Ionization in C 2 H 2n (n= 1-3), CO, and N 2 as a Potential New Tool for Chemical Analysis[END_REF] and Fig. 4.2). According to the experimental values and for a photon energy of 1 keV, the photoelectron energies associated

with the transitions [COV -2 ] 2+ → [C(K -1 )OV -2 ] 3+ and [COV -2 ] 2+ → [CO(K -1 )V -2 ] 3+
lie in the intervals 592 -752 eV and 372 -512 eV, respectively.

On the other hand, the energies of the photoelectrons ejected during the formation of 

[C(K -2 )O] 2+ , [CO(K -2 )] 2+ ,
] 2+ [C(K -1 )OV -2 ] 3+ [CO(K -1 )V -2 ] 3+ ω v [eV] S S z C 2 Config. ω Cv [eV] S S z C 2
Config.

ω The electronic structure of the single core hole, the double core hole and the Auger states of CO is investigated.
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We restrict our model to SCH and DCH states and consider the Auger decay phenomenologically. We neglect the production of more than two core holes, valence ionization as well as satellite states.

In order to calculate the potential energy curves (PECs) of the core hole states, the Hartree-Fock molecular orbitals are used to build the reference wavefunction of the CISD expansion, to include the electron correlation and the large relaxation effects upon core ionization. The restricted active space method allows to impose the core occupancy.

The PECs of the ground and the core hole states of CO are bound, except those of the oxygen single-site DCH state which is dissociative. Some effects of the nuclear dynamics on core photoionization processes are deduced from the relative shapes and displacements of the minima of the PECs.

The importance of the relaxation phenomena is illustrated by considering the atomic Mulliken electronic populations in each molecular orbital as well as the electron density. The relaxation effects are especially pronounced in the case of single-site DCH states, while the electronic cloud is not significantly perturbed when the two holes are located on different atoms.

We consider the Auger decay widths as atomic properties, independent on the internuclear distance and on the energy. Recent calculations using a Fano-CI method validate the Auger decay widths used in our model. First, a classical description of the electromagnetic field interacting with a charge particle is provided. Then, we develop the formalism to describe the formation of DCH states and their Auger decay. For the sake of completeness, we derive the final equations of motion for the nuclei within the Born-Oppenheimer formalism, by introducing the various approximations step by step. All electron interactions (i.e. between the emitted electrons and between the emitted electrons and the bound electrons of the cations) are neglected, which is a reasonable assumption for a photon energy high above the ionization thresholds. In the present work, we analyze the photoelectron coincidence spectra but we do not consider the Auger electrons. Therefore, we derive the equations of motion for the nuclei in the ground electronic, the SCH and the DCH states explicitly, while the Auger decay is taken into account phenomenologically through atomic Auger decay widths. After that, we introduce photoionization decay widths calculated within the local approximation to approximate the coupling terms of higher order in time-dependent perturbation theory. This allows us to effectively decouple the time-differential equations. Solving the timedependent Schrödinger equation provides the nuclear populations in each electronic state, which are used to calculate the cross sections for SCH and DCH state formation.

Classical Description of an Electromagnetic Field

Interacting with a Charge Particle

A classical treatment of an electromagnetic (EM) field is valid for high photon densities.

In the present work, a molecule absorbs at most two photons among the ∼ 10 9 photons contained in the pulse, such that a classical description of the EM field is justified. The classical EM field is described by electric and magnetic vectors which satisfy Maxwell's equations. The ponderomotive energy U p describing the average oscillation energy that is acquired by the electron in the laser field is given by

U p =
q 2 e I 2ε 0 cm e ω 2 = 5.3 × 10 -6 a.u. = 0.144 meV, (

for an intensity of I = 10 15 W/cm 2 and a photon energy of ω = 1 keV. The charge and mass of the electron are q e and m e , ε 0 is the vacuum permittivity and c is the speed of light. The ponderomotive energy is much smaller than the core ionization thresholds (several hundreds of electronvolts), such that we work in a perturbative regime.

A laser pulse is a superposition of plane waves whose temporal and spectral characteristics are related through a Fourier transform:

E( r, t) = 1 (2π) 2 dωd k E E 0 (ω, k E )e i( k E • r-ωt) , ( 4.2) 
E 0 (ω, k E ) is a distribution which depends on the angular frequency ω and the wave vector k E of each plane wave. This superposition creates a propagating EM wavepacket which is localized in space and time. Therefore, the energy contained in a pulse is finite. The characteristics of XFEL radiation are such that the laser pulse can be written as a sinusoidal electric field linearly polarized along ẑ in the laboratory frame:

E( r, t) = E 0 g( r, t) cos ( k c E • r -ω c t + δ ω ( r, t)) z, ( 4.3) 
with a spatial and temporal profile g( r, t) and a field strength E 0 . The vector k c E is the central wave vector which defines the propagation direction, and ω c is the central angular frequency of the field. A perfectly polarized light along ẑ in the laboratory frame is assumed since the degree of polarization of XFEL radiation is > 90% [START_REF] Allaria | Control of the polarization of a vacuum-ultraviolet, high-gain, free-electron laser[END_REF]. Moreover, the spatial profile of a pulse exhibits a round shape with a FWHM of 200 mm, which is larger than the interaction volume. Therefore, we can neglect the spatial dependence of g( r, t).

Furthermore, we consider a x-ray photon with a wavelength of λ = 1.24 nm, interacting with an electron in a 1s orbital of radius ∼ a 0 /Z, with a 0 the Bohr radius and Z the nuclear charge of the atom. Therefore, the order of magnitude of

k c E • r is 2πa 0 /Zλ ∼ 4.5×10 -2 1
such that the electric dipole approximation is valid. Furthermore, the real phase δ ω ( r, t)

contains informations on the spatial and temporal coherence of the pulse. The coherence length of FEL radiation in the transverse direction is ∼ 300 µm [START_REF] Ullrich | Free-electron lasers: new avenues in molecular physics and photochemistry[END_REF], which is much larger than the transverse dimension of ∼ 1 µm of the focusing area considered in the present study. On the other hand, the longitudinal coherence time of SASE FEL pulses is generally included between 0.5 fs and a few femtoseconds [START_REF] Vartanyants | Coherence properties of individual femtosecond pulses of an x-ray free-electron laser[END_REF]. This coherence time might be insufficient for the pulse durations between 1 and 40 fs we employ. However, the temporal coherence time can be increased through a self-seeding procedure [START_REF] Ullrich | Free-electron lasers: new avenues in molecular physics and photochemistry[END_REF]. Therefore, we consider a laser pulse with a perfect spatial and temporal coherence such that δ ω ( r, t) is a constant.

Taking into account all these properties, Eq. 4.3 simplifies to

E(t) = E 0 g(t) cos(ω c t) z, ( 4.4) 
where we get rid of the constant phase shift. For a gaussian laser pulse, the envelope is given by

g(t) = e -2 ln 2 t-tc t FWHM 2 , ( 4.5) 
with t c the temporal center of the pulse and t FWHM the full width at half maximum of the envelope for the intensity. Despite that SASE FEL pulses are chaotic, the effects of an ensemble-averaged pulse and a gaussian pulse are the same for intensities in the order of 10 16 W/cm 2 we consider [START_REF] Rohringer | X-ray nonlinear optical processes using a selfamplified spontaneous emission free-electron laser[END_REF]. Due to the properties of the Fourier transform, the energy 91 bandwidth ω FWHM is connected to the pulse duration t FWHM by the relation:

ω FWHM × t FWHM = 4 ln 2, (4.6) 
for a gaussian laser pulse. Therefore, the laser pulse is characterized by a temporal envelope g(t) as well as by a frequency distribution g(ω) centered around ω c .

The total energy per unit surface contained in the pulse is given by [START_REF] Bransden | Physics of atoms and molecules[END_REF]:

E tot S = 2 ε 0 E 2 0 c 2 +∞ -∞ dt cos 2 (ω c t)e -4 ln 2 t-tc t FWHM 2 = ε 0 E 2 0 c 4 π ln 2 t FWHM 1 + cos (2ω c t c )e -ω 2 c t 2 FWHM 4 ln 2 . (4.7)
For a photon energy of 1 keV and a pulse duration of 1 fs, ω c t FWHM ∼ 1.5 × 10 3 such that the exponential term in Eq. 4.7 is negligible. Moreover, 1 2 π/ ln 2 ∼ 1 such that Eq. 4.7 simplifies as

E tot S ε 0 E 2 0 c 2 t FWHM . ( 4.8) 
The power of the pulse per unit surface can be defined as I = ε 0 E 2 0 c/2, which is the same expression than for a plane wave. The number of photons per unit surface n S can then be defined as

n S ω = I × t FWHM .
(4.9)

From Eqs. 4.8 and 4.9 we deduce an expression for the field strength

E 0 = 2n S ω c ε 0 ct FWHM = 2I ε 0 c . ( 4 

.10)

In order to describe the interaction of the electric field with the system, we can define the electric field from both scalar and vector potentials. Since the density of charges which emit the radiation is located at infinity with respect to the interaction volume, the scalar potential can be taken to be zero. Therefore, the electric field is expressed in terms of the vector potential only. We assume a vector potential of the form: Indeed, for (t -t c ) durations in the order of the laser temporal width, i.e. t -t c t FWHM , the order of magnitude of the second term in Eq. 4.12 is 4 ln 2/(ω c t FWHM ) ∼ 1.8 × 10 -3 compared to the first one.

A z (t) = E 0 ω c sin (ω c t)e -2
The coupling term between an electron interacting with an electromagnetic field is given by

Ŵ = - q e 2m e ( p • A + A • p) + q 2 e 2m e A 2 -M • B . (4.13)
B is the magnetic field, M is the total magnetic moment of the electron and p its momentum. The last term in Eq. 4.13 is relativistic. The orders of magnitude of the terms in Eq. 4. [START_REF] Fang | Double core-hole production in N 2 : beating the Auger clock[END_REF] The effect of the magnetic component is thus negligible compared to the effect of the electric field. The ponderomotive energy is much smaller than the electron's rest mass, i.e. U p m e c 2 , such that the electric field interacts with a nonrelativistic electron.

Moreover, a transverse electric field ( k E ⊥ , with the polarization of the field) satisfies -→ ∇ • A = 0 (the so-called Coulomb gauge) such that p and A commute. Therefore Eq. In the following, the subscript c of the angular frequency is dropped.

Quantum Model

In the following, we develop the formalism to describe the formation of DCH and their Ĥ is the unperturbed Hamiltonian given by the sum of the nuclear kinetic energy Tn and the electronic Hamiltonian ĥe . Ŵ (t) describes the interaction of the molecule with the laser pulse. Atomic units are used. In order to derive the equations of motion, we first define the wavefunction as well as the nature of the couplings among the electronic states.

The Total Wavefunction

Within the Born-Oppenheimer formalism, the total wave packet |Ψ(t) of a N -electron system is expanded as:

|Ψ(t) = |χ GS (t) ⊗ |GS + ī d k |χ SCHī ( k, t) ⊗ |SCH¯i, k e -i(ε+ωī)t (4.21) + i,j,S d k d k |χ DCH S {ij} ( k , k , t) ⊗ |DCH S {ij} , k k e -i(ε +ε +ω S ij )t + ī,v d k d k |χ¯i Av ( k , k , t) ⊗ |A v , k k e -i(ε +ε +ωv)t + ī, j, S,v d k d k d k |χ¯ij SAī v ( k , k , k , t) ⊗ |A¯i v , k k k e -i(ε +ε +ε +ωī v )t .
|GS , |SCH¯i, k and |DCH S {ij} , k k are N -electron wavefunctions for the ground, the intermediate and the final states. The index ī in SCH¯i indicates that the atom ī is coreionized, while the indices i and j associated with the DCH state indicate that the atoms i and j are core-ionized. The brace {ij} indicates that we do not know which element is ionized first. If the brace is dropped, we use the convention that the first and second indices are associated with the first and second steps, respectively. S denotes the spin of the DCH state. On the other hand, |A v , k k is the Auger state with two holes in the valence shells (V -2 ) resulting from the Auger decay of a SCH state. |A¯i v , k k k is the Auger state K -1 ī V -2 resulting from the Auger decay of a DCH state. This state is characterized by one hole in the K¯i shell and two holes in the valence orbitals. Each coreand/or valence-ionized state is associated with a continuum of states. The wave vectors of the emitted electrons are labelled k, k , k and k , while their energies are denoted ε, ε , ε and ε . If n electrons are ejected, the electronic wavefunction is factorized in a (N -n)-bound part and a product of n single electron states: k ,k ,k ,t) are the nuclear wave packets associated with the ground, the SCH, the DCH, the V -2 and the K -1 ī V -2 Auger states, respectively. The nuclear wave packets as well as the photoelectron and Auger states are normalized per unit momentum.

|SCH¯i, k = |SCH¯i ⊗ | k (4.22) |DCH S {ij} , k k = |DCH S {ij} ⊗ | k ⊗ | k (4.23) |A v , k k = |A v ⊗ | k ⊗ | k (4.24) |A¯i v , k k k = |A¯i v ⊗ | k ⊗ | k ⊗ | k . ( 4 

Matrix Elements

4.2.2.a Dipole Matrix Elements

We now consider all possible ionization pathways leading to the formation of DCH states of carbon monoxide. Let us suppose that the first emitted photoelectron k is associated with the formation of a core hole on atom ī. We denote { ī, k} the corresponding event.

We neglect the events corresponding to the pathways GS → SCH i for the first step and SCH i → DCH S ji or SCH i → DCH S jj for the second step (with j = i). In the case of ss-DCH states, two different ionization channels may be implied: The notation j/i specifies that the atom j is core-ionized, knowing that the atom i was core-ionized during the first step. The other terms can be interpreted in the same way.

In the case of carbon monoxide, the energies of the SCH and DCH states are such that only one event among two is significant in the formation of ss-DCH states, while only one term among four is significant for ts-DCH state formation. This property is illustrated in Fig. Therefore, the spectral features of the ss-DCH states are well separated in energy such that their overlap is negligible. We can thus identify which photoelectron is emitted first.

We use the convention that k is associated with the first step and k with the second step. On the contrary, the spectral features of the ts-DCH states (bottom right panel of region is vanishing. Therefore, we assume that an unique pathway, named conventionally {i, k } for the first step and {j, k } for the second step, leads to the production of a ts-DCH state. In the following, the final states are noted |DCH S ij , k k , where the order of the indices i and j as well as of the momenta k and k is meaningful.

[C(K -2 )O] 2+ [CO(K -2 )] 2+ [C(K -1 )O(K -1 )] 2+ ε O [eV] ε OO [eV] ε C [eV] ε CC [eV] ε S OC or ε C [eV] ε O or ε S CO [eV]
To summarize, an unique sequential pathway may lead to a particular ss-DCH or ts-DCH state, such that quantum interferences between two different pathways leading to the same final state are not taken into account in our model. analytical expression for the matrix elements can be derived in the velocity gauge (see Ref. [START_REF] Bransden | Quantum mechanics[END_REF]), as detailed in Appendix 4.A.2. The final expression for the coupling between SCH and DCH states is: angles in the equations of motion are therefore trivial. Since we consider that the electrons are emitted from localized 1s orbitals on different atomic sites (i or j), we include the phase exp (i k • --→ X j G) to define the coordinate vectors with respect to a common reference for all plane waves ( --→ X j G is the length vector between the center of mass G of the molecule and the core-ionized atom X j ). Therefore, the dependence of the dipole matrix elements on R is only in the phase.

W ijS ( k , R, t) = - (2 Zj/i ) 5/2 ω √ 3π k Z2 j/i + k 2 2 E 0 g(t) cos (ωt)e i k • --→ X j G Y 10 (θ k ), (4.33 

4.2.2.b Auger Matrix Elements

The Auger matrix elements are given by:

W iAv ( k, k , k , R) = A v , k k | ĥe |SCH i , k , (4.34) 
and In the present work, we focus on the detection in coincidence of the two photoelectrons, but we do not consider the Auger electrons. Therefore, we only need to perform the nuclear wave packet propagation in the ground, the SCH and the DCH electronic states, while it is irrelevant to describe the dynamics in the Auger states. In our model, the Auger decay is taken into account phenomenologically by introducing Auger decay widths (taken from literature) in the equations of motion. However, an expression for the Auger decay widths in terms of the matrix elements 4.34 and 4.35 can be derived in the local approximation [START_REF] Cederbaum | Local against non-local complex potential in resonant electron-molecule scattering[END_REF][START_REF] Domcke | Theory of resonance and threshold effects in electron-molecule collisions: The projection-operator approach[END_REF].

W ijSA iv ( k , k , k , κ, κ , R) = A iv , k k k | ĥe |DCH S ij , κ κ , ( 4 
Fig. 4.2 sums up the couplings between the electronic states included in this model.

The core-ionized states are coupled through the interaction with the electric field (green areas), while the SCH and DCH states can decay (red areas) to a set of Auger states, since the electron vacancies may be located in different valence orbitals. 
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Equations of Motion

In order to derive the equations of motion for the nuclei, we substitute the ansatz for the total wavefunction (Eq. 4.21) in the TDSE 6.6 and take the scalar product with the different electronic wavefunctions. The integral over the first emitted photoelectron in the equations of motion for the SCH and the DCH states, as well as the sum over ī in the latter case, drop due to the Dirac delta functions in the transition dipole matrix elements (see Eq. 4.30). One obtains a set of coupled ordinary time-differential equations:

i d dt |χ GS (t) = ĥGS |χ GS (t) + i d k W * gi ( k, R, t)e -i(ε+ω i )t |χ SCH i ( k, t) (4.36) i d dt |χ SCH i ( k, t) = ĥSCH i -ω i - i 2 ΓSCH i |χ SCH i ( k, t) + W gi ( k, R, t)e i(ε+ω i )t |χ GS (t) + j,S d k W * ijS ( k , R, t)e -i(ε +ω S ij -ω i )t |χ DCH S ij ( k, k , t) (4.37) i d dt |χ DCH S ij ( k, k , t) = ĥDCH S ij -ω S ij - i 2 ΓDCH S ij |χ DCH S ij ( k, k , t) + W ijS ( k , R, t)e i(ε +ω S ij -ω i )t |χ SCH i ( k, t) . (4.38)
ĥGS , ĥSCH i and ĥDCH S ij are the nuclear Hamiltonians of the ground, the SCH and the DCH states, respectively. The Auger decay widths ΓSCH i and ΓDCH S ij describe respectively the population leakage of the SCH and the DCH states due to the finite core hole lifetimes.

The norm of the total wavefunction is not strictly conserved because the exact couplings between the core hole and the Auger states are approximated by atomic Auger decay widths. The integrals over the photoelectron momenta in Eqs. 4.36 and 4.37 show that each core-ionized state is associated with a continuum of states due to the laser bandwidth and the finite core hole lifetimes.

To conclude, this model paves the way for a full quantum description of the ionization processes taking place during the formation of DCH states, at a photon energy high above the core ionization thresholds. Despite the approximations detailed in Section 4.2.2, we still have to deal with a complicated set of coupled time-differential equations which have to be solved simultaneously. Furthermore, the computational requirements can be impor-tant because of the infinite number of continua of states. The problem becomes tractable by solving the equations of motion within the local approximation.

Quantum Model Within the Local Approximation

The equations of motion can be partly decoupled by introducing photoionization decay widths derived within the local approximation [START_REF] Cederbaum | Local against non-local complex potential in resonant electron-molecule scattering[END_REF][START_REF] Domcke | Theory of resonance and threshold effects in electron-molecule collisions: The projection-operator approach[END_REF], to take into account the depopulation of the ground and SCH states induced by photon absorption.

Dipolar Matrix Elements and Nuclear Wave Packets Normalized per Unit Energy

In order to derive the final equations of motion, the nuclear wave packets and the dipole matrix elements normalized per unit momentum are transformed into quantities normalized per unit energy. Moreover, in order to get rid of the fast oscillating phases, we apply the rotating wave approximation [START_REF] Stöhr | NEXAFS spectroscopy[END_REF] and define the nuclear wave packets as:

|χ SCH i ( k, t) = | χSCH i (ε, t) (2ε) -1/4 Y 10 (θ k )e i k• --→ X i G e i(ε+ω i -ω)t |χ DCH S ij ( k, k , t) = | χDCH S ij (ε, ε , t) (2ε) -1/4 (2ε ) -1/4 Y 10 (θ k )Y 10 (θ k ) ×e i k• --→ X i G e i k • --→ X j G e i(ε+ε +ω S ij -2ω)t , ( 4.39) 
and the dipole matrix elements as,

W gi ( k, R, t) = Wgi (ε, t)(2ε) -1/4 e -iωt Y 10 (θ k )e i k• --→ X i G W ijS ( k , R, t) = WijS (ε , t)(2ε ) -1/4 e -iωt Y 10 (θ k )e i k • --→ X j G . (4.40)
All phases simplify in the equations of motion, such that the dependence of the dipole matrix elements on the internuclear distance drops:

i d dt |χ GS (t) = ĥGS |χ GS (t) + i dε W * gi (ε, t) | χSCH i (ε, t) (4.41) i d dt | χSCH i (ε, t) = ĥSCH i + ε -ω - i 2 ΓSCH i | χSCH i (ε, t) (4.42) + Wgi (ε, t) |χ GS (t) + j,S dε W * ijS (ε , t) | χDCH S ij (ε, ε , t) i d dt | χDCH S ij (ε, ε , t) = ĥDCH S ij + ε + ε -2ω - i 2 ΓDCH S ij | χDCH S ij (ε, ε , t) + WijS (ε , t) | χSCH i (ε, t) .
(4.43)

Photoionization Decay Widths as an Approximation to the Exact Dipolar Coupling Terms

We justified in Section 4.1 that the interaction of the system with the laser pulse is perturbative. Let us consider the order in time-dependent perturbation theory (TDPT)

of the coupling terms mediated by the electric field in Eqs. 4.41 to 4.43. If we apply TDPT, the first term in the equation of motion for the ground state 4.41 is of zeroth order and the second term is of second order. Moreover, the first two terms in the equation of motion for the SCH state 4.42 are of order one in TDPT, while the third term is of order three. Concerning the equation of motion for the DCH state 4.43, the two terms are of order two in TDPT. We go beyond the lower order in TDPT which is zero, one and two for the ground, the SCH and the DCH states, respectively. The error introduced if we approximate the terms of order two in Eqs. 4.41 and of order three in Eq. 4.42 should be small. Therefore, we approximate the coupling between the ground state and the SCH states (second term in Eq. 4.41) as well as the coupling between the SCH and the DCH states (third term in Eq. 4.42) with time-dependent photoionization decay widths Γphoto (t). These photoionization decay widths are derived within the local approximation [START_REF] Cederbaum | Local against non-local complex potential in resonant electron-molecule scattering[END_REF][START_REF] Domcke | Theory of resonance and threshold effects in electron-molecule collisions: The projection-operator approach[END_REF], which is valid for the photoelectron energies and the laser bandwidths considered in this work (see Appendix 4.B for more details).

In this approximation, the coupling of a discrete state with a continuum of states is described through a complex potential term, obtained from analytical integrations over time and energy. The total photoionization decay widths can be decomposed in partial decay widths, one for each open core photoionization pathway:

Γphoto GS→SCHs (t) = i Γphoto GS→SCH i (t) = 2π i | Wgi (t; ε res i = ω -ω i )| 2 , ( 4.44) 
for the ground state, and

Γphoto SCH i →DCHs (t) = j,S Γphoto SCH i →DCH S ij (t) = 2π j,S | WijS (t; ε res ijS = 2ω -ω S ij -ε i )| 2 , (4.45)
for the SCH states. The photoionization decay widths in Eqs. 4.44 and 4.45 are expressed from the dipole matrix elements evaluated at the resonance, where ε res i and ε res ijS are the resonant photoelectron energies for the first and second steps, respectively. Therefore, we get rid of the integration over the photoelectron momenta in the equations of motion for the ground and the SCH states (See Eqs. 4.41 and 4.42) and the final equations of motion are partly decoupled.

Final Equations of Motion

The final equations of motion become:

i d dt |χ GS (t) = ĥGS - i 2 Γphoto GS→SCHs (t) |χ GS (t) (4.46) i d dt | χSCH i (ε, t) = ĥSCH i + ε -ω - i 2 ΓSCH i - i 2 Γphoto SCH i →DCHs (t) × | χSCH i (ε, t) + Wgi (ε, t) |χ GS (t) (4.47) i d dt | χDCH S ij (ε, ε , t) = ĥDCH S ij + ε + ε -2ω - i 2 ΓDCH S ij | χDCH S ij (ε, ε , t) + WijS (ε , t) | χSCH i (ε, t) . (4.48)
The population leakage of the SCH and the DCH states due to the finite core hole lifetimes is depicted as red arrows in Fig. 4.3. On the other hand, the population leakage in the core hole states induced by the photoionization decay widths is depicted as green arrows in Fig. 4.3.

To conclude, the equations of motion in the ground, the SCH and the DCH states are decoupled partially by introducing photoionization decay widths -derived within the local approximation -to approximate the dipolar coupling terms of high order in timedependent perturbation theory. 
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Energy Differential Cross Sections

The energy differential cross section for the production of a specific SCH i state and one photoelectron of energy ε is obtained from the nuclear populations (see Ref. [START_REF] Guimarães | X-ray Spectroscopy of Molecules Driven by Strong IR Fields[END_REF])

dσ i (ε) dε = 2g n S Im +∞ -∞ dt Wgi (ε, t) χSCH i (ε, t)|χ GS (t) (4.49) g n S +∞ -∞ dt ΓSCH i + Γphoto SCH i →DCHs (t) χSCH i (ε, t)| χSCH i (ε, t) , (4.50)
with g = 2 the degeneracy factor. The derivation is detailed in Appendix 4.D. The integral of the differential cross section dσ i /dε over the energy ε is related to the total probability to create a SCH i state through the absorption of one photon.

If the Auger decay is neglected, the differential cross section is given by

dσ i (ε) dε = g n S lim t→+∞ χSCH i (ε, t)| χSCH i (ε, t) + +∞ -∞ dt Γphoto SCH i →DCHs (t) χSCH i (ε, t)| χSCH i (ε, t) . (4.51)
Similarly, the energy differential cross section for the creation of a specific DCH S ij state and two photoelectrons of energy ε and ε is

dσ S ij (ε, ε ) dεdε = 2g n S Im +∞ -∞ dt WijS (ε , t) χDCH S ij (ε, ε , t)| χSCH i (ε, t) (4.52) g n S ΓDCH S ij +∞ -∞ dt χDCH S ij (ε, ε , t)| χDCH S ij (ε, ε , t) . (4.53)
This expression is equivalent to:

dσ S ij (ε, ε T ) dεdε T g n S ΓDCH S ij +∞ -∞ dt χDCH S ij (ε, ε T -ε, t)| χDCH S ij (ε, ε T -ε, t) , ( 4.54) 
with ε T = ε + ε = cte the sum of the two photoelectron energies. For an one-site process g = 2, for a two-site process leading to a singlet state g = 1 and for a two-site process leading to a triplet state g = 3. The contributions of the singlet and triplet ts-DCH states to the cross section are sumed up incoherently. The integral of the distribution dσ S ij /dεdε over the two photoelectron energies is related to the total probability to create a DCH S ij state by absorbing two photons sequentially.

If the Auger decay is neglected, this cross section is given by

dσ S ij (ε, ε ) dεdε = g n S lim t→+∞ χDCH S ij (ε, ε , t)| χDCH S ij (ε, ε , t) . (4.55)
By integrating the doubly differential cross section (Eqs. 6.11 or 4.54) along lines of constant ε T one obtains:

dσ S ij (ε T ) dε T g n S ΓDCH S ij ε T 0 dε +∞ -∞ dt χDCH S ij (ε, ε T -ε, t)| χDCH S ij (ε, ε T -ε, t) . (4.56)
In order to highlight the effects of the nuclear dynamics in the intermediate SCH states, we will compare the results from the sequential absorption of two x-ray photons with that from direct single photon absorption. The cross section for the single photon pathway that corresponds to the synchrotron regime is:

dσ S ij (ε T ) dε T ∝ +∞ -∞ dt χ GS (t = 0)|e -i ĥDCH S ij t |χ GS (t = 0) e (iε T -ΓDCH S ij )t , (4.57)
where a direct broadband excitation from the ground electronic state to the DCH state is assumed.

Definitions for the different kinds of cross sections are summarized in Table 4.1.

Partial cross sections for SCH i formation by absorption of one photon dσ i (ε) dε

Singly energy differential (related to the probability to observe a photoelectron of energy ε knowing that a SCH i state has been formed) σ i = dε dσ i (ε) dε Integral Partial cross sections for DCH S ij formation after SCH i production, through sequential absorption of two photons (GS → SCH i → DCH S ij pathway)

d 2 σ S ij (ε,ε ) dεdε Doubly energy differential = d 2 σ S ij (ε,ε T ) dεdε T dε d 2 σ S ij (ε,ε ) dεdε
Singly energy differential with respect to the first photoelectron

= dε T d 2 σ S ij (ε,ε T ) dεdε T
energy (related to the probability to observe a photoelectron

= dσ S ij (ε) dε
of energy ε during the formation of SCH i , knowing that a DCH S ij state is then created) dε

d 2 σ S ij (ε,ε T ) dεdε T
Singly energy differential with respect to the total photoelectron 

= dσ S ij (ε T ) dε T energy σ S ij = dεdε d 2 σ S ij (ε,ε ) dεdε Integral Table 4

Direct and Conjugate Terms

In this section we show that the dipole matrix elements (Eqs. 4.29 to 4.30) can be decomposed in direct and conjugate terms. The following derivation can also be found in

Ref. [START_REF] Carniato | Single photon simultaneous K-shell ionization and K-shell excitation. I. Theoretical model applied to the interpretation of experimental results on H 2 O[END_REF]. The dipole matrix element for a system at N electrons is given by

W f i ( k, R, t) = - q e m e χ f e (N )| N j=1 p j |χ i e (N ) • A(t). (4.58)
|χ i e (N ) and |χ f e (N ) are the initial and final N -electron wavefunctions. q e and m e are the charge and the mass of an electron and p j is the momentum of the j th electron.

We neglect the interaction between the ejected electron and the electrons of the cation.

Moreover, we consider a photoelectron emitted from a purely atomic 1s orbital. Within these assumptions, the electronic wavefunction of the initial state is

|χ i e (N -1) = â1s |χ i e (N ) , (4.59)
while the electronic wavefunction of the final state is given by

|χ f e (N ) = â † k |χ f e (N -1) . (4.60)
The operator â1s annihilates the 1s orbital of the initial state, while â † k creates a photoelectron state | k . Eq. 4.58 becomes

W f i ( k, R, t) = - q e m e χ f e (N -1)|â k N j=1 p j â † 1s |χ i e (N -1) • A(t). (4.61)
Eq. 4.61 can be decomposed as

W f i ( k, R, t) = - q e m e χ f e (N -1)|â k p N â † 1s |χ i e (N -1) + χ f e (N -1)|â k N -1 j=1 p j â † 1s |χ i e (N -1) • A(t). (4.62)
p N is the momentum of the emitted core electron and p j that of the bound electrons.

The first term of Eq. 4.62 is called the direct contribution and corresponds to the dipolar excitation of a core electron into the continuum:

W Direct f i ( k, R, t) = - q e m e χ f e (N -1)|â k p N â † 1s |χ i e (N -1) • A(t) = - q e m e k| p N |1s χ f e (N -1)|χ i e (N -1) • A(t), (4.63)
where â1s |χ i e (N )

|χ i e (N -1) ⊗ |1s and â † k |χ f e (N -1)
|χ f e (N -1) ⊗ | k (i.e. only the dominant term in the expansion is considered). Within the frozen orbital approximation, the wavefunctions |χ f e (N -1) and |χ i e (N -1) are (N -1)-dimensional Slater determinants built with the same one-electron wavefunctions. In other words, the orbital relaxation in the presence of a core hole is neglected. Therefore, the overlap χ f e (N -1)|χ i e (N -1) equals one. Moreover, since we consider that the electron originates from a purely atomic 1s orbital, the R dependence of the transition dipole moment drops.

The second term of Eq. 4.62 corresponds to the conjugate process which involves the monopolar excitation of a core electron into the continuum, while the electric field interacts with the remaining N -1 electrons:

W Conj. f i ( k, R, t) = - q e m e χ f e (N -1)|â k N -1 j=1 p j â † 1s |χ i e (N -1) • A(t) = - q e m e χ f e (N -1)| N -1 j=1 p j |χ i e (N -1) k|1s • A(t). (4.64)
The conjugate contribution is neglected within the sudden approximation [START_REF] Stöhr | NEXAFS spectroscopy[END_REF], which is valid for high kinetic energy of the photoelectrons. Indeed, the overlap between a state of the continuum and a localized 1s orbital k|1s is very small. Therefore, in the sudden approximation, the coupling with the electric field involves a single active electron.

4.A.2 Transition Dipole Matrix Elements: Electron Described as a Plane Wave Originating from an Atomic 1s Orbital

To derive the expression for the transition dipole moment in the perturbative regime, we assume that the transverse electric field interacts with only one electron (single active electron approximation) in a purely atomic 1s orbital. From Eq. 4.19 it follows

W ( k, t) = i q e m e k| Â • - → ∇|1s ≡ i q e m e ω k| - → ∇|1s • E(t) = i q e m e ω d r X i   1 (2π) 3/2 e -i k• r G i - → ∇Φ 1s (r X i )   • E(t), (4.65)
in the velocity gauge. Φ 1s (r X i ) is the electronic ground state wavefunction. For electrons emitted from localized 1s orbitals on different atomic sites, we need to define the vectors r X i with respect to a common reference for all plane waves through the phase

exp (-i k • r G i ) = exp (-i k • ( r X i - --→ X i G))
. r X i and r G i are the photoelectron coordinates with respect to the ionized element X i and the center of mass G of the molecule, respectively.

--→ X i G is the length vector between the center of mass of the molecule and the ionized element X i . After integration by parts and knowing that Φ 1s (0) = lim

r X i →+∞ Φ 1s (r X i ) = 0 one obtains W ( k, t) = - q e m e ω(2π) 3/2 k • E(t) d r X i Φ 1s (r X i )e -i k•( r X i ---→ X i G) . (4.66)
The Fourier transform of the electronic ground state wavefunction gives

d r X i 1 √ π Z a 0 3/2 e - Zr X i a 0 e -i k• r X i = 8 √ π Z a 0 5/2 1 Z a 0 2 + k 2 2 , (4.67)
and using the fact that

Y 10 (θ k ) = 1 2 3 π cos θ k one obtains W ( k, t) = - q e m e ω √ 3π 2Z a 0 5/2 k Z a 0
with q e = √ 4πε 0 e = 1. The transition dipole moment normalized per unit momentum within the rotating wave approximation is (in atomic units)

W ( k, t) = - (2Z) 5/2 ω √ 3π k (Z 2 + k 2 ) 2 E 0 g(t) 1 2 e -iωt e i k• --→ X i G Y 10 (θ k ). (4.69)

4.B Photoionization Decay Widths Within the Local Approximation

In this section we derive the expressions for the photoionization decay widths within the local approximation [START_REF] Cederbaum | Local against non-local complex potential in resonant electron-molecule scattering[END_REF][START_REF] Domcke | Theory of resonance and threshold effects in electron-molecule collisions: The projection-operator approach[END_REF], following closely the derivation provided in [START_REF] Demekhin | Strong interference effects in the resonant Auger decay of atoms induced by intense x-ray fields[END_REF]. The detailed calculation is given for the photoionization decay width which approximates the coupling between the ground state and the continuum of SCH states. Let us consider the equations of motion for the ground state coupled to the SCH states:

i d dt |χ GS (t) = ĥGS |χ GS (t) + i dε W * gi (ε, t) | χSCH i (ε, t) (4.70) i d dt | χSCH i (ε, t) = ĥSCH i + ε -ω | χSCH i (ε, t) + Wgi (ε, t) |χ GS (t) . (4.71)
To find the solution of the nonhomogeneous differential equation 4.71 for the SCH states, we use the method of variation of constants. The solution of the homogeneous differential

equation i d dt | χSCH i (ε, t) homo = ( ĥSCH i + ε -ω) | χSCH i (ε, t) homo , (4.72)
is given by

| χSCH i (ε, t) homo = e -i( ĥSCH i +ε-ω)(t-t 0 ) | χSCH i (ε, t 0 ) , (4.73)
where t 0 is the time of the beginning of the propagation (when the laser pulse amplitude is zero). We look for a particular solution of the nonhomogeneous differential equation in the form

| χSCH i (ε, t) nonhomo = C(t)e -i( ĥSCH i +ε-ω)(t-t 0 ) | χSCH i (ε, t 0 ) , (4.74)
where C(t) is a function of time to be determined. Substituting this particular solution for the SCH i state into the Eq. 4.71 and integrating over time leads to

C(t) | χSCH i (ε, t 0 ) = -i t t 0 dτ e i( ĥSCH i +ε-ω)(τ -t 0 ) Wgi (ε, τ ) |χ GS (τ ) . (4.75)
We deduce the general solution of the nonhomogeneous Eq. 4.71, given by the sum of the solution of the homogeneous equation and one particular solution of the nonhomogeneous equation:

| χSCH i (ε, t) = e -i( ĥSCH i +ε-ω)(t-t 0 ) | χSCH i (ε, t 0 ) -ie -i( ĥSCH i +ε-ω)(t-t 0 ) × t t 0 dτ e i( ĥSCH i +ε-ω)(τ -t 0 ) Wgi (ε, τ ) |χ GS (τ ) . (4.76)
The initial condition is χSCH i (ε, t 0 )| χSCH i (ε, t 0 ) = 0. Therefore, 

| χSCH i (ε, t) = -i t t 0 dτ e i( ĥSCH i +ε-ω)(τ -t) Wgi (ε, τ ) |χ GS (τ ) . ( 4 
-i i t t 0 dτ dε W * gi (ε, t)e -i( ĥSCH i +ε-ω)(t-τ ) Wgi (ε, τ ) |χ GS (τ ) .
For the local approximation to be valid, the transition dipole moments should be nonzero only around the resonances ε res i -E ≤ ε ≤ ε res i + E (with E > 0 a constant which is chosen according to the laser bandwidth). This requirement is fulfilled for laser pulses with small bandwidths, which amount to Therefore, the dependence of the dipole matrix elements on the photoelectron energy is neglected and we evaluate the transition dipole moments at the resonant energy ε i . One defines the function

ε ′ [eV] Z = ZC/GS ×10 -3 Z = ZC/C ×10 -3 Z = ZO/C ×10 -3 Z = ZO/GS ×10 -3 Z = ZO/O ×10 -3 Z = ZC/O ×10 -3
K lm (t -τ ) = ε res i +E ε res i -E dε W * gi (t; ε res i )e -i( ĥSCH i +ε-ω)(t-τ ) Wgi (τ ; ε res i ) = W * gi (t; ε res i )e -i( ĥSCH i +ε res i -ω)(t-τ )
Wgi (τ ; ε res i )

ε res i +E ε res i -E dεe -i(ε-ε res i )(t-τ ) = W * gi (t; ε res i )e -i( ĥSCH i +ε res i -ω)(t-τ ) Wgi (τ ; ε res i ) +E -E dε e -iε (t-τ ) = W * gi (t; ε res i )e -i( ĥSCH i +ε res i -ω)(t-τ ) Wgi (τ ; ε res i )2 sin [E(t -τ )] t -τ , ( 4.79) 
where ε = ε -ε res i . We factorize the nuclear wave packet in the ground state in a slowly varying term and a fast oscillating phase factor |χ GS (t) = | χGS (t) e -iE GS t . Thus, Eq.

becomes

i d dt |χ GS (t) = ĥGS |χ GS (t) -i i W * gi (t; ε res i )e -iE GS t (4.80) × t t 0 dτ 2 sin [E(t -τ )] t -τ e -i( ĥSCH i +ε res i -E GS -ω)(t-τ ) Wgi (τ ; ε res i ) | χGS (τ ) = ĥGS |χ GS (t) -i i W * gi (t; ε res i )e -iE GS t × +∞ 0 dτ 2 sin (Eτ ) τ e -i( ĥSCH i +ε res i -E GS -ω)τ Wgi (t -τ ; ε res i ) | χGS (t -τ ) ,
for t 0 → -∞. The exponential term is almost one because of the energy conservation

ω = ĥSCH i + ε res i -E GS , such that i d dt |χ GS (t) = ĥGS |χ GS (t) -i i W * gi (t; ε res i )e -iE GS t × +∞ 0 dτ 2 sin (Eτ ) τ Wgi (t -τ ; ε res i ) | χGS (t -τ ) . (4.81)
The timescale at which the integrand undergoes substantial changes with time depends on the pulse duration and on the parameter E. The function Wgi (t -τ ; ε res i ) | χGS (t -τ ) varies substantially when the laser is on, i.e. on a time interval in the order of a few to tens of fs in our case. Moreover, the time scale for considerable changes of sin (Eτ )/τ is 2π/E. In order to perform the integration over time analytically, the parameter E should be chosen such that 2π/E is small compared to the pulse duration. As a result the function given by Eq. 4.79 is localized in time. This condition is satisfied for an energy interval of 20 eV since 2π /E = 0.2 fs. Thus Eq. 4.81 reduces to

i d dt |χ GS (t) = ĥGS |χ GS (t) -i i W * gi (t; ε res i ) Wgi (t; ε res i ) | χGS (t) e -iE GS t +∞ 0 dτ 2 sin (Eτ ) τ = ĥGS |χ GS (t) -iπ i W * gi (t; ε res i ) Wgi (t; ε res i ) |χ GS (t) = ĥGS |χ GS (t) - i 2 i Γphoto gi (t; ε res i ) |χ GS (t) . (4.82)
The final expression for the photoionization decay width describing the population leakage of the ground state induced by the electric field is:

Γphoto GS→SCHs (t) = i Γphoto gi (t) ≡ i Γphoto GS→SCH i (t) = 2π i | Wgi (t; ε res i = ω -ω i )| 2 , (4.83)
where the electronic energy of the ground state is set to zero.

One can derive a similar expression for the photoionization decay width describing the population leakage of the SCH i state induced by the electric field: 

Γphoto SCH i →DCHs (t) = j,S Γphoto SCH i →DCH S ij (t) = 2π j,S | WijS (t; ε res ijS = 2ω -ω S ij -ε res i )| 2 , ( 4 

4.C Ionization Pathways Leading to Auger State Formation

In this section, we consider all ionization channels leading to the formation of an Auger state.

According to Ref. [START_REF] Nakano | Single Photon K -2 and K -1 K -1 Double Core Ionization in C 2 H 2n (n= 1-3), CO, and N 2 as a Potential New Tool for Chemical Analysis[END_REF], the energy ranges of the Auger electrons emitted upon the decay of Two ionization pathways may lead to the formation of the Auger states V -2 (see Fig.

4.2):

GS

[693-714] eV ------→ [C(K -1 )O] + [190-260] eV ------→ [COV -2 ] 2+ GS [447-468] eV ------→ [CO(K -1 )] + [450-500] eV ------→ [COV -2 ] 2+ .
Therefore, we know which element is ionized first. However, the energy ranges of the first and second emitted electrons overlap when the oxygen is ionized first, and we can not distinguish the photoelectron from the Auger electron. In the case of the Auger states V -2 , two channels may thus be implied:

{O, k } first and then {V -2 /O, k } {O, k } first and then {V -2 /O, k }, (4.85) 
such that quantum interferences between these two pathways leading to the same final Auger state V -2 can be observed.

4.D Derivation of the SCH and DCH Energy Differential Cross Sections

First, we derive the expression for the energy differential cross section for the SCH i state.

The probability per unit time for the system to be in a state with one hole in the 1s orbital of atom i is given by

d dt χSCH i (ε, t)| χSCH i (ε, t) = 2 Re χSCH i (ε, t) d dt χSCH i (ε, t) . (4.86)
By substituting Eq. 6.9 in 4.86 one obtains 

d dt χSCH i (ε, t)| χSCH i (ε, t) = 2 Re -i χSCH i (ε, t)| ĥSCH i + ε -ω| χSCH i (ε, t) - 1 2 χSCH i (ε, t)| ΓSCH i + Γphoto SCH i →DCHs (t)| χSCH i (ε, t) -i Wgi (ε, t) χSCH i (ε, t)|χ GS (t) . ( 4 
dt d dt χSCH i (ε, t)| χSCH i (ε, t) = lim t→+∞ χSCH i (ε, t)| χSCH i (ε, t) -lim t→-∞ χSCH i (ε, t)| χSCH i (ε, t) = 0. (4.89)
Indeed, we consider the case where only the neutral electronic state is populated initially, i.e. χ GS (t = 0)|χ GS (t = 0) = 1. Moreover, the population of the SCH i state goes to zero at t → +∞ due to the finite core hole lifetime of this state. As a consequence we have

2 Im +∞ -∞ dt Wgi (ε, t) χSCH i (ε, t)|χ GS (t) +∞ -∞ dt ΓSCH i + Γphoto SCH i →DCHs (t) χSCH i (ε, t)| χSCH i (ε, t) . (4.90)
Chapter 5

Implementation of the Quantum Model

In this chapter, we present the details of the implementation of our time-dependent quantum model. The nuclear Hamiltonian and wavefunction depend on the spatial coordinate, on time and on the photoelectron energies which are continuous parameters. The numerical implementation of the time-dependent Schrödinger equation requires to discretize the energy, the spatial and the temporal coordinates. We thus turn from operators and wavefunctions to their matrix representation. First, we provide the expressions for the kinetic and potential operators in the sine-discrete variable representation. Then, the fourth order Runge-Kutta propagation scheme used to solve the nuclear equations of motion is presented. Finally, we give the numerical parameters used in the simulations.

Hamiltonian in Sine-Discrete Variable Representation

The spatial grid, along the internuclear distance R, is defined within the discrete variable representation (DVR) [START_REF] Beck | The multiconfiguration timedependent Hartree (MCTDH) method: A highly efficient algorithm for propagating wavepackets[END_REF], which is a powerful approximation method for representing wavefunctions and operators. The sine-DVR uses the particle-in-a-box eigenfunctions as a basis:

ϕ j (R) =        2 L sin jπ(R-R 0 ) L for R 0 ≤ R ≤ R n+1 0 else (5.1)
where L = R n+1 -R 0 defines the length of the box and j labels the basis functions ϕ j .

The DVR grid points are calculated from the eigenvalues of the position operator matrix Q jk (given in the basis {ϕ}) in its tridiagonal form. We obtain

R a = R 0 + a L n + 1 = R 0 + a∆R, ( 5.2) 
with a = {0, • • • , n} an integer to span the grid and ∆R the step size. Eq. 5.2 shows that the grid points are equidistantly spaced along the spatial coordinates. The basis functions ϕ j cancel at R 0 and R n+1 , i.e. these points do not belong to the grid. The advantage of this representation lies in the diagonal form of the potential,

V DVR ab = V (R a )δ ab . (5.3)
Moreover, an analytical expression can be derived for the kinetic energy matrix elements:

T DVR ab = - π ∆R 2          1 3 + 1 6(N +1) 2 - 1 2(N +1) 2 sin 2 ( aπ N +1 ) for a = b 2(-1) a-b (N +1) 2 sin( aπ N +1 ) sin( bπ N +1 ) (cos( aπ N +1 )-cos( bπ N +1 )) 2 for a = b.
(5.4)

The minimum R 0 and maximum R n+1 values of the spatial coordinate should be chosen such that all the interesting physical processes take place in this interval.

Fourth Order Runge-Kutta Wave Packet Propagation Method

The equations of motion for the nuclei (Eqs. 6.8 to 6.10) are solved thanks to the fourthorder Runge-Kutta (RK) method [START_REF] Press | Numerical Recipes (FORTRAN Version[END_REF]. A temporal grid is defined with a constant time step ∆t. In order to describe the continua of states, we discretize the photoelectron energy and we solve the equations of motion for each pair of values (ε, ε ) around the resonances.

The initial state is taken as the ground vibrational state (ν 0 ) of the ground electronic state, obtained by diagonalizing the unperturbed nuclear Hamiltonian ĥGS . Then, at each time step the derivative of the nuclear wavefunction in each electronic state is evaluated four times using Eqs. 6.8 to 6.10. Let us consider the equation of motion of a nuclear wave packet in an electronic state a:

i d dt |χ a (t) = ĥa |χ a (t) + W (t) |χ b (t) , (5.5) 
where ĥa is the nuclear Hamiltonian of the electronic state a and W (t) a time-dependent coupling between the electronic states a and b. The RK propagation scheme for this nuclear wave packet is:

K a 1 = ∆tf (t n , |χ a (t n ) ) = -i∆t ĥa |χ a (t n ) -i∆tW (t n ) |χ b (t n ) (5.6) K a 2 = ∆tf t n + ∆t 2 , |χ a (t n ) + K a 1 2 = -i∆t ĥa |χ a (t n ) + K a 1 2 -i∆tW t n + ∆t 2 |χ b (t n ) + K b 1 2 (5.7) K a 3 = ∆tf t n + ∆t 2 , |χ a (t n ) + K a 2 2 = -i∆t ĥa |χ a (t n ) + K a 2 2 -i∆tW t n + ∆t 2 |χ b (t n ) + K b 2 2 (5.8) K a 4 = ∆tf (t n + ∆t, |χ a (t n ) + K a 3 ) = -i∆t ĥa (|χ a (t n ) + K a 3 ) -i∆tW (t n + ∆t) |χ b (t n ) + K b 3 .
(5.9) K a n (n = 1 -4) and K b m (m = 1 -3) are the derivatives of the nuclear wavefunction in the electronic states a and b respectively, multiplied by the time step. The derivatives are evaluated once at the initial point t n of the time step (Eq. 5.6), twice at the middle of the time step t n + ∆t/2 (Eq. 5.7 and 5.8) and once at the end of the time step t n + ∆t (Eq. 5.9). From these derivatives, the nuclear wave packet in the electronic state a is propagated from t n to t n + ∆t:

|χ a (t n + ∆t) = |χ a (t n ) + 1 6 (K a 1 + 2K a 2 + 2K a 3 + K a 4 ) + O(∆t 5 ), (5.10) 
where O(∆t 5 ) is the error term. The propagation schemes for the nuclear wave packet in the ground, the SCH and the DCH states are detailed in Appendix 5.A.

This propagation scheme is implemented in Fortran 90. The CPU time for a propagation at a given energy is about one second.

Convergence Criteria

In this section, we assess the convergence criteria of the physical observables with respect to the size of the grid steps and the size of the grids themselves. Convergence with respect to a variable is reached when the variation of an observable is very small for a larger grid size and a smaller grid step. A compromise is made between accuracy and computational costs.

Propagation is performed until the populations in the core hole states are smaller than 10 -7 , i.e. when the electric field is almost zero and when the population leakage due to Auger decay is negligible in all states (or when the populations are constant with time when the Auger decay is neglected). More specifically, the final times of propagation are 80, 120 and 240 fs, for gaussian laser pulses of 1, 10 and 40 fs durations, respectively.

The temporal centers of the pulses are 3, 30 and 120 fs for pulse durations of 1, 10 and 40 fs, respectively, such that the populations are varying smoothly with time. Moreover, the time step ∆t has to be small enough to describe the fastest motion in the system.

For a photon energy of 1 keV [such that all ionization channels are open and that nearthreshold phenomena can be safely neglected], the oscillation period of the field amounts to T = 2π/ω ∼ 4.1 × 10 -3 fs. A very small time step would be required to describe these fast oscillations. However, within the rotating wave approximation, the oscillation period of the dipolar coupling term for a photoelectron energy close to the resonance of the carbon SCH state (for example) is T = 2π/(ω -ω i -ε) ∼ 13.3 fs (see Fig. 5.1). A small ∆t is also required to describe the fast nuclear motion in the dissociating oxygen ss-DCH state. Convergence of the nuclear populations and of the cross sections is reached for a time step ∆t = 10 -2 fs.

Furthermore, the size of the spatial grid has to be large enough and the grid step ∆R should be sufficiently small to describe accurately the vibrational states which contribute significantly to the dynamics. Convergence is reached for ∆R = 0.02 Å (a linear interpolation between the points of the ab initio PECs is done), while the simulation box covers the region from R = 0.7 to 1.5 Å (see Fig. 5.2). It is not necessary to extend the grid to larger internuclear distances even if the oxygen ss-DCH state is dissociative, since the Auger decay width acts as a complex absorbing potential. Therefore, the nuclear wave packet is vanishingly small near the edges of the grid. Finally, a photoelectron energy step ∆ε smaller than the laser bandwidth ω FWHM and than the vibrational energy spacing which amounts to ∼ 325 meV (see Fig. 5.2) is used to compute the differential cross sections in energy. A step of ∆ε = 20 meV is used for sim-ulations with t FWHM = 40 fs (ω FWHM = 45.6 meV) and 10 fs (ω FWHM = 182 meV), while a step of ∆ε = 100 meV is chosen for a laser pulse duration of 1 fs (ω FWHM = 1825 meV).

Moreover, the energy window has to be large enough to cover all spectral features of significant amplitude around a resonance. The energy window extends over 3-4 eV for laser bandwidths of 45.6 and 182 meV, while it spans 10-12 eV for a laser bandwidth of 1825 meV. Table 5.1 summarizes the simulation parameters. Table 5.1: Parameters used in the simulations: The pulse duration t FWHM , the temporal center of the pulse t c , the final time of propagation t f , the laser bandwidth ω FWHM and the photoelectron energy step ∆ε.

t FWHM [fs] t c [fs] t f [fs] ∆t [fs] ω FWHM [meV] ∆ε [meV] 1 3 80 
From these derivatives, the nuclear wave packets in each electronic state are propagated from t n to t n + ∆t using Eq. 5.10.

Chapter 6

Results

In this chapter, we employ our time-dependent quantum model in order to investigate DCH state formation through sequential absorption of two x-ray photons from a femtosecond laser pulse, using carbon monoxide as a prototype molecule. The nuclear dynamics, the Auger decay and the photon absorption occur at similar femtosecond time scales and are expected to leave a trace in the populations and the photoelectron spectra.

We intend to analyze their respective contributions in the formation of DCH states. First, we assess separately the impact of the Auger and photoionization decay widths on the probabilities to create core hole states and on the photoelectron spectra. This should help to understand the intricate problem where these competing processes act simultaneously.

Afterwards, the vibrational resolution of photoelectron coincidence spectra is discussed according to the laser bandwidth and the Auger decay widths. Furthermore, we investigate the influence of the laser pulse duration on the probability to create DCH states. The variation of the absolute DCH cross sections with the pulse duration is explained in terms of competing photon absorption and Auger decay in the intermediate SCH state. We show that we can actively control the ionization pathway by varying the laser pulse parameters.

Finally, we demonstrate that sequential absorption of two x-ray photons modifies significantly the vibrational distribution of the photoelectron coincidence spectra compared to direct single x-ray photon absorption.

Impact of the Photoionization Decay Widths

In the following, we investigate the formation of DCH states when the photoionization decay widths are included in the equations of motion, while the Auger decay is neglected.

Dipolar Coupling Term versus Photoionization Decay Width

In this section, we determine the photon density for which the photoionization decay width provides a good approximation to the dipolar coupling term between the ground state and the SCH states.

To this purpose, we calculate the population in the ground electronic state using an iterative and perturbative method for a three-level system. More explicitly, we first solve the equations of motion for the nuclei in the ground and SCH electronic states at the zeroth and first order in time-dependent perturbation theory (TDPT):

i d dt |χ (0) GS (t) = ĥGS |χ (0) GS (t) (6.1) 
i d dt | χ(1) SCH i (ε, t) = ĥSCH i + ε -ω - i 2 ΓSCH i | χ(1) SCH i (ε, t) + Wgi (ε, t) |χ (0) GS (t) ,
where the superscripts (0) and (1) specify the order in TDPT. The knowledge of | χ(1) SCH i (ε, t) for each photoelectron energy allows to compute the dipolar coupling term. In a second step, we thus propagate the nuclear wave packet in the ground state as: dipolar coupling term for pulses containing up to 4 × 10 9 photons. Further calculations are performed for this fixed number of photons, unless otherwise specified. For a laser pulse focusing area of 1.6 µm 2 , the photon density is thus n S = 4 Mb -1 .

i d dt |χ GS (t) = ĥGS |χ GS (t) + i dε W * gi (ε, t) | χSCH i (ε, t) . ( 6.2) 

Effect of the Dipolar Couplings on the Dynamics

We now assess qualitatively the influence of the photoionization decay widths on the probabilities per unit time and per unit energy to create SCH and DCH states at a fixed photon density. Note that we do not deal with populations, such that the numerical values of the probabilities should be considered with care.

In the following, the probabilities per unit time and per unit energy to create the carbon and oxygen SCH states are denoted P C and P O , respectively, while the probabilities to create the ss-DCH states are P CC and P OO . The probabilities for the singlet and triplet ts-DCH states are labeled P S=0 CO and P S=1 CO when the carbon is ionized first, as well as P S=0

OC and P S=1 OC when the oxygen is ionized first. All these probabilities are evaluated at resonance, i.e. the photoelectron energies are chosen such that the dominant pathway is

ν GS 0 → ν SCH 0 → ν DCH 0 .
Fig. 6.2 shows the probabilities per unit time and per unit energy to create the carbon and oxygen SCH and DCH states during the course of the laser pulse, when the photoionization decay widths are included (dashed lines) or not (full lines) in the equations of motion. The gaussian envelope of the pulse of 40 fs duration is depicted as gray area.

| χSCH i (ε, t)| 2 [C(K -1 )O] + | χDCH S ii (ε, ε ′ , t)| 2 [C(K -2 )O] 2+ | χDCH S ij (ε, ε ′ , t)| 2 t [fs] via [C(K -1 )O] + S = 0 S = 1 t [fs]
[C(K -1 )O(K -1 )] 2+
P C and P O appear about 50 fs after the start of the electric field. Indeed, because of the small transition dipole moments (see Fig. 4.4), the field strength is not sufficient to induce photon absorption during the first tens of femtosecond. Moreover, the probabilites to create the DCH states are non zero about 10 fs after the SCH states start to be populated. This temporal shift is in the order of the vibrational period. Therefore, the nuclear dynamics in the intermediate SCH state should leave a trace in the photoelectron spectra associated with the formation of DCH states. The same trend is observed when the Γphoto (t) is included or not in the equations of motion: The probabilities increase and then saturate when the laser pulse vanishes. Indeed, after ∼ 200 fs the couplings mediated by the electric field are negligible such that there is neither population transfer between the electronic states nor population leakage induced by the photoionization decay widths. P C is smaller than P O at the end of the propagation because the transition dipole moment of the carbon is smaller than that of the oxygen. Moreover, P OO > P CC since the dipole moment for the transition from the SCH to the ss-DCH state is larger for the oxygen compared to the carbon. On the other hand, P CO is larger than P OC even though P O > P C because the dipole moment for the transition

[C(K -1 )O] + → [C(K -1 )O(K -1 )] 2+ is larger compared to the dipole moment for the transition [CO(K -1 )] + → [C(K -1 )O(K -1 )] 2+ . As
expected, the probabilities in the triplet ts-DCH states are about 3 times larger compared to the singlet configuration. Finally, the ratio of the probabilities when the photoionization decay widths are neglected or not in the equations of motion amounts to 1.03-1.04.

Therefore, the effect of the photoionization decay widths on the probabilities to create SCH and DCH states is weak, because of the very small transition dipole moments associated with core ionization processes.

In the following, the impact of the photoionization decay widths on the photoelectron spectra is evaluated. This effect is expected to be small according to the previous discussion. As an illustrative example, we compare the photoelectron spectra associated with the carbon SCH state when the photoionization decay widths are included or not in the simulations (see Fig. 

Impact of the Auger Decay

In this section, we investigate qualitatively the formation of DCH states in the presence of the Auger decay, without taking into account the photoionization decay widths. As a consequence, the nuclear wavefunction in the ground electronic state remains an eigenstate during the propagation, and the SCH states are not coupled to the DCH states. Let us consider the probabilities per unit time and per unit energy to produce the SCH states. When the Auger decay is neglected ( ΓCH = 0 eV), P C and P O rise and stay constant after ∼ 200 fs. As explained previously, P O > P C because of the larger transition dipole moment of the oxygen. On the contrary, when the Auger decay is taken into account, P C and P O reach a maximum at ∼ 131 and 127 fs, respectively. When the Auger decay is included, the difference between P C and P O is reduced, since the larger transition dipole moment of the oxygen is counterbalanced by its shorter core hole lifetime (τ O = 3.85 fs) compared to the carbon (τ C = 6.86 fs). Therefore, the Auger decay has a strong impact on the probability to create a SCH state.

We focus now on the probabilities (per unit time and per unit energy at resonance) to create the DCH states. As previously, the probabilities associated with the DCH states rise about 10 fs after the SCH states start to be populated. This time shift foresees that the Auger decay in the intermediate SCH state will affect the probability to create a DCH state. When the Auger decay is neglected, P OO > P CC at the end of the propagation, since the transition dipole moments are larger when the oxygen is core ionized. When the Auger decay is considered, the maximum of P CC is larger than the maximum of P OO because of the very fast Auger decay in the oxygen ss-DCH state (τ OO = 1.28 fs). We see that the probabilities P CC , P S=0 CO and P S=1 CO have a maximum at shorter times (1.6, 1.6 and 1.2 fs respectively) than P C because of the shorter lifetimes of these DCH states compared to the carbon SCH state. Similarly, the maximum of P OO is centered 1.7 fs before those of P O . On the other hand, the maxima of P S=0 OC and P S=1 OC are 0.2 and 0.1 fs after the maximum of P O , because the lifetime of the ts-DCH states (2.47 fs) is only 1.6 times shorter than the lifetime of [CO(K -1 )] + . Finally, the probabilities for the singlet and triplet ts-DCH states are higher for the ionization pathway via [C(K -1 )O] + compared to the pathway via [CO(K -1 )] + . This is explained by the longer core hole lifetime of the carbon SCH state and the 3.8 times larger dipole matrix elements for the transition

| χSCH i (ε, t)| 2 [C(K -1 )O] + | χDCH S ii (ε, ε ′ , t)| 2 [C(K -2 )O] 2+ | χDCH S ij (ε, ε ′ , t)| 2 t [fs] t [
[C(K -1 )O(K -1 )] 2+ via [CO(K -1 )] + ×10 -4
[C(K -1 )O] + → [C(K -1 )O(K -1 )] 2+ .
We now investigate the fingerprint of the Auger decay on the photoelectron spectra.

In this purpose, we compare the photoelectron spectra associated with the carbon SCH state when the Auger decay width is included or not in the simulations (see Fig. 6.5).

The vibrational progression associated with the six lowest vibrational states is clearly resolved. The peaks in the photoelectron spectrum obtained in the presence of Auger decay are 3.5 times less intense and 2.5 times broader (FWHM=118 meV) compared to the spectral features when the Auger decay is neglected (FWHM=47 meV). Obviously, the finite core hole lifetime induces an energy broadening of the photoelectron spectrum. The cross section of SCH state formation (obtained by integrating the photoelectron spectrum over the energy) is identical in both cases. Indeed, the probability to create a SCH state does not depend on the Auger decay in this electronic state, which takes place after the first photon absorption. 

Photoelectron-Photoelectron Coincidence Spectra: Energy Differential Cross Sections

Qualitative Description of the Spectra

In this section, we provide a detailed description of one specific photoelectron-photoelectron coincidence spectrum calculated for a laser pulse duration of t FWHM = 40 fs. Such analysis should help for the interpretation of the coincidence spectra of the other DCH states.

The photoelectron-photoelectron coincidence spectrum associated with the formation of carbon ss-DCH state is shown in Fig. 6.6a. The two-dimensional (2D) spectrum corresponds to the doubly differential partial cross section of carbon ss-DCH state, with respect to the energy of the first (ε) and second (ε ) emitted photoelectrons [see Table 4.1 for the definitions of the cross sections]. The one-dimensional (1D) spectra report the kinetic energy distributions of a single photoelectron. More specifically, the upper 1D spectrum corresponds to the integration over all coincidence events for which the first photoelectron has a given energy ε (integration over a vertical line), while the left 1D spectrum is obtained by integrating over all coincidence events for which the second photoelectron has a given energy ε (integration over an horizontal line). Moreover, a vertical (black dashed) line satisfies the nominal energy conservation for the first ionization event: ) are aligned along ε = 630.22 eV. Therefore, the 1D spectrum dσ CC /dε is blurred. However, each spot at the crossing between a vertical and an horizontal line is associated with a given vibrational state ν of SCH i and a given vibrational state ν of DCH S ij . On the other hand, a diagonal (white) line characterized by a given total photoelectron energy ε T = ε + ε highlights the total nominal energy conservation of two photon processes:

ω = ω i + ε + E ν , ( 6 
ω = ω S ij + ε + E ν -ω i -E ν , ( 6 
2ω = ω S ij + ε + ε + E ν . (6.5)
According to Eq. 6.5, the spots along one diagonal line are associated with the formation of the same vibrational state ν of DCH S ij , indicated as white labels (0 -4) on the 2D spectrum. Therefore, the vibrational progression of the DCH S ij state is observed when the photoelectron-photoelectron coincidence spectrum is integrated along lines of constant ε T (see Eq. The sources of energy broadening of the kinetic energy distribution dσ S ij /dε are the Auger decay width of the SCH i state and the laser bandwidth. These sources of energy broadening explain the Voigt shape of the peaks in the photoelectron spectrum. Moreover, the energy broadening of the kinetic energy distribution dσ S ij /dε arises from the Auger decay widths of both SCH i and DCH S ij states and the laser bandwidth. Finally, the Auger decay width of the DCH state and the laser bandwidth limit the resolution of the spectrum of the total photoelectron energy.

Effect of the Laser Pulse Duration

On the contrary to the Auger decay width which is an intrinsic property of the system, the laser bandwidth is an external parameter which limits the vibrational resolution of the photoelectron spectra. In the following, we study the photoelectron-photoelectron coincidence spectra by varying systematically the laser pulse duration. Figs. 6.9 and 6.10 show the photoelectron-photoelectron coincidence spectra associated with the ts-DCH states, with either the carbon or the oxygen SCH as the intermediate state, together with the ε T -spectra. The contribution of singlet and triplet ts-DCH states superimpose in the electron spectra owing to the small energy difference (250 meV) between these two states. Therefore, the 2D spectra are the sum of the two contributions.

The energies of the photoelectrons when the carbon is ionized first are centered around (ε = 703 eV, ε = 441 eV), while the photoelectron energies amount to (ε = 457.5 eV, ε = 687 eV) when the oxygen is core ionized first. Therefore, the energy pairs (ε, ε ) to reach the same ts-DCH state differ significantly for the two ionization pathways, such that one knows which element is ionized first. The peaks in the kinetic energy distributions S dσ S ij /dε are centered at the same energies than for the ss-DCH spectra. However, owing to the different potential energy curves of the ts-DCH and of the ss-DCH states, the distributions along ε are distinct. The 2D spectra of the ts-DCH states are clearly distinguishable for the pathways via [C(K -1 )O] + and [CO(K -1 )] + . In contrast, the normalized ε T -spectra for the two pathways differ only slightly in intensity but the peak positions are identical. Since the vibrational energy spacing in the ts-DCH states (∆ν = 297-275 meV) is in the order of the Auger decay width of this state ( ΓDCH = 267 meV), the vibrational progression is only resolved for the longest laser pulse (t FWHM = 40 fs). The main contributions to these peaks are the six (five) lowest vibrational states of the singlet (triplet) ts-DCH state2 . Finally, a given peak arises from the population of the i T and the (i + 1) S vibrational states, since the energy difference between the singlet and triplet states is close to ∆ν.

To conclude, the energy broadening due to the laser bandwidth adds to the broadening due to the Auger decay widths, which are intrinsic properties of the system. Therefore, one can play on the pulse duration to resolve the vibrational progression. In the case of the carbon monoxide, a pulse as long as 20 fs is required to observe the vibrational structure of the SCH and the DCH states. 

ε T = ε + ε ′ [eV]
ε T = ε + ε ′ [eV]
ε T = ε + ε ′ [eV] t FWHM = 1 fs
ε T = ε + ε ′ [eV] t FWHM = 1 fs
ε T = ε + ε ′ [eV] 0 S 1 S 2 S 3 S 4 S 5 S 0 T 1 T 2 T 3 T 4 T t FWHM =
ε T = ε + ε ′ [eV] t FWHM = 1 fs
ε T = ε + ε ′ [eV] 0 S 1 S 2 S 3 S 4 S 5 S 0 T 1 T 2 T 3 T 4 T t FWHM =
ε T = ε + ε ′ [eV] t FWHM = 1 fs

Spectral Broadening due to the Absorption of a Second Photon Within a Single Pulse

In the following, we bring out the impact of sequential absorption of two photons within a single pulse on the spectral broadening of the singly differential partial cross section of SCH i associated with the production of a DCH S ij state (i.e. dε d 2 σ S ij (ε, ε )/dεdε = dσ S ij (ε)/dε). Fig. 6.11 compares the singly differential partial cross sections dσ C /dε (black line), dσ CC /dε (red line) and S dσ S CO /dε (blue line) for laser pulse of 1, 10 and 40 fs durations. All the spectra are scaled with respect to their most intense peak. The distributions dσ CC /dε and S dσ S CO /dε are much smaller than dσ C /dε (see multiplying factors in Fig. 6.11). Indeed, the formers are related to the probability to create a DCH state through the ionization pathway via [C(K -1 )O] + , while dσ C /dε is related to the probability to create [C(K -1 )O] + regardless of subsequent ionization events. The normalized spectra dσ CC /dε and S dσ S CO /dε are identical, since the information on the DCH lifetime is lost by integrating all coincidence events over the second photoelectron energy. Nevertheless, the information on the nature of the DCH state is preserved and manifests as a difference in intensity of these distributions (see multiplying factors in the figure).

The distributions dσ C /dε, dσ CC /dε and S dσ S CO /dε almost coincide for a 40 fs pulse duration. Indeed for such a long pulse, the Auger decay depletes significantly the SCH state such that second photoionization events are less probable. Thus, the energy broadening coming from the laser bandwidth associated with the second photon absorption plays a minor role compared to the Auger decay width. On the other hand, the distributions dσ CC /dε and S dσ S CO /dε broaden compared to dσ C /dε as the pulse duration decreases. This broadening comes from the laser bandwidth when a second photon is absorbed. Since DCH state formation results from two successive photoionizations, each photon absorption is a source of energy broadening of the spectrum.

Therefore, detecting all coincidence events associated with the formation of a particular SCH intermediate state reveals a broadening that is larger than the laser bandwidth and the Auger decay width. In the case of DCH state formation, the impact of the laser bandwidth on the energy broadening of the photoelectron spectra is therefore not as trivial as a simple convolution of the discrete photoelectron lines by a Fourier transform of the pulse envelope [START_REF] Santra | X-ray two-photon photoelectron spectroscopy: a theoretical study of inner-shell spectra of the organic paraaminophenol molecule[END_REF] 

Active Control over Double Core Hole State Formation

In the previous sections, we showed that for a long laser pulse, the Auger decay in the intermediate SCH state should have a noticeable effect on the cross sections of DCH state formation. The Auger lifetime being an intrinsic property of the system, we can not alter this parameter to favour the absorption of a second photon before the Auger decay takes place. However, the external electric field can be modulated to increase the photoionization rates. In this section, we tackle the problem of actively control the competition between all ionization processes in the intermediate SCH states by varying systematically the laser pulse parameters.

The partial integral cross sections of SCH state formation σ i (with i being C or O) are shown in Fig. 6.12 for different laser pulse durations between 1 and 40 fs, with and without considering the Auger decay in the equations of motion. The photon density is kept fixed at n S = 4 Mb -1 . As expected, the cross sections σ i are independent on the pulse duration, since the probability to create a SCH state does not depend on subsequent ionization processes occuring in this state. These cross sections are almost identical when the Auger decay is taken into account or not. The small deviation for t FWHM ≥ 5 fs comes from the effects of the convolution (in a static approach) which are more sensitive to the Lorentzian [START_REF] Veigele | Photon cross sections from 0.1 keV to 1 MeV for elements Z=1 to Z=94[END_REF]. The relative errors between the calculated and experimental cross sections amount to 59% and 9% for the carbon and oxygen, respectively. This error is partly due to the fact that the overlap integral between the electronic wavefunctions SCH i |â 1s i GS are set to one in our model (see Section 4.2.2.a). Although relaxation effects are more important when the oxygen is core ionized (see Section 3.4.1), the relative error on the cross section is higher for the carbon. One possible explanation is that the 1s orbital approximation is better for the oxygen owing to its higher nuclear charge. The larger cross section for the oxygen compared to the carbon is mainly due to the higher transition dipole moment associated with the formation of [CO(K -1 )] + ( W Fig. 6.13 shows the dependence of the cross sections σ i on the laser intensity, for different pulse durations. The photon density is not constant for these calculations. As expected, there is a linear increase of the cross sections σ i with the intensity for a given pulse duration.

To conclude, we can not control the formation of SCH states by varying the laser pulse duration. Instead, the laser pulse intensity can be changed to affect the cross sections of SCH states.

We now assess the influence of the pulse duration on the partial integral cross sections Let us first consider the case where the Auger decay of the SCH and the DCH states is neglected. The σ ij and σ ii are almost independent on the laser pulse duration, i.e. the probability to create one particular DCH state does not depend on the pulse duration.

Indeed when ΓSCH = 0 eV, there is no competition between second photon absorption and Auger decay in the intermediate SCH state, such that the system has time to absorb a second photon whatever the pulse duration. Moreover, σ OO > σ CC owing to the higher transition dipole moments for oxygen K-shell ionization compared to the carbon by a factor of W Moreover, the ts-DCH cross sections S σ S CO and S σ S OC are close in the approximation of independent core holes. The small difference comes from the photoelectron energies (ε, ε ) as well as the transition dipole moments which differ for the two ionization pathways. Indeed, the ratios of the transition dipole moments associated with the first step W 2 gO / W 2 gC and the second step W 2 CO / W 2 OC are almost identical at the resonance3 . When the Auger decay is taken into account, the general trend is a decrease of the σ ij when the pulse duration increases. Indeed, the probability that Auger decay in the intermediate SCH state occurs before a second photon is absorbed increases with the laser pulse duration.

For the shortest laser pulse, the Auger decay should have little influence and one can compare the results with and without including the Auger decay widths in the equations of motion. The relative difference between the cross sections σ OO without and with the Auger decay amounts to 0.14. This difference indicates that the oxygen core hole lifetime (τ O = 3.85 fs) plays a role even for such short laser pulse. On the contrary, the relative difference in σ CC when the Auger decay is neglected or not is only 0.07. Indeed, the Auger lifetime of the carbon SCH state (τ C = 6.86 fs) is significantly higher than t FWHM = 1 fs and thus the impact of the Auger decay is small. For the shortest pulse duration, σ OO > σ CC while the difference decreases the longer the laser pulse. Indeed, fast Auger decay of oxygen (τ O = 3.85 fs) compensates for its larger transition dipole moment for long pulse duration. Moreover, the difference between the ts-DCH cross sections for the two ionization pathways is 0.03 for a pulse duration of 1 fs, while it amounts to 0.67 for t FWHM = 40 fs. The probability to create a ts-DCH state via the intermediate [C(K -1 )O] + state is favoured for the longer pulses due to the longer core hole lifetime of the carbon SCH state.

To conclude, the cross sections of DCH state formation are enhanced for short laser pulses, since the absorption of a second photon is favoured compared to the Auger decay of the intermediate SCH state.

We saw previously the probability of DCH state formation as a function of the pulse duration for all ionization channels. In the following, we want to determine which pulse duration favours the formation of DCH states via a particular SCH state. In this purpose, the cross sections is inverted. For example, j,S σ S Oj is 1.33 times smaller than j,S σ S Cj for a pulse duration of 40 fs. Therefore, pulses longer than the core hole lifetimes induce preferentially ionization of the carbon first. We now compare the ratios σ i /σ ij when the Auger decay is included in all core hole states (first column) to the ratios when the Auger decay of the DCH states is set to zero (third column). Whatever the pulse duration, the ratios are very close for all ionization channels, i.e. σ i /σ ij ( ΓSCH = 0 eV, ΓDCH = 0 eV) σ i /σ ij ( ΓSCH = 0 eV, ΓDCH = 0 eV). This result confirms that the cross sections of DCH state formation do not depend on the Auger decay widths of these states.

In order to quantify the competition between Auger decay and second photon absorption in the SCH state, we compare the ratios σ i /σ ij when the Auger decay of the SCH state is taken into account or not (second and third columns). For a pulse duration of 1 fs, the ratios are very close, i.e. σ i /σ ij ( ΓSCH = 0 eV, ΓDCH = 0 eV) σ i /σ ij ( ΓSCH = 0 eV, ΓDCH = 0 eV). Indeed, we saw previously that the Auger decay of the SCH states plays a minor role for such short laser pulse. On the contrary, for a pulse duration of 40 fs the ratios are about 5 to 8 times larger when ΓSCH = 0 eV: When the competition between ionization processes in the SCH states is suppressed, the probability to create a DCH state is significantly higher. laser pulses much shorter or longer than the SCH lifetimes, one can enhance a particular ionization channel. In the former case, one can favour the absorption of a second photon before the Auger decay takes place. Hence, the formation of DCH states can be actively controlled through the laser pulse characteristics. The dependence of the cross sections of DCH states on the laser pulse duration was also investigated in Ref. [START_REF] Larsson | Double core-hole formation in small molecules at the LCLS free electron laser[END_REF] using a rate equation model to compute the populations in the different electronic states. However, the scale used to depict the cross sections does not allow to compare with our results.

Signature of the Nuclear Dynamics on Core Photoionization Processes: XFEL versus Synchrotron

Regimes

In the following, we want to highlight the role of the nuclear dynamics on the formation of single-site and two-site DCH states. In this purpose, the ε T -spectra for the sequential twophoton pathway when the nuclear dynamics is taken into account or not (XFEL regime) are compared to the ε T -spectra for the direct one-photon process (synchrotron regime).

A detailed analysis is carried out for each ionization channel separately at a fixed pulse duration of 40 fs.

Formation of Carbon Single-Site DCH State

We first discuss the formation of carbon ss-DCH state. The differential cross sections with respect to the total photoelectron energy, as defined in Eq. 4.56 for the sequential two-photon process and in Eq. 4.57 for the direct one-photon process are displayed in Fig. 6.2, where the relative intensities with respect to the most probable event are collected.

As expected, the spectrum obtained for the sequential two-photon pathway without including the nuclear degree of freedom -labeled (R eq , 2ω, ε T ) -exhibits a single peak with a FWHM of 300 meV which is comparable to the Auger decay width of the DCH state ( ΓDCH = 288 meV). When the nuclear dynamics is taken into account, the spectrumlabeled (2ω, ε T ) in the following -presents a long vibrational progression (over 2 eV) corresponding to the population of the five lowest vibrational states in the final DCH state.

The comparison of the (R eq , 2ω, ε T )-and (2ω, ε T )-spectra shows that the nuclear dynamics broadens substantially the energy distribution. For this system and a laser pulse of 40 fs, vibrational dynamics is the largest source of broadening.

Let us analyze in more details the (2ω, ε T )-spectrum. Several ionization pathways are possible for a given energy ε T . For example, the peak at 1334.41 eV (label a) mainly originates from the population of the fundamental vibrational level of [C(K -1 )O] + and to a less extent from that of the first excited vibrational level (see Table 6.2). How to explain the dominance of the pathway via the ground vibrational level of the intermediate SCH state for the sequential two-photon pathway? The left panel of Fig. 6.17 

ε T = ε + ε ′ [eV] a b c d e 0 1 2 3 4 (R eq , 2ω, ε T ) (2ω, ε T ) (ω ′ , ε T ) (b)
Differential cross sections with respect to the total photoelectron energy ε T , scaled with respect to their most intense peak (in arbitrary units). The labels (a → e ≡ 0 → 4) indicate the vibrational levels of the DCH state. Black line: Two-photon process including nuclear dynamics; Green line: Two-photon process simulated from vertical transitions at the equilibrium internuclear distance of the ground electronic state; Brown line: One-photon process including nuclear dynamics. However, the relative intensities of the peaks differ from that of the (2ω, ε T )-spectrum.

In the case of direct ionization, ν DCH For the sequential channel, the Franck-Condon factor associated with the j th vibrational state of the DCH state is calculated as

i | ϕ DCH j |ϕ SCH i | 2 × | ϕ SCH i |ϕ GS 0 | 2 ,
where the sum is over the vibrational states of the SCH state which have a dominant contribution to the dynamics (see Table 6.2). For the direct channel, the Franck-Condon factor associated with the j th vibrational state of the DCH state is calculated as

| ϕ DCH j |ϕ GS 0 | 2 .
the bond of 0.08 Å accompanying the photon absorption. The difference in the relative intensity distributions in the vibrational structure of the spectra for the two-photon and one-photon pathways illustrates the influence of the nuclear dynamics in the intermediate SCH state, and provides information on the shape and the relative displacement of the minima of the core hole PECs. 

Label [C(K -2 )O] 2+ [C(K -1 )O(K -1 )] 2+ [C(K -1 )O(K -1 )] 2+ via [C(K -1 )O] + via [CO(K -1 )] + a 00 ( 

Formation of Oxygen Single-Site DCH State

In contrast to the formation of carbon SCH state, the equilibrium bond length increases when one core electron is removed from the oxygen 1s orbital. Furthermore, the molecule dissociates after creating a second vacancy in the oxygen K-shell. We therefore expect a completely different impact of the nuclear dynamics during the formation of oxygen ss-DCH state.

The (2ω, ε T )-, (R eq , 2ω, ε T )-and (ω , ε T )-photoelectron spectra as well as the photoelectronphotoelectron coincidence spectrum for the sequential two-photon process are shown in Fig. 6.19. No vibrational distribution is observed in the (2ω, ε T )-and (ω , ε T )photoelectron spectra due to the dissociative character of the oxygen ss-DCH state. The FWHMs of the (2ω, ε T )-and (ω , ε T )-spectra amount to 2 eV and 1.8 eV, respectively, which are larger than that of the spectrum at fixed internuclear distance (FWHM=0.5 eV). 

ε T = ε + ε ′ [eV] (R eq , 2ω, ε T ) (2ω, ε T ) (ω ′ , ε T ) ( 
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|χ GS (t) Furthermore, the (2ω, ε T )-spectrum is shifted by +0.9 eV and by +0.27 eV with respect to the (R eq , 2ω, ε T )-and (ω , ε T )-spectra, respectively. This energy shift is also explained by the elongation of the bond in the intermediate SCH state. Indeed, the difference in electronic energy between the [CO(K -1 )] + and [CO(K -2 )] 2+ states decreases as the bond stretches. Moreover, the (R eq , 2ω, ε T )-spectrum is centered at lower energy compared to the (ω , ε T )-spectrum, since the direct process allows to reach states of higher energy in the continuum. The increasing density of states with the energy induces a blue-shift of the spectrum.

To conclude, the dissociative character of the oxygen ss-DCH state explains the lack of vibrational progression in the differential cross sections with respect to the total photoelectron energy. Despite that, the energy shift between the ε T -spectra for the sequential and direct processes allows us to retrieve information on the nuclear dynamics in the intermediate SCH state. 

Formation of Two-Site DCH States
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c) Differential cross sections with respect to the total photoelectron energy ε T , scaled with respect to their most intense peak (in arbitrary units). The labels (a → f) indicate the vibrational levels of the ts-DCH states. More specifically, the labels 0 S → 5 S and 0 T → 4 T give the vibrational levels of the singlet and triplet ts-DCH states, respectively. For the two-photon process including nuclear dynamics, the difference between the spectra with the carbon and oxygen as intermediate SCH states is given in gray, together with the scaling factor. For further details on the different spectra, see caption of 
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.22: Comparison of the differential cross sections with respect to the total photoelectron energy ε T for the sequential two-photon pathways via [C(K -1 )O] + (upper panel) and [CO(K -1 )] + (middle panel) and for the direct one-photon pathway (lower panel), with the Franck-Condon factors (red and blue vertical bars for the singlet and triplet states, respectively). The spectra and the Franck-Condon factors are normalized with respect to their most intense peak. For the sequential channel, the Franck-Condon factor associated with the j th vibrational state of the DCH state is calculated as

i | ϕ DCH j |ϕ SCH i | 2 × | ϕ SCH i |ϕ GS 0 | 2
, where the sum is over the vibrational states of the SCH state which have a dominant contribution to the dynamics (see Table 6.2). For the direct channel, the Franck-Condon factor associated with the j th vibrational state of the DCH state is calculated as

| ϕ DCH j |ϕ GS 0 | 2 .
the implementation of these coupled time-differential equations is challenging since an infinite number of continua of states is involved. This intricate problem is simplified by approximating the higher order terms in time-dependent perturbation theory by photoionization decay widths derived within the local approximation. In this way, the equations of motion are partly decoupled with the benefit of reduced computational costs. On the other hand, the population leakage of the core hole states induced by the Auger decay is treated phenomenologically through atomic Auger decay widths taken from literature.

Finally, absolute double core hole cross sections are determined from the nuclear populations in the corresponding electronic states. This model has been implemented from scratch. A fourth order Runge-Kutta algorithm is used to perform to nuclear wave packet propagation, while the Hamiltonian and the wavefunctions are described in the sine-discrete variable representation.

We exploited our model to analyze the respective contributions of the nuclear dynamics, the photoabsorption and the Auger decay which occur simultaneously at the femtosecond timescale in the formation of double core hole states in carbon monoxide.

We studied the vibrational structure in the photoelectron coincidence spectra for different pulse durations. The vibrational progressions in the final states are revealed by integrating the coincidence spectra along lines of constant total photoelectron energy. A pulse of 40 fs duration, i.e. three times longer than the vibrational period is required to clearly observe the vibrational progression of the single and double core hole states. We also demonstrated that the absorption of a second photon within the same laser pulse is an additional source of spectral broadening, while in previous studies the spectra were commonly convoluted with a simple Fourier transform of the pulse envelope. Afterwards, we investigated the impact of the laser pulse duration on the absolute cross sections associated with the formation of single and double core hole states. As expected, the cross sections of single core hole states are almost independent on the pulse duration. Indeed, the probability to absorb a first photon does not depend on subsequent ionization events. We then tackled the control over double core hole state formation by varying systematically the laser pulse duration. When the Auger decay is neglected, the cross sections of double core hole states are constant with the pulse duration. On the contrary, these cross sections decrease the longer the laser pulse is. These results brought to light could be taken into account in the photoionization decay widths. Moreover, the nuclear propagation in the Auger states could be performed explicitly. Auger electron spectra can provide further informations on the dynamics taking place prior to Auger decay. One motivation is also that Auger spectra do not depend on the laser pulse characteristics, which are not (yet) entirely mastered experimentally. However, we already highlighted the difficulties arising from an explicit treatment of the Auger states: Indeed, several ionization pathways may lead to the same final state. Moreover, a considerable number of Auger states are accessible such that the computational costs will increase substantially.

Finally, in the current study we focused on the impact of the nuclear dynamics on core photoionization processes, but we did not put emphasis on the great potential of double core hole spectroscopy in terms of chemical analysis. To this purpose, higher dimensional and chemically-relevant systems should be investigated. In this case, a full quantum treatment is intractable such that a semi-classical nuclear propagation scheme would be required. Grâce à ce modèle:

Résumé en Français

• Nous avons calculé des spectres de photoélectrons associés à la formation d'états K -1 , K -2 et K -1 K -1 , afin d'étudier l'influence de la dynamique nucléaire sur les processus d'ionisation en couche de coeur.

• Nous avons étudié la possibilité de contrôler la compétition entre l'absorption d'un deuxième photon, le déclin Auger et la dynamique nucléaire dans l'état intermédiaire K -1 , en faisant varier la durée de l'impulsion laser.

Nous allons à présent considérer plus en détail notre modèle ainsi que son implémentation, avant de présenter les résultats principaux obtenus au cours de ces trois années de recherche. Nous invitons le lecteur à lire la version en anglais de la thèse s'il souhaite obtenir de plus amples informations sur le travail de recherche effectué.

Orbitales de valence d)

Couche 

R.2.1 Structure Electronique

La structure électronique est étudiée en résolvant l'équation de Schrödinger indépendante du temps pour les électrons, en fixant la position des noyaux. L'étude de la structure électronique d'états ionisés en couche de coeur nécessite le traitement des forts effets de relaxation en présence d'une lacune électronique en couche K, ainsi que de la corrélation En revanche, nous pouvons jouer avec les paramètres de l'impulsion laser pour affecter la probabilité de formation des états finaux K -2 et K -1 K -1 .

R.2.2 Equations du Mouvement des Noyaux

|Ψ(t) = |χ GS (t) ⊗ |GS + i d k |χ SCH i ( k,
Nous nous sommes donc intéressés au contrôle actif de la formation d'états doublement ionisés en couche K en faisant varier de manière systématique la durée de l'impulsion laser. Pour cela, nous travaillons avec une densité de photons constante. Les sections (R eq , 2ω, ε T ) (2ω, ε T ) (ω ′ , ε T ) (b) Sections efficaces différentielles en énergie totale de photoélectron (ε T = ε + ε ), normalisées par rapport au pic le plus intense (en unités arbitraires). Les chiffres 0-4 indiquent les niveaux vibrationnels de l'état final K -2 . Spectre vert: Processus à deux photons, en négligeant la dynamique nucléaire; Spectre noir: Processus à deux photons, en prenant en compte la dynamique nucléaire; Spectre marron: Processus à un photon en prenant en compte la dynamique nucléaire. Ce travail de recherche a donné lieu à une première publication [START_REF] Oberli | Time-dependent quantum description of molecular double-core-hole-state formation: Impact of the nuclear dynamics on sequential two-photon processes[END_REF]. Un deuxième article est en cours de préparation.
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 1 Figure 1: Time and length scales of processes accessible by XFEL, synchrotron and optical laser sources. Fig. taken from Ref. [6].
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 1112 Figure 1.1: a) Absorption of a x-ray photon leading to the creation of a singly ionized state with an electron vacancy in the K shell and a photoelectron e ph . b) Radiative decay following core ionization, leading to the emission of a photon upon deexcitation of an electron from an outer shell to the core orbital. c) Auger decay process following core ionization, during which a valence electron fills the core hole, leading to the emission of an Auger electron e A . The horizontal gray lines represent the electronic energy levels, and the horizontal dashed black lines correspond to the ionization potentials. The continua of states are represented by gray rectangles. Electrons and electron vacancies are depicted as red and empty circles, respectively.
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 713 Figure 1.3: Yields of Auger and radiative processes as a function of the atomic number. Adapted from Ref. [39].
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 14 Figure 1.4: Carbon 1s electron spectrum of ethyltrifluoroacetate, taken from Ref. [1].
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 15 Figure1.5: Ground state core orbital 1s , repulsion and relaxation energies which contribute to the energy of SCH (K -1 ), ss-DCH (K -2 ) and ts-DCH (K -1 K -1 ) states of C 2 H 2 , C 2 H 4 and C 2 H 6 molecules. The small chemical shifts between the SCH states do not allow to distinguish these molecules. However, creating two core holes on different atomic sites leads to a split of the neardegeneracy. Adapted from Ref.[START_REF] Cederbaum | On double vacancies in the core[END_REF].
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 16 Figure 1.6: Illustration of an undulator, which is a periodic arrangement of magnets with alternate polarities. The magnetic field forces the electrons to oscillate transversally. This acceleration results in the emission of synchrotron radiation at each curvature in the trajectory. Fig. from: By Horst Frank at the German language Wikipedia, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=3977203.
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 17 Figure 1.7: Formation of DCH states of a molecule AB induced by the absorption of a single x-ray photon of energy ω. The ejection of two core electrons e ph by one photon is the dominant pathway leading to the creation of DCH states in synchrotron facilities. a) ts-DCH state, with one electron vacancy in the K-shell of atom A (K A ) and one hole in the K-shell of atom B (K B ). b) The ts-DCH state deexcites through the sequential emission of two Auger electrons e A (only the first Auger decay is shown). c) ss-DCH state, with two electron vacancies in the K-shell of one atom. d) First Auger electron emission following the formation of a ss-DCH state. The radiative decay is negligible for light elements studied in this work, and is not shown on the figure. For details on the symbols, see caption of Fig. 1.1.
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 1 photon is higher than the ionization potential of the K-shell (for e.g. of atom A and B), a SCH state is formed leading to the emission of a photoelectron. Panel 1.8 a) illustrates this process where the atom A is core-ionized first. The cationic species [A(K -1 )B] + is unstable and has a finite core hole lifetime. If the Auger decay takes place prior to photon absorption, the core vacancy is filled and two holes are created in a molecular valence shell V (Panel 1.8 b)). On the other hand, if a second photon from the same pulse is absorbed before the Auger decay occurs, a DCH state is created. The core vacancies are either located on different atoms like in ts-DCH states (Panel 1.8 c))
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 18 Figure 1.8: Formation of DCH states of a molecule AB through the sequential absorption of two x-ray photons of energy ω. The successive removal of two core electrons is the dominant pathway leading to the creation of DCH states in XFEL facilities. a) A primary photoelectron e ph is emitted, leading to the creation of a SCH state with one hole in the K-shell (here of atom A). Then three events may occur: b) The SCH state deexcites through the emission of an Auger electron e A ; A second photon is absorbed before the Auger decay takes place, the electron being removed either from different atomic sites c) or from the same atom d). Afterwards, the two core vacancies in ss-DCH states and ts-DCH states are filled during an Auger cascade (not shown). The radiative decay is negligible for light elements studied in this work, and is not shown on the figure. For details on the symbols, see caption of Fig. 1.1.

Figure 1 . 9 :

 19 Figure1.9: Direct and conjugate contributions to the dipolar matrix elements of the satellite states of K -1 (so called shake-up states). For details on the symbols, see caption of Fig. 1.1.
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 1 Figure 1.10: a) K -2 satellite state, created through double core ionization with the simultaneous excitation of a valence electron. b) Core-ionized excited state K -2 V, which can be created through the direct or conjugate (not shown) pathways. V and V' denote outer (valence or Rydberg) shells. For details on the symbols, see caption of Fig. 1.1.

  the intermediate SCH state. Fig. 1.11 shows the experimental spectrum arising from double core ionization of carbon in CO and other nonlinear events (I = 10 17 W/cm 2 ), shifted with respect to the electronic energy of the carbon SCH state. A lot of peaks from different processes overlap in the spectrum, but theoretical calculations help to disentan-[C(K -1 )OV -1 ]

Figure 1 .

 1 Figure 1.11: Experimental spectrum arising from double core ionization of carbon in CO and other nonlinear events, shifted with respect to the electronic energy of the carbon SCH state ω C . ω ij denotes the electronic energy of a DCH state with one hole on atom i and one hole on atom j (recorded at 700 eV, 10 fs pulse duration, I = 10 17 W/cm 2 ). Adapted from Ref. [15].
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 7 Diagonalize F to obtain its eigenvectors C and eigenvalues E 8. Deduce the coefficients C and the density matrix P in the old basis using Eqs. 2.46 and 2.40 9. Determine if the SCF procedure converges, i.e. if the total energy and P are the same as the energy and the density matrix of the previous step according to a convergence criterion 10. Use C, P and F to compute physical quantities. These quantities are expressed in the molecular basis by transforming back the Fock operator as

  2.1 shows the equivalent core species of SCH and DCH states of carbon monoxide (CO). The oxygen SCH state of CO has one electron vacancy in the 1s orbital, thus a core with 7 positive charges. This core is thus analogous to fluorine which has 2 electrons in the 1s orbital. In order to keep the number of valence electrons constant between the two species, one valence electron is removed in the molecule. Therefore, the equivalent of [CO(K -1 )] + is the singly valence ionized[CF] + species. Similarly, the oxygen single-site DCH state [CO(K -2 )] 2+ has two electron vacancies in the 1s orbital and 6 valence electrons. Its equivalent species [CNe] 2+ has two electron vacancies in the valence shells, 6 valence electrons and a core charge of 8 as well.

Core charge: Z - 1 Figure 2 . 1 :

 121 Figure 2.1: Equivalent core species of oxygen single and double core hole states of carbon monoxide.

Chapter 3 Electronic

 3 Structure of Single and Double Core Hole States of CarbonMonoxideIn this chapter, we investigate the electronic structure of the single and double core hole states of the prototype carbon monoxide (CO) molecule. First, we justify our model which is restricted to the treatment of SCH and DCH states: We assess the possibility of overlap between satellite and Auger lines with the core hole spectral features and compare their relative intensities. Then, a description of the potential energy curves (PECs) of the ground, the single core hole and the double core hole states is provided. A comparison between the shape and the relative displacement of the minima of the PECs allows us to
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 3 Fig. 3.1 summarizes the vertical electronic energies of the SCH and DCH states, as well as the ones of the satellite and Auger states. In the following, we justify why it is possible to restrict our model to SCH and DCH states.
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 31 Figure 3.1: Vertical electronic energies of core and valence ionized states of CO, with respect to the ground electronic state. First column: SCH and DCH states, calculated at the CISD level of theory. ω C/O (ω O/C) is the vertical electronic energy for creating a hole in the carbon (oxygen) K-shell, when there is a hole in the K-shell of oxygen (carbon). Second column: Satellites of SCH and DCH states, whose energies are taken from Refs.[START_REF] Ehara | C 1s and O 1s photoelectron satellite spectra of CO with symmetry-dependent vibrational excitations[END_REF] and[START_REF] Tashiro | Double core-hole correlation satellite spectra of N 2 and CO molecules[END_REF], respectively. Third column: Doubly valence ionized states V -2 populated via the Auger decay of the SCH states, as well as K -1 V -2 states populated via the PAP sequence of events or through the Auger decay of the ts-DCH states, calculated with the CISD method. For details on the electronic structure calculations, see Sections 3.2 and 3.4.4.

Figure 3 . 2 :

 32 Figure 3.2: Ab initio PECs of the ground, SCH, single-site DCH and two-site DCH states of CO, calculated at the CISD level of theory. The equilibrium internuclear distances are indicated for each electronic state.

Figure 3 . 3 :

 33 Figure 3.3: Partitioning of the active space in several groups. Three groups are defined for the SCH and ss-DCH states, while four groups are required for ts-DCH states (only the triplet configuration is shown). Two different colors are used for the carbon and oxygen K-shells for the active space of the ts-DCH state. Only single and double excitations from the occupied to the virtual MOs are allowed at the CISD level of theory (single excitations are not displayed on the figure).

  3.4. TheseMulliken populations provide a means of estimating the partial atomic charges, and are
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 34 Figure 3.4: Difference in atomic Mulliken populations (MPs) in each molecular orbital between each core hole (CH) state and those of the electronic ground state, obtained from a DFT calculation at the equilibrium internuclear distance of CO (the MPs in the 1s orbitals are not shown). Full lines: MPs on the carbon atom; dashed lines: MPs on the oxygen atom. The MPs are not given for the singlet ts-DCH state since an open-shell singlet calculation is not possible with DFT.
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 35 Figure 3.5: Hartree-Fock molecular orbitals of the ground, the SCH and the DCH states of CO, depicted with the same isodensity (the MOs are not ordered in energy). The cartesian coordinates are given for the neutral species.
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 111 1 are given. The electronic configurations are not spin-5σ -1 adapted CSFs, as given in the GAMESS output. 5σ -1 electron is removed from the C 1s orbital and two elec-0.38 4σ -1 1s -1 C 5σ -1 tron vacancies are located in the 5σ orbital. The weight 57.97 1 1 0.36 1π -Structure of Single and Double Core Hole States of Carbon Monoxide

Finally, we assessFormation

  photoionization (PAP) signal with the core hole spectral lines. We found that the photoelectron coincidence signals from the PAP and the PP processes overlap, but the PAP signal can be distinguished by measuring in coincidence the Auger electron and the two photoelectrons (3-electron coincidence).

  Auger decay. Only the Auger states produced during the first step of the Auger cascade are considered. Radiative relaxation is not taken into account since it is negligible for core holes on light atoms. Moreover, interactions between the emitted electrons (photoelectrons and Auger electrons) and the bound electrons of the cation, as well as between the electrons ejected in each step are ignored. The first ejected photoelectron is then considered as spectator for the second photoionization event and for the Auger decay of the SCH state. Similarly, the two photoelectrons are spectators for the Auger decay of the DCH states. The only pathologic case arises if the second emitted electron catches up with the first emitted one. However, it is legitimate to neglect post-collisional interactions for highly energetic electrons (200-700 eV)[START_REF] Rohringer | X-ray nonlinear optical processes using a selfamplified spontaneous emission free-electron laser[END_REF][START_REF] Gerchikov | Post-collision-interaction distortion of low-energy photoelectron spectra associated with double Auger decay[END_REF].The impact of the nuclear motion on the dynamics of formation of SCH and DCH states is investigated by solving the nonrelativistic time-dependent Schrödinger equation (TDSE) for the total wave packet Ĥ + Ŵ (t) |Ψ(t)

  {i, k } first and then {i/i, k } {i, k } first and then {i/i, k }, (4.26) while four channels are possible in the case of ts-DCH states: {i, k } first and then {j/i, k } {i, k } first and then {j/i, k } {j, k } first and then {i/j, k } {j, k } first and then {i/j, k }. (4.27)

  4.1 where the photoelectron spectra are displayed for a pulse duration of 1 fs, an intensity of 10 16 W/cm 2 and a photon energy of 1 keV. The two-dimensional (2D) spectra correspond to the detection in coincidence of the two photoelectrons emitted during the formation of DCH states. The one-dimensional spectra are obtained by integrating the 2D spectra over the other photoelectron energy. The labels ε i and ε S ij indicate the energy of the photoelectrons emitted during the first and second step, respectively. The energy ranges of the photoelectrons are: 693 eV ≤ ε C ≤ 714 eV 620 eV ≤ ε CC ≤ 642 eV 447 eV ≤ ε O ≤ 468 eV 354 eV ≤ ε OO ≤ 379 eV. (4.28)
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 41 Fig.4.1) may be in the same energy range. Indeed, when a couple of electrons is detected around 450 and 690 eV, two different pathways may correspond to such event: Either the carbon is ionized first and then the oxygen is ionized, or the contrary. However, these events are scarce and can be neglected, especially for longer pulses where the overlap

Figure 4 . 1 :

 41 Figure 4.1: Photoelectron-photoelectron coincidence spectra of DCH states of carbon monoxide, for t FWHM = 1 fs, I = 10 16 W/cm 2 and ω = 1 keV. The one photoelectron kinetic energy distributions are obtained by integrating the two-dimensional spectra over the other photoelectron energy. ε i is the energy of the photoelectron ejected during the ionization of atom i, while ε S ij is the energy of the photoelectron emitted during the ionization of atom j, where the atom i was ionized first. Zooms in the overlap regions of the spectra of the ts-DCH states with [CO(K -1 )] + (orange lines) or [C(K -1 )O] + (green lines) as the intermediate state are shown in the insets. Detailed explanations on these spectra are given in Chapter 6.

  ) in atomic units. Zj/i is the effective number of charge seen by the 1s j/i electron which is removed. According to Slater's rules the following values are taken: ZC/GS = ZC/O = 5.7, ZO/GS = ZO/C = 7.7, ZC/C = 6, ZO/O = 8. According to electric dipolar selection rules, a single spherical harmonics Y 10 (θ k ) defines the state of the photoelectrons for a perfectly linearly polarized laser beam. θ k is the polar angle of k . The integrals over the polar

. 35 )

 35 when the hole on the atom j is filled during the Auger decay. The momenta of the emitted electrons are labelled k , k , k , κ and κ , without distinguishing the photoelectrons from the Auger electrons. From Eqs. 4.34 and 4.35, it appears that all electrons are involved in the Auger decay process through the electronic Hamiltonian at N -electrons.The problem is very complex if the Auger states are treated explicitly, since several ionization channels may lead to the same Auger state (see Appendix 4.C).
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 42 Figure 4.2: Scheme to illustrate the different couplings between the electronic states.The photoionization and Auger decay processes are represented by green and red shaded areas, respectively. The continua of states are represented by gray rectangles. The black horizontal lines in the middle of the rectangles indicate the initial state in the continuum from which the transition occurs. The energy ranges of the emitted electrons are indicated for each transition. The energies of the Auger electrons are from Ref.[START_REF] Nakano | Single Photon K -2 and K -1 K -1 Double Core Ionization in C 2 H 2n (n= 1-3), CO, and N 2 as a Potential New Tool for Chemical Analysis[END_REF], except for the Auger electrons emitted upon the decay of the oxygen ss-DCH state whose energy is calculated at the CISD level of theory.
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 43 Figure 4.3: Scheme to illustrate the population leakages in the electronic states induced by the Auger decay widths (red arrows) and the photoionization decay widths (green arrows). The resonant photoelectron energies are indicated for each transition. See the caption of Fig. 4.2 for further details.
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 1 Definitions of the cross sections. 108 Summary: Time-Dependent Quantum Model to Describe Double Core Hole State Formation A quantum model to investigate the formation of molecular DCH states through sequential absorption of two x-ray photons from a femtosecond laser pulse is developed. A time-dependent quantum description of these phenomena is adopted, treating explicitly the nuclear motion and the interaction of the molecule with the laser pulse. This model provides the means to study the impact of the nuclear dynamics on core-photoionization processes. First, the formalism to investigate DCH state formation and their Auger decay for photon energies high above the K edges is presented. The interactions between the emitted electrons as well as between the electrons and the bound electrons are neglected. We consider the case where an unique sequential ionization pathway can lead to a given DCH state. Therefore, we know the nature of the intermediate core hole state(s) and in which order the photoelectrons are emitted. As a result, quantum interferences between different ionization pathways leading to the formation of a particular DCH state are not described in our model, but these effects are negligible in the case of carbon monoxide. Since in the present study we detect the photoelectrons but we do not consider the Auger electrons, this complex problem becomes tractable by treating the Auger decay phenomenologically. Despite these simplifications, this model requires us to solve a complicated set of coupled time-differential equations for the nuclei which involve a large number of continua of states.In the final model, the couplings between the ground and the SCH states, as well as between the SCH and the DCH states (high order terms in time-dependent perturbation theory) are approximated by time-dependent photoionization decay widths derived in the local approximation. As a result, the equations of motion are partly decoupled, which facilitates the numerical treatment.

  meV in our simulations. Moreover, the dipole matrix elements should weakly depend on the photoelectron energy in a large interval around the resonances defined by [ε res i -E, ε res i +E]. For a photon energy of 1 keV, Fig. 4.4 shows that the transition dipole moments associated with SCH state formation in CO change by less than 10% within an energy interval of ± 20 eV around the resonances.
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 44 Figure 4.4: Dependence of the transition dipole moments on the photoelectron energy around the resonances (see Eqs. 4.33 and 4.40), in the case of the absorption of 1 keV photons by the carbon monoxide molecule.

. 84 )

 84 since for a photon energy of 1 keV, Fig.4.4 shows that the transition dipole moments associated with DCH state formation in CO change by less than 10% within an energy interval of ± 20 eV around the resonances.

  the SCH and DCH states are eV for [C(K -1 )O] + , [450-500] eV for [CO(K -1 )] + , [260-310] eV for [C(K -2 )O] 2+ as well as [190-260] eV and [410-500] eV for the decay of the carbon and oxygen of [C(K -1 )O(K -1 )] 2+ , respectively. Auger electrons from the decay of [CO(K -2 )] 2+ have not been measured. We calculated the 15 lowest Auger states [CO(K -1 )V -2 ] 2+ populated through the decay of [CO(K -2 )] 2+ : The energy range is [553-565] eV at the CISD level of theory (see Section 3.4.4).

t

  FWHM = 40 fs t FWHM = 10 fs t FWHM = 1 fs T = 2π ω-ωi-ε ∼ 13.3 fs
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 51 Figure 5.1: Temporal oscillations of the dipolar coupling term in the rotating wave approximation, for gaussian laser pulses of 1, 10 and 40 fs duration. The temporal center of the pulses (120 fs) is chosen to be identical on this figure to facilitate the comparison between them. The oscillation period T is indicated on the figure, with ω i the vertical electronic energy of the carbon SCH state and ε = 703.5 eV a photoelectron energy close to the resonance.
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 25 FWHM = 1825 meV ω FWHM = 182 meV ω FWHM = 45.6 meV ∆R = 0.02 Å ∆ν ∼ 325 meV

Figure 5 . 2 :

 52 Figure 5.2: The PEC and the six lowest vibrational states (|ϕ i , i = 0 -5) of the carbon SCH state. The spatial grid step ∆R and the average vibrational energy spacing ∆ν are indicated on the figure. The gaussian envelope of the electric field for three laser bandwidths (ω FWHM = 1825, 182, 45.6 meV) are shown in gray.
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 615255152 Fig.6.1 compares the impact of the photoionization decay width (dashed lines) to those of the dipolar coupling term (full lines) on the ground electronic state population, for a pulse duration of 40 fs but different intensities. The population in the ground electronic state is depleted if these quantities are included in the equations of motion (Eqs. 6.2 and 6.8). The photoionization decay width underestimates the final population compared to the dipolar coupling term: The relative errors amount to 5.4 × 10 -2 %, 1.7 % and 6.4 % for I = 10 15 , 5.5 × 10 15 and 10 16 W/cm 2 , respectively. Therefore, photoionization decay widths derived in the local approximation give an excellent estimations for the
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 61 Figure 6.1: Population in the ground electronic state for different laser pulse intensities (t FWHM =40 fs). Full lines: The dipolar coupling between the ground and the SCH states is explicitly included in the equation of motion for the ground electronic state. Dashed lines: The photoionization decay width is included in the equation of motion for the ground electronic state.
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 62 Figure 6.2: Evolution of the probabilities per unit time and per unit energy at resonance to create SCH and DCH states during the course of the laser pulse. Dashed lines: The photoionization decay widths are included in the model ( Γphoto (t) = 0 eV); Full lines: The photoionization decay widths are set to zero ( Γphoto (t) = 0 eV). The Auger decay widths are set to zero ( ΓCH = 0 eV) in all calculations. The gaussian envelope of the electric field (t FWHM = 40 fs) is depicted as gray area. The laser intensity is I = 10 15 W/cm 2 .

5 Figure 6 . 3 :

 563 Figure 6.3: Photoelectron spectrum associated with the formation of carbon SCH state, when the photoionization decay widths are included (black line) or not (magenta line) in the equations of motion, in arbitrary units. The vibrational states are labeled ν i , with i = 0 -5. A zoom on the low energy region is shown on the panel. The Auger decay widths are set to zero ( ΓCH = 0 eV). A laser pulse of 40 fs duration with an intensity of I = 10 15 W/cm 2 is used.

Fig. 6 .

 6 Fig. 6.4 shows the probabilities per unit time and per unit energy to create the carbon and oxygen SCH and DCH states during the course of the laser pulse, when the Auger decay is included (black lines) or not (color lines) in the equations of motion. As before, the probabilities are evaluated at resonance, i.e. the photoelectron energies are chosen such that the pathway ν GS 0 → ν SCH 0

30 [

 30 C(K -1 )O(K -1 )] 2+ via [C(K -1 )O] +

Figure 6 . 4 :

 64 Figure 6.4: Evolution of the probabilities per unit time and per unit energy at resonance to create SCH and DCH states during the course of the laser pulse. Black lines: The Auger decay widths are included in the model ( ΓCH = 0 eV); Color lines: The Auger decay is neglected ( ΓCH = 0 eV). The photoionization decay widths are set to zero ( Γphoto (t) = 0 eV) in all calculations. The probabilities in the singlet and triplet ts-DCH states are shown as full and dashed lines, respectively. The vertical black dashed lines indicate the maxima of the probabilities of the SCH states. The gaussian envelope of the electric field (t FWHM = 40 fs) is depicted as gray area. The laser intensity is I = 10 15 W/cm 2 .
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 565 Figure 6.5: Photoelectron spectrum associated with the formation of carbon SCH state, when the Auger decay width is included (black line) or not (magenta line) in the equations of motion, in arbitrary units. The vibrational states are labeled ν i , with i = 0 -5. A zoom on the low energy region is shown on the panel. The photoionization decay widths are set to zero ( Γphoto (t) = 0 eV). A laser pulse of 40 fs duration with an intensity of I = 10 15 W/cm 2 is used.

  Photoelectron-photoelectron coincidence (2D) spectrum of the [C(K -2 )O] 2+ state (logarithmic scale for the intensity in arbitrary units). The one photoelectron kinetic energy distributions (dσ CC /dε and dσ CC /dε ) are obtained by integrating the 2D spectrum over the other photoelectron energy (1D spectra, upper and left panels). The labels ν SCH i (i = 0 -3) along vertical lines indicate the vibrational levels of the SCH state. A vibrational level of the DCH state corresponds to a diagonal line (white labels 0 -4). See the text for more details. Spectrum of the total photoelectron energy ε T = ε + ε , in arbitrary units. The labels ν DCH i (i = 0 -4) indicate the vibrational levels of the DCH state.
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  4.56), as shown on Fig. 6.6b. The distribution arises from the population of the five lowest vibrational states (ν DCH i , i = 0 -4) of the DCH state. The presence of vibrational structures in the photoelectron spectra is a signature of the nuclear dynamics in the SCH and ss-DCH states of carbon, and are clearly resolved for a pulse of 40 fs duration.

Fig. 6 .

 6 Fig. 6.7 displays the photoelectron-photoelectron coincidence spectrum associated with the carbon ss-DCH state, as well as the differential cross section with respect to the total photoelectron energy (labeled ε T -spectrum in the following), for laser pulses of 1, 10 and 40 fs duration. For a pulse duration of t FWHM = 40 fs, the vibrational progression of the intermediate SCH state is clearly resolved in the 2D spectrum and in the upper 1D spectrum. The main contribution to the peaks are the four lowest vibrational states. The vibrational distribution is in agreement with the Franck-Condon factors calculated from the overlap between the vibrational eigenstates of the SCH state and the ground vibrational eigenstate of the neutral CO state ( ϕ SCH i |ϕ GS 0 , i = 0-3), as shown by the vertical brown lines. Vibrational resolution is possible since the laser bandwidth (ω FWHM = 45.6 meV) and the Auger decay width of the SCH state ( ΓSCH = 96 meV) are smaller than the energy spacing between the four lowest vibrational states of [C(K -1 )O] + (∆ν = 329 -323 meV). On the other hand, the ε T -photoelectron spectrum highlights the vibrational structure of the

  I [arb. u.] 
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 67 Figure 6.7: Photoelectron spectra associated with [C(K -2 )O] 2+ , for laser pulse durations of 1, 10 and 40 fs (intensity in arbitrary units). Left column: Photoelectron-photoelectron (2D) coincidence spectra. One photoelectron kinetic energy distributions are shown in the left and upper panels. Vertical brown lines: Franck-Condon factors normalized with respect to the most intense peak of the photoelectron spectrum. The labels ν SCH i (i = 0-3) indicate the vibrational levels of the SCH state. Right column: Differential cross sections with respect to the total photoelectron energy ε T = ε + ε . The labels 0 -4 indicate the vibrational levels of the DCH state. 145
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 68 Figure 6.8: Photoelectron spectra associated with [CO(K -2 )] 2+ , for laser pulse durations of 1, 10 and 40 fs (intensity in arbitrary units). Left column: Photoelectron-photoelectron (2D) coincidence spectra. One photoelectron kinetic energy distributions are shown in the left and upper panels. Right column: Differential cross sections with respect to the total photoelectron energy ε T = ε + ε . For further details on the different spectra, see caption of Fig. 6.7.
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Figure 6 . 9 :

 69 Figure 6.9: Photoelectron spectra associated with [C(K -1 )O(K -1 )] 2+ formation with [C(K -1 )O] + as the intermediate state, for laser pulse durations of 1, 10 and 40 fs (intensity in arbitrary units). Left column: Photoelectron-photoelectron (2D) coincidence spectra. One photoelectron kinetic energy distributions are shown in the left and upper panels. Right column: Differential cross sections with respect to the total photoelectron energy ε T = ε + ε . The labels 0 S -5 S and 0 T -4 T indicate the vibrational levels of the singlet and triplet ts-DCH states, respectively. For further details on the different spectra, see caption of Fig. 6.7. 147
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 610 Figure 6.10: Photoelectron spectra associated with [C(K -1 )O(K -1 )] 2+ formation with [CO(K -1 )] + as the intermediate state, for laser pulse durations of 1, 10 and 40 fs (intensity in arbitrary units). Left column: Photoelectron-photoelectron (2D) coincidence spectra. One photoelectron kinetic energy distributions are shown in the left and upper panels. Right column: Differential cross sections with respect to the total photoelectron energy ε T = ε + ε . The labels 0 S -5 S and 0 T -4 T indicate the vibrational levels of the singlet and triplet ts-DCH states, respectively. For further details on the different spectra, see caption of Fig. 6.7. 148

  width for long temporal gaussian envelopes. The cross sections σ C = 6.8 × 10 -2 Mb and σ O = 0.108 Mb are in the same order of magnitude as the photoelectric cross sections σ Expt. C = 4.29 × 10 -2 Mb and σ Expt. O = 0.119 Mb measured by Veigele
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 613 Figure 6.13: Partial integral cross sections of SCH state formation as a function of the intensity, for different pulse durations. Full lines: [C(K -1 )O] + ; dashed lines: [CO(K -1 )] + .

  of DCH state formation σ ij (with i, j being C or O), when the Auger decay is included or not (see Fig. R.5). Again, the photon density is kept fixed at n S = 4 Mb -1 . We see that the DCH cross sections are about hundred times smaller compared to the SCH cross sections, in accordance with the experimental intensity ratio (see Section 1.2.1.b).

Fig. 6 . 2 σCOFigure 6 . 15 :

 62615 Fig. 6.15 provides the DCH cross sections with either the carbon or oxygen SCH as the intermediate state ( j,S σ S ij ) for different pulse durations between 1 and 40 fs. The total probability to create a ss-DCH or ts-DCH state with [C(K -1 )O] + ([CO(K -1 )] + ) as the intermediate state is thus given by σ CC + S σ SCO (σ OO + S σ S OC ). When the Auger decay is taken into account, the cross section with oxygen as the intermediate SCH state remains higher at t FWHM = 1 fs. For pulse durations longer than 5-10 fs, i.e. longer than carbon (τ C = 6.86 fs) and oxygen (τ O = 3.85 fs) core hole lifetimes, the ratio between

R

  .4b, as well as the spectrum obtained for a two-photon process at the equilibrium internuclear distance R eq of the ground electronic state. As a reminder, the ε T -photoelectron spectrum associated with the sequential two-photon process is obtained by integrating the photoelectron-photoelectron coincidence spectrum (Fig. R.4a) along lines of constant ε T . The labels (0 → 3) in the 2D spectrum specify the vibrational levels of the SCH state, while the labels (a → e ≡ 0 → 4) indicate the vibrational levels of the DCH state. Moreover, the labels (0 → 4) in the ε T -spectrum correspond to the vibrational levels of the DCH state. The main ionization channels leading to the formation of [C(K -2 )O] 2+ are summarized in Table

  shows that the transitions ν GS 0→ ν SCH 0 and ν GS 0 → ν SCH 1 dominate although R SCH eq is 0.05 Å smaller than R GSeq , which should favour the populations of higher vibrational levels in [C(K -1 )O] + . This is due to the different shapes of the PECs of the ground and SCH Photoelectron-photoelectron coincidence (2D) spectrum of the [C(K -2 )O] 2+ state (logarithmic scale for the intensity in arbitrary units). The labels (0→3) indicate the vibrational levels of the SCH state, while the labels (a → e ≡ 0 → 4) indicate the vibrational levels of the DCH state.
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1Figure 6 . 18 :

 618 Figure 6.18: Comparison of the differential cross sections with respect to the total photoelectron energy ε T for the sequential two-photon (upper panel) and direct one-photon (lower panel) pathways with the Franck-Condon factors (vertical red bars). The spectra and the Franck-Condon factors are normalized with respect to their most intense peak. For the sequential channel, the Franck-Condon factor associated with the j th vibrational state of the DCH state is calculated as i | ϕ DCH

| 2 .

 2 in parentheses are the relative Franck-Condon intensities with respect to the most probable pathway. The Franck-Condon factor associated with the transition ν SCH i → ν DCH j is calculated as | ϕ DCH j |ϕ SCH i The indices S and T refer to the spin of the DCH state.

  Photoelectron-photoelectron coincidence (2D) spectrum of the [CO(K -2 )] 2+ state (logarithmic scale for the intensity in arbitrary units). The labels (0 → 2) indicate the vibrational levels of the SCH state.

  b) Differential cross sections with respect to the total photoelectron energy ε T , scaled with respect to their most intense peak (in arbitrary units). For further details on the different spectra, see caption of Fig. R.4b.
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Finally, we examine

  photoelectron coincidence spectra with [C(K -1 )O] + and [CO(K -1 )] + as the intermediate SCH states are shown in Figs.[START_REF] Bostedt | Linac coherent light source: the first five years[END_REF].21a and 6.21b, respectively. The (2ω, ε T )-, (R eq , 2ω, ε T )and (ω , ε T )-photoelectron spectra are compared in Fig.6.21c. The main ionization path-

  Fig. R.4b.
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R. 1 IntroductionFigure R. 1 :

 11 photoélectron ainsi qu'un cation ionisé en couche de coeur, par exemple en couche K (état K -1 ). La présence d'une lacune électronique en couche de coeur induit un réarrangement de tout le nuage électronique: Les orbitales se contractent dû au changement de la charge effective du noyau ressentie par les électrons. Le cation est de plus instable, et plusieurs voies de déexcitation sont en compétition à l'échelle de la femtoseconde. La relaxation par fluorescence implique le remplissage du trou par un électron provenant d'une couche externe, avec l'émission d'un photon. D'autre part, des voies de déexcitation non-radiatives sont possibles grâce aux interactions électrostatiques entre les électrons. En effet, lors du déclin Auger, un électron d'une couche externe rempli le trou de coeur, ce qui induit l'émission d'un électron qui emporte l'excès d'énergie. Ce processus ne dépend donc pas de l'énergie du photon, contrairement à la photoémission.Les spectroscopies de photoélectrons X et d'électrons Auger permettent de sonder la composition élémentaire de la matière, la structure géométrique d'un échantillon, ainsi que les corrélations électroniques. En effet, l'énergie de liaison d'un électron de coeur permet de caractériser l'élément ionisé, puisque l'orbitale de coeur est située proche du noyau.Au delà de cette spécificité, l'énergie de liaison est sensible à l'environnement chimique, ce qui se traduit par un déplacement chimique dans le spectre d'électrons. Considérons à

Figure R. 2 :

 2 Figure R.2: Ionisation séquentielle et déclin Auger suite à l'intéraction d'une molécule AB avec une impulsion laser, l'énergie d'un photon étant ω. L'éjection successive de deux électrons de coeur est la voie dominante menant à la formation d'un état doublement ionisé en couche de coeur en régime XFEL. a) Un premier photoélectron (e ph ) est émis, créant un état K -1 c'est-à-dire avec un trou en couche K. Suite à cette première étape, trois processus peuvent se produire: b) Soit l'état K -1 se déexcite en émettant un électron Auger (e A ); Soit un deuxième électron est absorbé avant que le déclin Auger ait lieu, l'électron émis provenant soit d'un atome différent (formation d'un état K -1 K -1 ) c), soit du même atome (formation d'un état K -2 ) d). Après cela, les deux trous de coeur sont comblés au cours d'une cascade Auger (cette dernière n'est pas représentée sur la figure).

R. 2

 2 Modèle Quantique pour Décrire la Formation de Molécules Doublement Ionisées en Couche de Coeur Nous nous plaçons dans l'approximation de Born-Oppenheimer dans laquelle la dynamique des électrons et des noyaux est découplée. Nous allons d'abord présenter brièvement la méthode utilisée pour décrire la structure électronique des états ionisés en couche de coeur, avant de traiter la dynamique des noyaux. Nous appliquons notre modèle à la molécule de monoxyde de carbone (CO).

  électronique. Pour cela, les courbes d'énergie potentielle de l'état fondamental, ainsi que des états simplement et doublement ionisés en couche de coeur de CO sont calculées avec une méthode de configuration d'interaction incluant les simple et double excitations (CISD), en utilisant les orbitales moléculaires optimisées pour chaque état séparemment au cours d'un calcul Hartree-Fock (voir Figure R.3). Les Chapitres 2 et 3 de cette thèse présentent ces méthodes ainsi que leur application au calcul des états ionisés en couche de coeur de CO.

  Figure R.3:Courbes d'énergie potentielle de l'état fondamental ainsi que des états K -1 , K -2 et K -1 K -1 de CO, calculées par une méthode de configuration d'interaction incluant les simple et double excitations (CISD).

R. 2 . 3 R. 3 R. 4

 2334 photoélectron (ε ) émis. Les spectres en une dimension (1D) donnent les distributions en énergie d'un seul de ces photoélectrons. Plus précisément, le spectre dσ CC /dε résulte de l'intégration sur tous les événements de coincidence pour lesquels l'énergie du premier photoélectron est ε (intégrale selon une ligne verticale). Ce spectre présente une progression vibrationnelle associée à l'état intermédiaire K -1 . Les quatre états vibrationnels qui contribuent à cette distribution sont notés ν SCH i

  Spectre de photoélectrons détectés en coincidence, associé à la formation de [C(K -2 )O] 2+ (l'échelle logarithmique pour l'intensité est en unités arbitraires). Les distributions correspondant à l'énergie d'un photoélectron (dσ CC /dε et dσ CC /dε ) sont obtenues en intégrant le spectre 2D sur l'énergie de l'autre photoélectron. Les symboles ν SCH i (i = 0 -3) le long des lignes verticales indiquent les niveaux vibrationnels de l'état intermédiaire K -1 . Les niveaux vibrationnels de l'état final K -2 correspondent à une ligne diagonale (chiffres blancs 0-4).
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 4515 Figure R.4

  .58) by defining orthonormal sets as detailed in Eqs. 2.45 to 2.47. The two equations are solved simultaneously through an iterative SCF procedure as described in Section 2.3.1.b. The UHF wavefunctions obtained by solving the eigenvalue problem (Eqs. 2.57 and 2.58)

  A CI many-electron wavefunction is expressed in terms of electron configuration functions (CFs) which are either SDs or configuration state functions (CSFs). CSFs are linear combinations of SDs such that they are eigenfunctions of the spin operators Ŝ2 and Ŝz , while SDs are generally eigenfunctions of Ŝz only. These electron CFs are built within an active space, which is a set of orbitals having variable occupancies. The total active space can be divided into subspaces: The

frozen orbitals whose occupancies are fixed in all CFs; the occupied and virtual orbitals whose occupancies vary among the CFs. The virtual orbitals are unoccupied in the reference CF.

  in the same energy range than the satellites of [C(K -1 )O] + . Similarly,

	0 15 30 45 60 304 320 336 352 368	CO		[COV -2 ] 2+
		Core hole states	Satellite states	V -2 and K -1 V -2 states

Table 3 .

 3 .1. Our calculated energies show a very good agreement with experimental results. The near degeneracy of the singlet and triplet ts-DCH states highlights the shortrange character of the exchange interaction between the holes[START_REF] Ohrendorf | Double vacancies in the cores of silane and tetrafluorosilane[END_REF]. Moreover, the singlet is more stable than the triplet configuration, in contrast to what is predicted by the

	frozen orbital approximation (see Section 2.3.1.a). This opposite trend arises from orbital
	relaxation effects.					
	Electronic state	Vertical electronic energy [eV] This calc. Theo. [63] Expt. [15]	R eq [Å]	Bond order HF DFT
	CO	-			1.13	2.382 2.390
	[C(K -1 )O] +	296.81	296.358	296.5±0.5	1.08	2.935 2.742
	[CO(K -1 )] +	542.50	542.820		1.16	1.631 1.862
	[C(K -2 )O] 2+	666.11	664.418	667.9±3.6	1.05	3.098 2.604
	[CO(K -2 )] 2+	1176.0	1176.561		-	0.871 1.265
	[C(K -1 )O(K -1 )] 2+ (S = 0) [C(K -1 )O(K -1 )] 2+ (S = 1)	855.09 855.34	854.743 855.200	855.3±1.2	1.10 1.10	-2.287 2.289 -

1: Ab initio properties of the ground and core hole states of CO. Vertical electronic energies of SCH (ω i ) and DCH (ω S ij

Table 3 .

 3 3: Auger lifetimes and decay widths of SCH and DCH states of carbon monoxide. The Auger decay widths of the SCH states obtained from least-squares fitting of the experimental photoelectron spectra are taken from Ref.[START_REF] Nicolas | Lifetime broadening of core-excited and-ionized states[END_REF].states, in the approximation of independent core holes. The decay rate is assumed to be identical for the singlet and triplet ts-DCH states. Moreover, molecular effects on the Auger decay widths are small[START_REF] Inhester | Core hole screening and decay rates of double core ionized first row hydrides[END_REF][START_REF] Nicolas | Lifetime broadening of core-excited and-ionized states[END_REF], except for species containing elements with large electronegativity[START_REF] Inhester | Core hole screening and decay rates of double core ionized first row hydrides[END_REF][START_REF] Nicolas | Lifetime broadening of core-excited and-ionized states[END_REF]. This is due to the fact that core orbitals are deeply localized around the nuclei. Therefore, we consider the Auger decay widths as atomic properties independent of R[START_REF] Inhester | Auger spectrum of a water molecule after single and double core ionization[END_REF][START_REF] Buth | Ultrafast absorption of intense x rays by nitrogen molecules[END_REF][START_REF] Hanna | Laser control over the ultrafast Coulomb explosion of N 2+ 2 after Auger decay: A quantum-dynamics investigation[END_REF]. Furthermore, one neglects the energy dependence of the

	Core hole state	Auger lifetime τ CH [fs] Auger decay width ΓCH [meV]
	[C(K -1 )O] +	6.86	96 [109]
	[CO(K -1 )] +	3.85	171 [109]
	[C(K -2 )O] 2+	2.29	288
	[CO(K -2 )] 2+	1.28	513
	[C(K -1 )O(K -1 )] 2+ (S = 0, 1)	2.47	267

Auger decay widths on the energy interval around the resonances. The Auger decay widths are thus taken as constant for each electronic state. The Auger decay widths are inversely proportional to the core hole lifetime, i.e. ΓCH = 1/τ CH . The Auger decay widths ( ΓCH ) and the corresponding Auger lifetimes (τ CH ) of the SCH and DCH states of CO used in our calculations are given in Table

3
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Table 3 .

 3 [START_REF] Ferray | Multiple-harmonic conversion of 1064 nm radiation in rare gases[END_REF] gives the Auger decay widths for each core hole state of CO at three R values in the Franck-Condon region. We see that the change of ΓCH with the internuclear distance

	Core Hole State	ΓCH [meV]

is less than 10%. Since the core hole lifetimes are short, the nuclear wave packets do not propagate far from the Franck-Condon region. Therefore, it is legitimate to consider the Auger decay widths in our model as independent on the internuclear distance.

Table 3 .

 3 

		16	15	11	4
	1 Σ(5σ -2 )	18	14	25	27
	1 Π(π -1 4σ -1 )	10	8	4	24
	1 Σ(4σ -1 5σ -1 )	9	7	16	9
	Total	111	318	280	245

5: Total Auger decay widths and partial branching ratios (in %). Only the dominant decay channels are reported. In the case of ts-DCH states, the channels for which [C(K -1 )O] + is the intermediate state are considered.

Decay channels

Table 3 .

 3 6: Total Auger decay widths and partial branching ratios (in %). Only the dominant decay channels are reported. In the case of ts-DCH states, the channels for which [CO(K -1 )] + is the intermediate state are considered.The total decay widths and partial branching ratios are reported for the main decay channels in Tables 3.5 and 3.6. The branching ratios vary with the ionization channels.

		12	12	13	13
	1 Π(π -1 4σ -1 )	12	14	24	24
	1 Π(π -1 3σ -1 )	15	18	11	12
	1 Σ(3σ -1 4σ -1 )	10	6	3	3
	Total	203	590	280	245

Indeed, the energy of the Auger electrons are distinct such that different valence orbitals are involved in the Auger decay. The relative errors of the total Auger decay widths used in our model with respect to the Fano-CI values amount to 14%, 16%, 9%, 13%, 5% and 9% for [C

  and [C(K -1 )O(K -1 )] 2+ via the carbon and oxygen SCH states are ε C/C ∼ 631 eV, ε O/O ∼ 366.5 eV, ε S O/C ∼ 442 eV and ε S C/O ∼ 687.5 eV, respectively (see Table 3.1). Therefore, the PAP and the PP signals overlap, but the former can be distinguished by measuring the Auger electron emitted upon the decay of the SCH state in coincidence with the two photoelectrons.

	[COV -2
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	7: Vertical electronic energies with respect to

  ln 2

					t-tc	2			
					t FWHM	,			(4.11)
	such that							
	-	∂A z (t) ∂t	= E 0 cos (ω c t) -E 0	4 ln 2(t -t c ) FWHM ω c t 2	sin (ω c t) e	-2 ln 2	t-tc t FWHM	2	E z (t). (4.12)

  .[START_REF] Chapman | Diffraction before destruction[END_REF] These expressions do not take into account Pauli's principle, as justified in the Appendix 4.A.1. The vertical electronic energies are denoted ω i for the SCH states, ω S ij for the DCH states, ω v for the V -2 Auger states and ω¯i v for the K -1 ī V -2 Auger states. The electronic energy at the equilibrium internuclear distance of the ground state is defined as the zero of energy. |χ GS (t) , |χ SCHī ( k, t) , |χ DCH S

{ij} ( k , k , t) , |χ¯i Av ( k , k , t) and |χ¯ij SAī v (

  .[START_REF] Mcpherson | Studies of multiphoton production of vacuum-ultraviolet radiation in the rare gases[END_REF] with E ν the energy of the vibrational state ν of the SCH i state. E ν is defined with respect to the bottom of the SCH i potential, while the vertical electronic energy ω i of the SCH i state is defined with respect to the ground vibrational level of the ground electronic state. A vertical line (ε =cte) corresponds to the formation of a given vibrational state of the SCH i state. The four lowest vibrational states which contribute to the vibrational

	progression are labeled ν SCH i	(i = 0 -3) in the upper 1D spectrum. An horizontal (black
	dashed) line corresponds to ε =cte and satisfies the relation:

  .[START_REF] Ferray | Multiple-harmonic conversion of 1064 nm radiation in rare gases[END_REF] where E ν is the energy of the vibrational state ν of the DCH S ij state, defined with respect to the bottom of the DCH S ij potential. The vertical electronic energy ω S ij of the DCH S ij state is defined with respect to the ground vibrational level of the ground electronic state. From Eq. 6.4, we see that an horizontal line is not associated with one particular vibrational state of the DCH state, but corresponds to a given E ν -E ν energy. For

	example, the couples (ν SCH 0	, ν DCH 1	), (ν SCH 1	,ν DCH 2	), (ν SCH 2	,ν DCH 3	) and (ν SCH 3	,ν DCH 4

  .
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  Figure 6.12: Partial integral cross sections of SCH state formation as a function of the pulse duration. Full lines: ΓCH from Table 3.3; dashed lines: ΓCH = 0 eV. The photon density is kept fixed at n S = 4 Mb -1 .
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  2 gO / W 2 gC ∼ 11.2 and W 2 OO / W 2 CC ∼ 13.1 for the first and second ionization steps, respectively. The cross sections for the ts-DCH states σ ij are higher than that of the Partial integral cross sections of DCH state formation as a function of the pulse duration. Full lines: ΓCH from Table 3.3; dashed lines: ΓCH = 0 eV. The photon density is kept fixed at n S = 4 Mb -1 . ss-DCH states σ ii , which can be easily explained by the degeneracy factors (see Section 4.4). Indeed, after the first core ionization, two electrons are present in the K-shell of the other atomic site, while only one electron remains in the 1s shell of the same atom.

		0.10 0.12	×10 -2 S σ S CO	S σ S OC	σ OO	σ CC
	σ ij [Mb]	0.04 0.06 0.08			
		0.02			
		0.00			
			1	5	10	20	40
					t FWHM [fs]
	Figure 6.14:				

Table 6 .

 6 1 summarizes the ratios of the cross sections of SCH and DCH states for laser pulse of 1 and 40 fs durations, when the Auger decay widths are set to zero or not (the photon density is the same for all calculations).Let us first consider the case where the Auger decay is neglected in all core hole states ( ΓSCH = 0 eV, ΓDCH = 0 eV). As mentioned previously, the cross sections of SCH states are about 100 to 200 times larger compared to the DCH state ones. Moreover, the ratios σ i /σ ij are almost identical for laser pulse of 1 and 40 fs durations (the small difference is due to numerical errors). Indeed, there is no competition between Auger decay and photoionization in the intermediate SCH state, such that the system has time to absorb a second photon.

Table 6 .

 6 1: Ratios of the partial integral cross sections of SCH and DCH state formation for laser pulses of 1 and 40 fs duration, when the Auger decay is included or not in the simulations.

		Ratio	ΓSCH = 0 eV ΓSCH = 0 eV ΓSCH = 0 eV
			ΓDCH = 0 eV ΓDCH = 0 eV ΓDCH = 0 eV
	t FWHM = 1 fs	σ C /σ CC σ O /σ OO σ C / S σ S CO σ O / S σ S OC	209 176 79 129	195 155 74 114	209 175 79 129
	t FWHM = 40 fs	σ C /σ CC σ O /σ OO σ C / S σ S CO σ O / S σ S OC	913 1239 341 905	191 151 72 111	894 1214 338 900

These results clearly illustrate the competition between Auger decay and second ionization which determines the population of the intermediate SCH state. By designing

Table 6 .

 6 2: Main ionization pathways leading to the formation of DCH states via the sequential absorption of two photons. The labels (a→f) refer to the vibrational levels (0→5) of the DCH states. The labels ij refer to the transitions ν SCH

	100)	00 S (31.0)	00 S (25.6)
	10 (6.82)	10 S (5.05)	10 S (6.86)
		20 S (0.19)	20 S (0.52)
	b		

  t) ⊗ |SCH i , k e -i(ε+ω i )t |GS , |SCH i , k et |DCH S ij , k k sont les fonctions d'onde électroniques à N électrons associées à l'état fondamental, aux états intermédiaires et aux états finaux, respectivement. Les impulsions des photoélectrons sont données par k et k , tandis que ε et ε désignent les énergies correspondantes. Les énergies électroniques verticales (i.e. à la géométrie d'équilibre de CO) des états simplement et doublement ionisés sont notées ω i et ω S ij , respectivement. Les fonctions d'onde nucléaires dans les états fondamental, simplement et doublement ionisés sont données par |χ GS (t) , |χ SCH i ( k, t) et |χ DCH S ij ( k, k , t) , respectivement. En substituant l'expression de la fonction d'onde totale 6.7 dans l'équation 6.6, en proje-tant sur les différents états électroniques et en intégrant sur les coordonnées électroniques, on obtient les équations du mouvement pour les noyaux: , t) | χSCH i (ε, t) . (6.10) Les approximations faites pour obtenir ces équations du mouvement ne sont pas reportées ici (le lecteur est invité à se référer au Chapitre 4 de cette thèse). Le déclin Auger est décrit de manière phénoménologique via les opérateurs ΓSCH i et ΓDCH S ij qui décrivent la fuite de population des états simplement et doublement ionisés, respectivement. De plus, les opérateurs Γphoto GS→SCHs (t) et Γphoto SCH i →DCHs

					i	d dt	|χ GS (t) = ĥGS -	i 2	Γphoto GS→SCHs (t) |χ GS (t)	(6.8)
			i	d dt	| χSCH i (ε, t) = ĥSCH i + ε -ω -	i 2	ΓSCH i -	i 2	Γphoto SCH i →DCHs (t)
								× | χSCH i (ε, t) + Wgi (ε, t) |χ GS (t)	(6.9)
	i	d dt	| χDCH S ij (ε, ε , t) = ĥDCH S ij + ε + ε -2ω -	i 2 ΓDCH S ij	| χDCH S ij (ε, ε , t)
								+ WijS (ε
			+	i,j,S	d kd k |χ DCH S ij ( k, k , t) ⊗ |DCH S ij , k k e -i(ε+ε +ω S ij )t .	(6.7)

The following numerical values (taken from Ref.[START_REF] Cederbaum | On double vacancies in the core[END_REF]) should be considered with care since correlation effects are not included in the ∆SCF (delta-self consistent field) method.

E 0 g(t) cos (ωt)e i k• --→ X i G Y 10 (θ k ),(4.68)

The small peaks in the ε T -spectrum arise from artefacts due to the finite size of the spatial grid.

The vibrational states of the singlet and triplet configurations are labeled i S and i T on the figures, with i the vibrational level.

The photoelectron energies at the resonance are (ε = 703.507 eV, ε =

441.492 eV) when C is ionized first, and (ε = 457.538 eV, ε = 687.461 eV) when O is ionized first.

titre d'exemple le spectre de photoélectron obtenu suite à l'ionisation de l'orbitale 1s du carbone de la molécule éthyltrifluoroacétate (voir Figure R.1). Cette molécule est composée de quatre carbones, dont les environnements chimiques sont différents. L'énergie de liaison de chaque carbone varie selon l'électronégativité des atomes voisins. Cependant, la sensibilité de ces techniques conventionnelles peut s'avérer insuffisante pour sonder des éléments dont l'environnement chimique est très similaire. En créant deux trous en couche de coeur, soit sur le même atome (état K -2 ) ou sur des atomes différents (état K -1 K -1 ), les déplacements chimiques sont accentués ce qui permet de distinguer des atomes quasi-équivalents. De tels états doublement ionisés en couche de coeur peuvent être produits par l'interaction d'une molécule avec un rayonnement synchrotron. La voie d'ionisation principale correspond à l'absorption d'un seul photon accompagnée de l'émission de deux photoélectrons. La probabilité d'un tel événement repose sur la force de la corrélation entre les électrons. Deux lacunes en couche K peuvent également être formées en exposant une molécule à un rayonnement très court et intense, produit par exemple par un laser à électrons libres (XFEL). Dans ce cas, la voie d'ionisation dominante est l'absorption séquentielle de deux photons X (voir Figure R.2). L'absorption d'un premier photon produit un photoélectron ainsi qu'un cation K -1 . Plusieurs processus sont ensuite en compétition à l'échelle de la femtoseconde: Soit
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The couplings induced by the electric field are defined as:

and using the ansatz 4.23:

In Eq. 4.30, δ i ī does not arise from a relation of orthogonality, but comes from the fact that an unique pathway can lead to a particular DCH state, as discussed previously.

The matrix elements W ijS ( k , R, t) = DCH S ij , k | Ŵ (t)|SCH i are evaluated in the sudden approximation, i.e. the electric field interacts with a single active electron (for details see Appendix 4.A.1). Moreover, we consider that the photoelectron originates from a purely atomic 1s orbital. The transitions matrix elements are then:

and

where â1s i is the operator for the annihilation of an electron in the 1s orbital of the atom i, and â1s j/i is the operator for the annihilation of an electron in the 1s orbital of the atom j in the presence of a core hole on atom i.

Furthermore, the matrix elements are evaluated in the frozen orbital approximation, taking the overlap integrals (second terms in Eqs. 4.31 and 4.32) equal to one. Therefore, the dependence of the dipole matrix elements on R due to these overlaps drops.

Since all post-collisional interactions as well as the effect of the Coulomb potential of the cation on the emitted electrons are neglected, the photoelectron state can be described by a plane wave originating from a 1s orbital. Within these approximations, an

Let us consider now the formation of K -1 V -2 Auger states. These events can be distinguished from those leading to the formation of V -2 Auger states by detecting in coincidence three electrons. We neglect the events K -2 i → K -1 j V -2 . Three ionization channels may lead to the Auger state [CO(K

As explained in Section 4.2.2.a, we can distinguish all ionization pathways leading to a DCH state. Moreover, the energy ranges of the three emitted electrons do not overlap.

Similarly, three ionization channels may lead to the Auger state [C(K -1 )OV -2 ] 3+ :

We see in the term () that the energy ranges of the electrons emitted in the second (first) and third steps overlap, such that we can not distinguish these two electrons. Therefore, quantum interferences between these pathways leading to the same final [C(K -1 )OV -2 ] 3+ Auger state can be observed.

To conclude, since several ionization pathways may lead to the same final Auger state, we can not distinguish in all cases the photoelectrons from the Auger electrons. However, we know which core hole states are involved in the formation of a particular Auger state.

By choosing a photon energy of 900 eV instead of 1000 eV, the energy ranges of the electrons emitted upon the decay of the core hole states are distinct from the other electron energies. However, several ionization pathways would be possible to create a particular DCH state.

The derivation for the energy differential cross section of the DCH states is then straightforward. The probability per unit time for the system to be in a state corresponding to DCH S ij and two photoelectrons of energy ε and ε is

Using the same arguments than for SCH states, one obtains the final expression

Summary: Implementation of the Quantum Model

In this chapter, the numerical implementation of our quantum model is presented.

The nuclear wave packet propagation is performed on grids, which are discretized in space, time and energy. The sine-discrete variable representation is used to evaluate the operators and the wavefunctions on the spatial grid (along the internuclear distance). The potential operator is diagonal within this representation, while an analytical expression is derived for the kinetic energy operator. The equations of motion for the nuclei are solved using the fourth-order Runge-Kutta algorithm, in which the time derivative of the nuclear wavefunction is evaluated four times at each time step. The convergence criteria of the observables with respect to the size of the grids and of the grid steps are assessed.

Appendix

5.A Fourth Order Runge-Kutta Propagation Scheme

In the following, we detail the propagation schemes for the nuclear wave packet in the ground, the SCH and the DCH states (see Eqs. 6.8, 6.9 and 6.10 in Section 4.3.3).

For the nuclear wave packet in the ground electronic state, the RK propagation scheme is:

(5.12)

with K g n (n = 1 -4) the derivatives of the nuclear wavefunction in the ground state multiplied by the time step. Similarly, the RK propagation scheme for the SCH i state is:

(5.17)

with K i n (n = 1-4) the derivatives of the nuclear wavefunction in the SCH i state multiplied by the time step. The propagation of the nuclear wave packet in the DCH S ij state is performed as follows: For a pulse duration of t FWHM = 10 fs (ω FWHM = 182 meV), the vibrational resolution of the dσ CC /dε distribution is reduced but the contribution of the four lowest vibrational states is still visible. On the contrary, only the peaks associated with ν 0 and ν 1 are distinguishable in the ε T -spectrum, while the contribution of the higher vibrational states appears as shoulders.

The spectral features gathered to a single broad peak for the shortest pulse duration (t FWHM = 1 fs). In this case, the main source of energy broadening is ω FWHM = 1825 meV and the vibrational progressions associated with both SCH and DCH states are not resolved.

We now tackle the study of the photoelectron-photoelectron coincidence spectrum associated with the oxygen ss-DCH state as well as the ε T -spectrum (see Fig. 

Furthermore, the energy broadening of ∼ 2 eV in the kinetic energy distribution dσ OO /dε and in the ε T -photoelectron spectrum for pulse durations of t FWHM = 10 and 40 fs can not be explained solely by the Auger decay widths ( ΓSCH = 171 meV, ΓDCH = 513 meV) and the laser pulse widths. This very large spectral broadening stems from the dissociative character of the [CO(K -2 )] 2+ state, and explains the lack of vibrational progression for ways and their relative intensities are summarized in Table 6.2.

The difference between the (2ω, ε T )-spectra with either the carbon or the oxygen as intermediate SCH states is shown in Fig. 6.21c (gray area). The position of the peaks of the vibrational progression is the same for both ionization pathways, since the energy of the intermediate SCH state cancels by energy conservation for the two-photon process (see Eq. 6.5). However, the non-normalized spectrum is 1.61 times more intense for the ionization pathway via the carbon SCH state, owing to the different transition dipole moments and SCH Auger decay widths. Indeed, the longer core hole lifetime of the carbon SCH state favours the absorption of a second photon compared to the oxygen case. The long vibrational progression observed in the (2ω, ε T )-spectra arises from the six lowest vibrational states. The vibrational pathways to reach the same vibrational state of the DCH state are different for the two channels: For example, the main ionization pathways to

)O] + is 013 and 023, while the major contributions come from 003 and 013 when [CO(K -1 )] + is the intermediate state (see Table 6.2). The Franck-Condon factors are in agreement with the vibrational distribution for the two ionization pathways (see Fig. 6.22).

In the case of the direct one-photon pathway, vibrational levels up to ν DCH 1 are seen in the spectrum. This short vibrational distribution shows that the nuclear dynamics in the intermediate state allows one to reach higher vibrational levels compared to the direct pathway.

Furthermore, the (ω , ε T )-and (R eq , 2ω, ε T )-spectra differ only marginally due to the similar shape of the PECs and the close R eq of the ground electronic and ts-DCH states (∆R = 0.03 Å). Obviously, the peak at 1144.45 eV is not observed in the (R eq , 2ω, ε T )spectrum since it originates from the population of the first excited vibrational state of the triplet state, as shown in the lower panel of Fig. 6.22.

To conclude, the photoelectron-photoelectron coincidence spectra of the ts-DCH states are clearly distinguishable for the ionization pathways via [C(K -1 )O] + and [CO(K -1 )] + .

In contrast, the ε T -spectra for the two pathways differ in intensity but the peak positions are identical.

Summary: Results

The formation of DCH states via sequential absorption of two x-ray photons from a single femtosecond laser pulse is investigated for the prototype carbon monoxide molecule. The fingerprints of the nuclear dynamics as well as of the photoionization and Auger decay processes on the photoelectronphotoelectron coincidence spectra are assessed.

The photoionization decay widths derived in the local approximation provide an excellent qualitative and quantitative approximation to the dipolar coupling terms for photon densities up to 4 Mb -1 . The effect of the photoionization decay widths on the probabilities per unit time and per unit energy to create a core hole state is weak in the perturbative regime, owing to the small transition dipole moments. We showed that in addition to the spectral broadening arising from the first ionization, the absorption of a second photon within the same pulse contributes to the energy broadening of the photoelectron spectrum. The resolution of the photoelectron spectra is limited by the core hole lifetimes which are intrinsic properties of the system. Therefore, the electric field is the only external parameter which can be tuned to highlight vibrational structures in the spectra. The vibrational progression of the DCH state is observed by integrating the photoelectron-photoelectron coincidence spectrum along lines of constant total photoelectron energy. A pulse of 40 fs duration is required to observe clearly the vibrational progression of all SCH and DCH states (except for the oxygen ss-DCH state which is dissociative). The presence of vibrational progressions in the photoelectron spectra is a fingerprint of the nuclear dynamics in the core hole states.

In order to bring out the influence of the nuclear dynamics on double core photoionization processes, we compare the photoelectron spectra for the sequential twophoton process (XFEL regime) when the nuclear dynamics is included or at fixed internuclear distances, to the spectrum obtained for a direct one-photon pathway (synchrotron regime). The dynamics in the intermediate SCH state favours the population of different vibrational levels compared to the direct one-photon pathway. Moreover, the distinct shapes and the energy shifts of the spectra for the sequential and direct pathways provide informations on the topologies and the relative displacements of the minima of the core hole potential energy curves. Moreover, the distribution of the photoelectron spectra for both the sequential and direct pathways can be predicted from the Franck-Condon factors. This is due to the fact that our model neglects the dependence of the transition dipole moments and of the Auger decay widths on the internuclear distance, such that interferences between vibrational states are small for such long laser pulse (40 fs duration).

Conclusions and Perspectives

In this thesis, we investigated the formation of molecular double core hole states, produced via the sequential absorption of two x-ray photons from a single femtosecond laser pulse. This study provides for the first time a time-dependent quantum description of this phenomenon and highlights the molecular effects on core photoionization processes.

To this end, the electronic and nuclear motions are decoupled within the Born-Oppenheimer approximation. The description of the electronic structure of core hole states is particular in the sense that a proper treatment of strong orbital relaxation effects and electronic correlations in the presence of a core vacancy is required. We calculated the potential energy curves of single and double core hole states of the prototype carbon monoxide molecule: The relaxed Hartree-Fock molecular orbitals are used as reference for a configuration interaction calculation including single and double excitations which includes the electronic correlation.

We developed for the first time a time-dependent full quantum model to describe the formation of molecular double core hole states, and the energy distributions of the two emitted photoelectrons. More specifically, we solved the time-dependent Schrödinger equation for the nuclear motion in the ground, the single core hole and the double core hole states. All post-collisional interactions are neglected in our model, which is legitimate for photon energies high above the core ionization thresholds. Moreover, in the case of carbon monoxide, the differences in binding energies are such that we can associate each photoelectron to a given ionization event. Therefore, an unique pathway can lead to a particular double core hole state and quantum interferences are ignored. The interaction with the electric field is treated explicitly: Analytical expressions for the transition dipole moments are derived in the sudden approximation, considering the photoelectrons as plane waves originating from purely atomic 1s orbitals. Despite these approximations, the competition between Auger decay and second photon absorption in the intermediate single core hole states. We demonstrated that we can favour one particular ionization channel by choosing a laser pulse much longer or shorter than the single core hole lifetimes.

Finally, we brought out the fingerprint of the nuclear dynamics on core photoionization processes, by comparing the photoelectron spectra obtained through the sequential absorption of two x-ray photons (including or not the nuclear motion) and via the direct absorption of a single photon. The laser pulse duration is fixed at 40 fs for this study.

The absorption of two-photons favours different vibrational levels of the double core hole state compared to the single-photon pathway. The differences in intensities and the energy shifts of the vibrational distributions for the two-photon and one-photon pathways illustrate the effects of the nuclear dynamics in the intermediate single core hole states. Moreover, information on the topologies of the potential energy curves and the relative displacements of their minima can be retrieved from this comparison. Finally, we showed that several ionization pathways are possible to reach the same vibrational level of the final double core hole state.

To conclude, we laid the foundations for a complete description of double core hole state formation in the XFEL regime. We believe that this work will help in the interpretation of experimental spectra if/when coincidence measurements and higher energy resolution will be available.

Further developments of the present study can be envisioned.

First of all, the present model could be improved by refining the description of the dipole and Auger matrix elements. On one hand, we could go beyond the frozen orbital approximation to include the dependence of the transition dipole moments on the internuclear distance. On the other hand, the dependence of the Auger decay widths on the bond length could be included using the Fano-CI method developed in our group. These dependences could affect the shape of the vibrational distributions in the photoelectron spectra.

Furthermore, the model could be extended to the explicit treatment of side-processes accompanying the production of double core hole states. More specifically, the population leakage towards the satellite states (which represent about 10% of the primary event)