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The investigation of ultrafast molecular dynamics is of great importance towards the understanding of a variety of natural phenomena in physical and chemical sciences.

With the rapid development of femtosecond laser systems and precision detection technologies, it is possible now to visualize and steer the motion of molecules in matter as well as the ultrafast dynamics of electrons and nuclei in molecules on a microscopic timescale. When a molecule is exposed to a strong laser field, the electrons in molecule can be freed or excited, and often followed by molecular dissociation, in which the electrons and nuclei exhibit a strong correlation, while the electronic motion on attosecond timescale is much faster than that of the nuclei ranging from femtosecond to picosecond timescale. One of the examples is the absorbed photon energy shared by the electron and nucleus in molecular dissociative ionization process. In addition, a lot of physical processes such as the electron tunneling ionization have a strong dependence on the spatial orientation of molecular axes with respect to the polarization of the incident laser field. Confining molecular axes to a specific direction is significant in unambiguously understanding and control the ultrafast response of the molecules to the laser fields. The field-free molecular alignment, stimulated by the intense femtosecond laser fields, is recognized as a powerful method to control the spatiotemporal distribution of the molecular axis and serves as an important tool for studying the rotational dynamics of complex molecules and ultrafast collisional dissipation of dense gas medium.

By using the waveform controlled strong femtosecond laser fields, and the advanced detection technologies of multi-particle coincidence measurement of Cold target recoil ion momentum spectroscopy and time resolved birefringence detection, this thesis investigates the ultrafast Rydberg excitation, dissociation, rotation and collision dynamics of molecules. The main contents are summarized below.

Dissociative Rydberg excitation of molecule in strong laser field

The generation of Rydberg nuclear fragments in molecular dissociative ionization processes are accessed via either the frustrated tunneling ionization or the multiphoton resonant excitation. Different characteristics of these two mechanisms in kinetic energy release spectra are observed and studied in this thesis.

First, the dissociative frustrated multiple ionization of HCl molecules in near infrared femtosecond laser fields are experimentally investigated, in which processes the tunneled electrons are recaptured by the outgoing ionic nuclear fragments. Several dissociative frustrated multiple ionization channels by trapping one or two released electrons to highly excited Rydberg states are observed. The formed excited nuclear fragments, depending on their principle quantum numbers, can be either directly detected in the photoion-photoion coincidence spectrum and forming a "knee" structure in the kinetic energy release spectrum, or singly ionized by a weak static electric field of the spectrometer after the strong laser pulse and be identified in the photoelectronphotoion coincidence spectrum. The KER spectrum and momentum angular distribution of dissociative Rydberg excitation channels are similar to that of the corresponding dissociative ionization channels, which results from the electron recapture occurs at the end of the laser pulse, and thus has almost no influence on the nuclear kinetic energy.

Second, the multiphoton dissociative Rydberg excitation (DRE) of O2 molecule in ultraviolet femtosecond laser field, forming an O and an excited O * fragments, is experimentally observed by studying the photoelectron-photoion coincidence spectrum.

The discrete peak positions of the sum kinetic energy releases spectrum of the ejected electron and nuclear fragments of the DRE channel are measured to be similar to that of the dissociative single ionization (DSI) channel. However, their nuclear kinetic energy spectra are distinct which is inconsistent with the frustrated tunneling ionization mechanism. The experimental results indicate that the absorbed photon energy above threshold is mostly deposited to the nuclear kinetic energy in the DRE channel. While the released electron will take away a part of the absorbed photon energy in the corresponding dissociative ionization channel, resulting in a smaller nuclear kinetic energy as compared to the DRE channel. By analyzing the kinetic energies spectra, the multiphoton resonance excitation is recognized as the mechanism in accessing the DRE channel, which generally occurs when the energy gap between the excited and ground states matches the energy of one or sum of several photons. Moreover, different pathways towards the DRE and DSI are identified based on the correlated dynamics of the ejected nuclear fragments and electrons.

Tunneling-site-sensitive ultrafast dynamics of molecule in strong laser field

As compared to atoms, on the one hand, the dissociation accompanying multiple excitation and ionization often occurs in molecules excited by ultrashort laser pulses.

On the other hand, these ultrafast processes have a strong dependence on the electron tunneling site in molecular frame. In this thesis, the electron tunneling site sensitive ultrafast dynamic in molecular dissociative ionization processes are experimentally explored.

First, molecular bond breaking is one of the key ingredients for light-induced chemical reactions. Here, the asymmetric dissociative double ionization of HCl molecules with respect to the molecular orientation and instantaneous laser field vector are experimentally revealed by employing the angular streaking technique and analyzing the asymmetric sum momentum spectra of the ejected nuclear fragments as a recoil of the ejected electrons in elliptically polarized laser pulse. Three different dissociative pathways involving various molecular orbitals of HCl are distinguished.

The experimental results show that the HCl molecule is preferred to be ionized when the laser field vector points from H to Cl, which is not consistent with the expectation by a tunneling model associated with the laser induced Stark shifts of the HCl and HCl + .

Our results indicate that the asymmetric dissociative double ionization of HCl molecules are mainly governed by the profiles of multiple molecular orbitals.

For complex triatomic molecules, the dissociative double ionization of N2O molecule,including denitrogenation and deoxygenation channels, is experimentally investigated by using the similar procedure. Different pathways towards the denitrogenation and deoxygenation channels, involving various bound and repulsive states by removing electrons from different molecular orbitals, are uncovered by examining the momentum angular distributions and asymmetric sum momentum spectra. The experimental results demonstrate that the asymmetric dissociative double ionization of N2O molecules are governed by the detailed potential energy curves, the profiles of the molecular orbitals, and the electron localization-assisted enhanced ionization of the stretched molecules.

Second, the strong laser field tunneling ionization induced transient valence charge localization and its ultrafast intramolecular motion are explored and visualized. Taking the dissociative single ionization of HCl as a research system, when the valence electron tunnels out with an exit near H (or Cl), an initial optical-field-induced transient charge is localized on H (or Cl) site and subject to subsequent rearrangements. The asymmetric transient charge localization, depending on the electron tunneling site in the molecular frame, is encoded in the asymmetric momentum of the outgoing proton fragments acquired from the strong laser field. Combining the angular streaking technique and axial recoil approximation, the electron tunneling site dependent asymmetric momentum angular distribution of outgoing proton fragments is clearly observed, which allows one to reveal the asymmetric initial transient charge localization. The profiles of HOMO and HOMO-1 of HCl molecule adopted from [START_REF] Moix Teixidor | Predicted structure and energetics of HCl2 +[END_REF]. (b) Relevant potential energy curves of the HCl 2+ , adopted from [START_REF] Akagi | Laser Tunnel Ionization from Multiple Orbitals in HCl[END_REF] Chapter 1 Introduction
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The interaction of light and matter

The interaction of light with matter is one of the most fundamental processes in nature, e.g., the interaction between sunlight and plants to produce oxygen to maintain our lives through photosynthesis. The investigation of mechanisms behind light-matter interaction such as the well-known photoelectric effect [1] has always been fascinating research topics. In 1960, the generation of the world's first laser [2] marked a new age for the study of the interaction of light and matter due to the high spatial and spectral coherence of the laser emission. Since then, the interest in the laser-matter interaction field has increased, mainly due to the improving capabilities to control the laser characteristics by using advanced technologies, including Q-switching [3], Modelocking [4][5][6], Chirped Pulse Amplification [7], and Kerr-lens mode-locking [8], which allow the laser pulse duration to be reduced and the intensity to be increased gradually.

Nowadays, ultrashort and intense lasers are powerful tools for tracing and controlling chemical reactions. In1999, the Nobel Prize in Chemistry was awarded to Zewail for his innovative contribution to the field of femtochemistry [START_REF] Hartmann | Molecular alignment echoes probing collision-induced rotationalspeed changes[END_REF]. Moreover, ultrafast laser provides a lot of well-known applications to improve the quality of our daily life, such as material processing and new techniques for medical treatments.

These examples illustrate how important it is to explore and control the processes of laser-matter interaction. Recently, the rapid development of femtosecond laser and precision measurement technology have opened a new area for the investigations of microscopic reaction process at the molecular level, which is significant for understanding chemical reactions and ultrafast physics. When ultrashort and intense laser pulses interact with molecules, many interesting processes such as ionization, dissociation, nonlinear excitation, and rotation occur. The basic concepts involved in strong laser field physics and a series of ultrafast dynamics are presented in this chapter.

Strong laser field induced molecular excitation, ionization, and dissociation

The strong laser fields with high intensity (~10 14 W/cm 2 ) allow for generating an electric field equivalent to the Coulomb field inside a molecule. Therefore, the Coulomb potential barrier of molecule can be distorted drastically and the electron will be freed to continuum or excited to Rydberg states, and often followed by immediately molecular dissociation to generate outing nuclear fragments.

Tunneling and multiphoton ionization or excitation

A fundamental understanding of the strong field ionization was described in a pioneering theoretical model proposed by Keldysh in 1964 [10]. When a molecule is exposed to a strong laser field, the bound electron can be released by multiphoton ionization or tunneling ionization as illustrated in the sketches of Figs. 1.1, which are quantitatively distinguished by using the Keldysh parameter ,

𝛾 = √ 𝐼 𝑝 2𝑈 𝑝 (1-1)
where Ip is the ionization potential of the molecule, Up, determined by the peak strength E and frequency  of the laser field, is the ponderomotive energy and given by,

𝑈 𝑝 = √ 𝑒 2 𝐸 2 4𝑚 𝑒 𝜔 2 (1-2)
in which me and e are the mass and charge of electron, respectively. When the Keldysh parameter the ultrafast process is dominated by the multiphoton mechanism, which is often excited by the short wavelength laser field with low intensity [11]. When the intensity goes even stronger, the bound electron could tunnel out the molecular potential which are dramatically distorted by the intense oscillating electric fields. The tunneling regime is characterized by the Keldysh parameter , which is often induced by long wavelength laser field with high intensity [12]. Rather than direct ionization, the molecules can also be excited into Rydberg states with extremely large orbitals. The pathways towards the Rydberg excitation are similar to the ionization in strong laser field, including multiphoton resonant excitation [13][14][15][16][17][18] and frustrated tunneling ionization [19][20][21][22][23][24][25][26][27][28].

Molecular dissociative ionization and Rydberg excitation

As compared to atoms, dissociation accompanying multiple excitation and ionization often occurs in molecules driven by ultrashort laser pulses [29][30][31][32][33][34][35][START_REF] Ohmura | Selective Ionization of Oriented Nonpolar Molecules with Asymmetric Structure by Phase-Controlled Two-Color Laser Fields[END_REF][START_REF] Song | Directional deprotonation ionization of acetylene in asymmetric two-color laser fields[END_REF][START_REF] Yao | Molecular-bond hardening and dynamics of molecular stabilization and trapping in intense laser pulses[END_REF][START_REF] Znakovskaya | Subcycle Controlled Charge-Directed Reactivity with Few-Cycle Midinfrared Pulses[END_REF][40]. Taking the diatomic AB molecule as an example, the AB molecule can be first singly ionized and may dissociate into A(B) + + B(A) fragments which is usually called dissociative single ionization. As the laser intensity increases, the dissociative double and multiple ionization with the formation of A m+ + B n+ fragments (m and n represent charge states) will be produced.

Interestingly, there is a certain probability that the released electrons be finally trapped by the dissociative charged fragments leading to the Rydberg fragments, which processes are schematic displayed in Fig. 1.2 for AB molecule, and usually called molecular dissociative Rydberg excitation [START_REF] Manschwetus | Strong Laser Field Fragmentation of H2: Coulomb Explosion without Double Ionization[END_REF][START_REF] Emmanouilidou | Routes to formation of highly excited neutral atoms in the breakup of strongly driven H2[END_REF][START_REF] Price | Toolkit for semiclassical computations for strongly driven molecules: Frustrated ionization of H2 driven by elliptical laser fields[END_REF][START_REF] Wu | Multiple Recapture of Electrons in Multiple Ionization of the Argon Dimer by a Strong Laser Field[END_REF][START_REF] Nubbemeyer | Excited neutral atomic fragments in the strong-field dissociation of N2 molecules[END_REF][START_REF] Mckenna | Frustrated tunneling ionization during laserinduced D2 fragmentation: Detection of excited metastable D* atoms[END_REF][START_REF] Chen | Controlling electron-electron correlation in frustrated double ionization of triatomic molecules with orthogonally polarized twocolor laser fields[END_REF][START_REF] Chen | Frustrated double ionization in two-electron triatomic molecules[END_REF][START_REF] Emmanouilidou | Multiple electron trapping in the fragmentation of strongly driven molecules[END_REF][START_REF] Katsoulis | Enhancing frustrated double ionization with no electronic correlation in triatomic molecules using counter-rotating two-color circular laser fields[END_REF][START_REF] Xie | Tunneling electron recaptured by an atomic ion or a molecular ion[END_REF]. The underlying physics related to molecular dissociative Rydberg excitation have been explored not only for homonuclear diatomic molecules such as hydrogen [START_REF] Manschwetus | Strong Laser Field Fragmentation of H2: Coulomb Explosion without Double Ionization[END_REF][START_REF] Emmanouilidou | Routes to formation of highly excited neutral atoms in the breakup of strongly driven H2[END_REF][START_REF] Price | Toolkit for semiclassical computations for strongly driven molecules: Frustrated ionization of H2 driven by elliptical laser fields[END_REF] and nitrogen [START_REF] Nubbemeyer | Excited neutral atomic fragments in the strong-field dissociation of N2 molecules[END_REF] but also for complex molecular targets [START_REF] Wu | Multiple Recapture of Electrons in Multiple Ionization of the Argon Dimer by a Strong Laser Field[END_REF]. Recently, a complete measurement of the photoelectron, ionic, and neutral Rydberg nuclear fragments from a molecule was performed [START_REF] Hu | Laser-induced dissociative recombination of carbon dioxide[END_REF][START_REF] Zhang | Electron-nuclear correlated multiphoton-route to Rydberg fragments of molecules[END_REF][START_REF] Zhang | Visualizing and Steering Dissociative Frustrated Double Ionization of Hydrogen Molecules[END_REF][START_REF] Zhang | Electron trapping in strong-field dissociative frustrated ionization of CO molecules[END_REF], which unambiguously identified the dissociative Rydberg excitation channel and most importantly enabled to reveal the critical role of electronnuclear correlation [START_REF] Zhang | Electron-nuclear correlated multiphoton-route to Rydberg fragments of molecules[END_REF]. 

Electron-nuclear correlation in molecular dissociation

The understanding of motions of electrons and nuclei in a molecule are usually separated according to the Born-Oppenheimer approximation. However, the electronnuclear correlation in molecular photoionization and fragmentation is crucial for us to study the ultrafast dynamics of molecules, which provides a novel angle to explore some interesting phenomenon such as the photon energy sharing in dissociative multiphoton ionization [START_REF] Lu | Electron-nuclear correlation in above-threshold double ionization of molecules[END_REF][START_REF] Madsen | Multiphoton Above Threshold Effects in Strong-Field Fragmentation[END_REF][START_REF] Silva | Correlated Electron and Nuclear Dynamics in Strong Field Photoionization of H2 +[END_REF][START_REF] Wang | Counterintuitive energy shifts in joint electron--nuclear-energy spectra of strong-field fragmentation of H2 +[END_REF][START_REF] Wu | Electron-Nuclear Energy Sharing in Above-Threshold Multiphoton Dissociative Ionization of H2[END_REF][START_REF] Zhang | Photon Energy Deposition in Strong-Field Single Ionization of Multielectron Molecules[END_REF][START_REF] He | Laser-wavelength and intensity dependence of electron-nuclear energy sharing in dissociative ionization of H2[END_REF][START_REF] Zhang | Correlated electron-nuclear dynamics of molecules in strong laser fields[END_REF][START_REF] Sun | Vibrationally resolved electron-nuclear energy sharing in above-threshold multiphoton dissociation of CO[END_REF][START_REF] Wang | Correlated electron-nuclear dynamics in above-threshold multiphoton ionization of asymmetric molecule[END_REF], high order above-threshold dissociation [START_REF] Lu | High-order above-threshold dissociation of molecules[END_REF], and molecular orientation dependent tunneling ionization [START_REF] Li | Orientation dependence of the ionization of CO and NO in an intense femtosecond two-color laser field[END_REF][START_REF] Abu-Samha | Photoelectron angular distributions from polar molecules probed by intense femtosecond lasers[END_REF][START_REF] Dimitrovski | Ionization of oriented carbonyl sulfide molecules by intense circularly polarized laser pulses[END_REF][START_REF] Dimitrovski | Strong-field ionization of polar molecules: Stark-shift-corrected strong-field approximation[END_REF][START_REF] Holmegaard | Photoelectron angular distributions from strong-field ionization of oriented molecules[END_REF][START_REF] Pavičić | Direct Measurement of the Angular Dependence of Ionization for N2, O2, and CO2 in Intense Laser Fields[END_REF][START_REF] Tolstikhin | Theory of tunneling ionization of molecules: Weak-field asymptotics including dipole effects[END_REF][START_REF] Tong | Theory of molecular tunneling ionization[END_REF][START_REF] Wu | Multiorbital Tunneling Ionization of the CO Molecule[END_REF][START_REF] Wu | Strong Field Multiple Ionization as a Route to Electron Dynamics in a van der Waals Cluster[END_REF], which cannot be revealed if only the electrons or nuclear fragments are studied independently.

Electron-nuclear energy correlation in multiphoton process

In multiphoton regime, the molecular bond can be broken after the ionization if the absorption of several photons with a total photon energy exceeding the molecular dissociation limit. The partition of the absorbed photon energy among the released electrons and dissociative fragments in molecular system are an essential process [START_REF] Lu | Electron-nuclear correlation in above-threshold double ionization of molecules[END_REF][START_REF] Madsen | Multiphoton Above Threshold Effects in Strong-Field Fragmentation[END_REF][START_REF] Silva | Correlated Electron and Nuclear Dynamics in Strong Field Photoionization of H2 +[END_REF][START_REF] Wang | Counterintuitive energy shifts in joint electron--nuclear-energy spectra of strong-field fragmentation of H2 +[END_REF][START_REF] Wu | Electron-Nuclear Energy Sharing in Above-Threshold Multiphoton Dissociative Ionization of H2[END_REF][START_REF] Zhang | Photon Energy Deposition in Strong-Field Single Ionization of Multielectron Molecules[END_REF][START_REF] He | Laser-wavelength and intensity dependence of electron-nuclear energy sharing in dissociative ionization of H2[END_REF][START_REF] Zhang | Correlated electron-nuclear dynamics of molecules in strong laser fields[END_REF] . With assistance of the electron-nuclear joint energy spectrum, the photon energy sharing between the ejected electron and outgoing nuclei in the above threshold multiphoton dissociative ionization of diatomic molecules of H2 and CO were observe in coincidence measurement [START_REF] Wu | Electron-Nuclear Energy Sharing in Above-Threshold Multiphoton Dissociative Ionization of H2[END_REF][START_REF] Zhang | Photon Energy Deposition in Strong-Field Single Ionization of Multielectron Molecules[END_REF][START_REF] He | Laser-wavelength and intensity dependence of electron-nuclear energy sharing in dissociative ionization of H2[END_REF]. The population of numerous vibrational states of the molecular cation in the ionization process is recognized as an energy reservoir in photon energy sharing between the emitted electron and the nuclear fragments [START_REF] Zhang | Photon Energy Deposition in Strong-Field Single Ionization of Multielectron Molecules[END_REF].

Molecular orientation dependent tunneling ionization

Electron-nuclear energy sharing was also observed in the electron rescattering induced high order above threshold dissociation of H2 molecules [START_REF] Lu | High-order above-threshold dissociation of molecules[END_REF]. Not only is there a correlation in the sharing of observed photon energy, there is also a strong correlation between the electron tunneling site and molecular orientation in the tunneling ionization.

Significant different characteristics of freed electron such as momentum distributions and ionization rate were observed for the electron released along or perpendicular to the molecular axis [77][START_REF] Itatani | Tomographic imaging of molecular orbitals[END_REF][START_REF] Kanai | Quantum interference during high-order harmonic generation from aligned molecules[END_REF][START_REF] Mcfarland | High Harmonic Generation from Multiple Orbitals in N2[END_REF][START_REF] Torres | Probing Orbital Structure of Polyatomic Molecules by High-Order Harmonic Generation[END_REF][START_REF] Vozzi | Generalized molecular orbital tomography[END_REF]. Moreover, the second electron from the up-field molecular potential well at the critical internuclear distance is more easily to be ionized after the first ionization step for symmetric H2, N2 and C2H2 molecules, which is assisted by the electron localization-assisted enhanced ionization mechanism [START_REF] Wu | Strong Field Multiple Ionization as a Route to Electron Dynamics in a van der Waals Cluster[END_REF][START_REF] Bocharova | Charge Resonance Enhanced Ionization of CO2 Probed by Laser Coulomb Explosion Imaging[END_REF][START_REF] Bubin | Strong laser-pulse-driven ionization and Coulomb explosion of hydrocarbon molecules[END_REF][START_REF] Constant | Observation of Enhanced Ionization of Molecular Ions in Intense Laser Fields[END_REF][START_REF] Frasinski | Femtosecond dynamics of multielectron dissociative ionization by use of a picosecond laser[END_REF][START_REF] Kamta | Phase Dependence of Enhanced Ionization in Asymmetric Molecules[END_REF][START_REF] Lötstedt | Enhanced ionization of acetylene in intense laser fields[END_REF][START_REF] Roither | High Energy Proton Ejection from Hydrocarbon Molecules Driven by Highly Efficient Field Ionization[END_REF][START_REF] Schmidt | Laser-induced trapping of chlorine molecules with pico-and femtosecond pulses[END_REF][START_REF] Wu | Probing the tunnelling site of electrons in strong field enhanced ionization of molecules[END_REF][START_REF] Zuo | Charge-resonance-enhanced ionization of diatomic molecular ions by intense lasers[END_REF].

For heteronuclear molecules such as CO, the shape of the molecular orbitals are not symmetrical with respect to the molecular center like N2 and H2 molecules, the tunneled electrons with exit close to C or O site show different ionization rate, which is mainly governed by the shape of molecular orbitals [START_REF] Wu | Multiorbital Tunneling Ionization of the CO Molecule[END_REF]. Specially, the molecular orbitals structure dominated ionization model predicts that OCS molecule is preferred to be ionized when the electric field points from S to O atom, which is not consistent with the experimental observation and is explained by an tunneling model in which the laser induced Stark shifts associated with the permanent dipoles and polarizabilities of the neutral molecule and its cation are considered [START_REF] Holmegaard | Photoelectron angular distributions from strong-field ionization of oriented molecules[END_REF].

Molecular rotational alignment and echo in space and time

Rotating the molecular axes to a specific direction, an efficient way to overcome the random spatial orientation, is at the heart of many ultrafast physical processes as mentioned before. The molecular rotational alignment can be achieved by three different pathways: collisional alignment [START_REF] Aquilanti | Velocity dependence of collisional alignment of oxygen molecules in gaseous expansions[END_REF][START_REF] Pirani | Orientation of Benzene in Supersonic Expansions, Probed by IR-Laser Absorption and by Molecular Beam Scattering[END_REF][START_REF] Pullman | Facile alignment of molecular rotation in supersonic beams[END_REF], static electric field induced molecular orientation for polar molecules [START_REF] Baugh | Production of a pure, single ro-vibrational quantum-state molecular beam[END_REF][START_REF] Cho | Tight focusing of beams of polar polyatomic molecules via the electrostatic hexapole lens[END_REF][START_REF] Friedrich | Spatial orientation of molecules in strong electric fields and evidence for pendular states[END_REF][START_REF] Wu | Photodissociation of molecules oriented by dc electric fields: Determining photofragment angular distributions[END_REF] and strong laser field kicked molecular alignment (orientation) [START_REF] Friedrich | Alignment and Trapping of Molecules in Intense Laser Fields[END_REF][START_REF] Ohshima | Coherent rotational excitation by intense nonresonant laser fields[END_REF][START_REF] Sakai | Controlling the alignment of neutral molecules by a strong laser field[END_REF][START_REF] Seideman | Rotational excitation and molecular alignment in intense laser fields[END_REF][START_REF] Stapelfeldt | Colloquium: Aligning molecules with strong laser pulses[END_REF][START_REF] Underwood | Switched Wave Packets: A Route to Nonperturbative Quantum Control[END_REF][START_REF] Friedrich | Polarization of Molecules Induced by Intense Nonresonant Laser Fields[END_REF][START_REF] Seideman | Revival Structure of Aligned Rotational Wave Packets[END_REF][START_REF] Seideman | On the dynamics of rotationally broad, spatially aligned wave packets[END_REF][START_REF] Renard | Postpulse Molecular Alignment Measured by a Weak Field Polarization Technique[END_REF][START_REF] Renard | Nonintrusive monitoring and quantitative analysis of strong laser-field-induced impulsive alignment[END_REF].

The expression of the laser field is given by

E(t) = Ef(t)cos(t), where E is the amplitude, f(t) = exp[-(2ln 2)t 2 / 2 ]
is the Gaussian envelope,  is the duration, and  is the frequency of the laser pulse. When the laser pulse duration is longer or shorter than the molecular rotational period, the molecular alignment occurs in adiabatic or non-adiabatic regimes, respectively [START_REF] Friedrich | Alignment and Trapping of Molecules in Intense Laser Fields[END_REF][START_REF] Ohshima | Coherent rotational excitation by intense nonresonant laser fields[END_REF][START_REF] Sakai | Controlling the alignment of neutral molecules by a strong laser field[END_REF][START_REF] Seideman | Rotational excitation and molecular alignment in intense laser fields[END_REF][START_REF] Stapelfeldt | Colloquium: Aligning molecules with strong laser pulses[END_REF][START_REF] Underwood | Switched Wave Packets: A Route to Nonperturbative Quantum Control[END_REF]. In the former, such as alignment driven by a nanosecond laser field, the molecule is excited to "pendular" states [START_REF] Friedrich | Alignment and Trapping of Molecules in Intense Laser Fields[END_REF] and is aligned to the polarization of laser field only during the laser pulse.

The non-adiabatic regime, which applies to femtosecond laser pulse, as employed in this thesis, has advantages that other methods cannot match, such as to enable a fieldfree alignment of the molecules, and thus has been widely used in various applications, including molecular orbital imaging [START_REF] Itatani | Tomographic imaging of molecular orbitals[END_REF][START_REF] Kanai | Quantum interference during high-order harmonic generation from aligned molecules[END_REF][START_REF] Mcfarland | High Harmonic Generation from Multiple Orbitals in N2[END_REF][START_REF] Torres | Probing Orbital Structure of Polyatomic Molecules by High-Order Harmonic Generation[END_REF][START_REF] Vozzi | Generalized molecular orbital tomography[END_REF], high harmonic generation [START_REF] Madsen | Effects of orientation and alignment in high-order harmonic generation and above-threshold ionization[END_REF][START_REF] Velotta | High-Order Harmonic Generation in Aligned Molecules[END_REF], air lasing [START_REF] Zhang | Rotational Coherence Encoded in an ``Air-Laser'' Spectrum of Nitrogen Molecular Ions in an Intense Laser Field[END_REF][START_REF] Xu | Alignment-dependent population inversion in N2 + in intense few-cycle laser fields[END_REF], and collisional dissipations [START_REF] Ramakrishna | Intense Laser Alignment in Dissipative Media as a Route to Solvent Dynamics[END_REF][START_REF] Ramakrishna | Dissipative dynamics of laser induced nonadiabatic molecular alignment[END_REF][START_REF] Hartmann | Quantum and classical approaches for rotational relaxation and nonresonant laser alignment of linear molecules: A comparison for CO2 gas in the nonadiabatic regime[END_REF][START_REF] Owschimikow | Cross sections for rotational decoherence of perturbed nitrogen measured via decay of laser-induced alignment[END_REF][START_REF] Vieillard | Field-free molecular alignment of CO2 mixtures in presence of collisional relaxation[END_REF][START_REF] Ramakrishna | Coherence spectroscopy in dissipative media: A Liouville space pathway approach[END_REF][START_REF] Pelzer | Optimal control of molecular alignment in dissipative media[END_REF][START_REF] Pelzer | Optimal control of rotational motions in dissipative media[END_REF][START_REF] Shepperson | Observation of rotational revivals for iodine molecules in helium droplets using a near-adiabatic laser pulse[END_REF], to name but a few. Up to know, field-free molecular alignment has been achieved by molecular rotational alignment or molecular rotational alignment echoes [START_REF] Karras | Orientation and Alignment Echoes[END_REF][START_REF] Karras | Experimental observation of fractional echoes[END_REF][126][START_REF] Lu | Nonlinear two-dimensional terahertz photon echo and rotational spectroscopy in the gas phase[END_REF][START_REF] Rosenberg | Echo Spectroscopy in Multilevel Quantum-Mechanical Rotors[END_REF][START_REF] Rosenberg | Rotational Echoes: Rephasing of Centrifugal Distortion in Laser-Induced Molecular Alignment[END_REF][START_REF] Rosenberg | Intrinsic calibration of laser-induced molecular alignment using rotational echoes[END_REF][START_REF] Wang | All-optical measurement of high-order fractional molecular echoes by high-order harmonic generation[END_REF][START_REF] Xu | Echoes in unidirectionally rotating molecules[END_REF] (more details can be found in chapter 5). In contrast to molecular rotational alignment, whose temporal positions of field-free alignment revivals are tied to the molecular rotational constants, molecular rotational alignment echoes offer much more flexibility for its time of appearance, at twice the time delay between the two stimulated laser pulses, for what concerns the primary echo. When exposed to a strong laser pulse, the fast oscillation of electrons in the applied electric field produces an induced dipole moment [START_REF] Friedrich | Alignment and Trapping of Molecules in Intense Laser Fields[END_REF][START_REF] Stapelfeldt | Colloquium: Aligning molecules with strong laser pulses[END_REF]. The torque applied to the molecule, resulting from the coupling between the induced dipole and the external field, leads to the alignment of the molecule along the laser polarization. When the pulse duration is far less than the rotational period of the molecules, the molecules are excited to higher rotational states and field-free alignment revivals [START_REF] Seideman | Revival Structure of Aligned Rotational Wave Packets[END_REF][START_REF] Averbukh | Fractional revivals: Universality in the long-term evolution of quantum wave packets beyond the correspondence principle dynamics[END_REF][START_REF] Ortigoso | Time evolution of pendular states created by the interaction of molecular polarizability with a pulsed nonresonant laser field[END_REF][START_REF] Rosca-Pruna | Experimental Observation of Revival Structures in Picosecond Laser-Induced Alignment of I2[END_REF] are raised periodically. The alignment signals include alignment and anti-alignment, corresponding to molecular axes aligned along the polarization of the kicked laser field or delocalized in the plane perpendicular to the laser field, respectively, as schematically displayed in Fig. 1.3. The degree of molecular alignment has a strong dependence on temperature and laser parameters such as intensity and duration [START_REF] Xu | Field-free alignment of molecules at room temperature[END_REF][START_REF] Yoshii | Measurement of molecular rotational temperature in a supersonic gas jet with high-order harmonic generation[END_REF]. In previous works, some approaches have been proposed for the enhancement of field-free alignment degree by applying more laser pulses at the time of maximal alignment [START_REF] Averbukh | Angular Focusing, Squeezing, and Rainbow Formation in a Strongly Driven Quantum Rotor[END_REF][START_REF] Leibscher | Molecular Alignment by Trains of Short Laser Pulses[END_REF].

Field-free molecular rotational alignment

Molecular rotational alignment echo

Echo phenomenon is ubiquitous in nature, with the most common example of an acoustic wave reflected by the rocks: the sound echo. In 1950, the echo was firstly observed in a spin system at twice the delay between the two irradiated pulses [START_REF] Hahn | Spin Echoes[END_REF].

Since then, echo effects have been investigated in various fields such as photon echo [START_REF] Kurnit | Observation of a Photon Echo[END_REF], plasma-wave [START_REF] Gould | Plasma Wave Echo[END_REF], cold atoms [START_REF] Bulatov | Echo in optical lattices: Stimulated revival of breathing oscillations[END_REF][START_REF] Herrera | Echoes and revival echoes in systems of anharmonically confined atoms[END_REF], particle accelerators [START_REF] Spentzouris | Direct Measurement of Diffusion Rates in High Energy Synchrotrons Using Longitudinal Beam Echoes[END_REF], magnetic resonance imaging [START_REF] Brown | Magnetic Resonance Imaging: Physical Principles and Sequence Design[END_REF], and free electron lasers [START_REF] Hemsing | Beam by design: Laser manipulation of electrons in modern accelerators[END_REF][START_REF] Stupakov | Using the Beam-Echo Effect for Generation of Short-Wavelength Radiation[END_REF][START_REF] Xiang | Demonstration of the Echo-Enabled Harmonic Generation Technique for Short-Wavelength Seeded Free Electron Lasers[END_REF][START_REF] Zhao | First lasing of an echo-enabled harmonic generation freeelectron laser[END_REF]. Recently, a new kind of echo, called molecular rotational alignment echoes were discovered in gas molecules stimulated by a pair of time delayed intense femtosecond laser pulses [START_REF] Karras | Orientation and Alignment Echoes[END_REF]126,[START_REF] Rosenberg | Echo Spectroscopy in Multilevel Quantum-Mechanical Rotors[END_REF]. For molecular rotational alignment echoes, as displayed in Fig. 1.4, the first ultrashort laser pulse produces a superposition of rotational coherences resulting in an alignment of the molecular axis along the polarization of the laser field.

Soon after this excitation, the alignment vanishes due to the free evolution of the coherences. A second ultrashort pulse, delayed by 12, is then applied in order to rephase most of the coherences of the system at the time 212 where molecules realign as to form the rotational alignment echo. Note that rotational alignment echoes are classical phenomena which are different from the quantum revivals [START_REF] Karras | Orientation and Alignment Echoes[END_REF]126].

Ultrafast collisional dynamics of atoms and molecules

Molecular dynamics in dissipative media, where interactions between atoms or molecules cause a rapid relaxation of the system, have attracted much attention for their important applications in many research fields [START_REF] May | Charge and Energy Transfer Dynamics in Molecular Systems[END_REF][START_REF] Hirschfelder | Molecular Theory of Gases and Liquids[END_REF]. Indeed, most real gas media being at non-negligible pressure, intermolecular collisions affect the spectral properties of radiative processes as well as the energy redistribution over the internal and external degrees of freedom of the system [START_REF] May | Charge and Energy Transfer Dynamics in Molecular Systems[END_REF]. In the past few years, field-free molecular alignment induced by a linearly polarized laser pulse has been employed as a powerful tool to probe the collisional relaxation of molecules in timescales of few tens to hundreds of picoseconds [START_REF] Owschimikow | Cross sections for rotational decoherence of perturbed nitrogen measured via decay of laser-induced alignment[END_REF][START_REF] Vieillard | Field-free molecular alignment of CO2 mixtures in presence of collisional relaxation[END_REF][START_REF] Zhang | Dissipation dynamics of field-free molecular alignment for symmetric-top molecules: Ethane (C2H6)[END_REF][START_REF] Vieillard | Field-free molecular alignment for probing collisional relaxation dynamics[END_REF][START_REF] Tenney | Collisional decoherence and rotational quasirevivals in asymmetric-top molecules[END_REF]. The decreased amplitude of the rotational alignment revivals with increasing the time delay, reflecting the collisional relaxation of the system, have been used to track the ultrafast collisional dissipation of the molecular systems. Unfortunately, this strategy cannot be used to explore ultrafast dissipation occurring at high gas densities, because the field-free rotational alignment revivals vanish after a few tens of picoseconds due to the high collisional rate.

Theoretical descriptions of decoherence process

The theoretical descriptions of ultrafast collisional dynamics of laser stimulated field-free molecular alignment in dissipative gas media were performed by two different models in previous studies, a quantum [START_REF] Ramakrishna | Dissipative dynamics of laser induced nonadiabatic molecular alignment[END_REF][START_REF] Ramakrishna | Coherence spectroscopy in dissipative media: A Liouville space pathway approach[END_REF] and a requantized classical one [START_REF] Hartmann | Quantum and classical approaches for rotational relaxation and nonresonant laser alignment of linear molecules: A comparison for CO2 gas in the nonadiabatic regime[END_REF][START_REF] Hartmann | Dissipation of alignment in CO2 gas: A comparison between ab initio predictions and experiments[END_REF][START_REF] Hartmann | Collisional dissipation of the laser-induced alignment of ethane gas: A requantized classical model[END_REF]. The quantum model, using a density matrix formalism in which the effects of intermolecular collisions were described through rotational state-to-state rates constructed within the Energy Corrected Sudden (ECS) approximation, was proposed by Ramakrishna and Seideman in their pioneer papers [START_REF] Ramakrishna | Dissipative dynamics of laser induced nonadiabatic molecular alignment[END_REF][START_REF] Ramakrishna | Coherence spectroscopy in dissipative media: A Liouville space pathway approach[END_REF]. In this quantum model, the rotational state-to-state rates were independent on magnetic quantum number M, which was the projection along the polarization axis of the total angular momentum J. It turned out that the idea was good, but the model used to describe the collision was incomplete, leading to theoretical results inconsistent with the experimental observation [START_REF] Vieillard | Field-free molecular alignment for probing collisional relaxation dynamics[END_REF].

Recently, a similar quantum treatment (requantized Classical Molecular Dynamics Simulations) for a quantitative description of the collisional dissipation of molecular alignment but with J and M dependent rotational state-to-state rates of both elastic and inelastic collisions was proposed by J.-M. Hartmann et.al [START_REF] Hartmann | Quantum and classical approaches for rotational relaxation and nonresonant laser alignment of linear molecules: A comparison for CO2 gas in the nonadiabatic regime[END_REF][START_REF] Hartmann | Collisional dissipation of the laser-induced alignment of ethane gas: A requantized classical model[END_REF]. The slower decay of the permanent alignment as compared to the transient alignment, both mainly sensitive to inelastic collisions, indicated a strong propensity of the collisions to conserve the angular momentum orientation (i.e., M/J). This theoretical predictions were confirmed by the experimental observations [START_REF] Hartmann | Quantum and classical approaches for rotational relaxation and nonresonant laser alignment of linear molecules: A comparison for CO2 gas in the nonadiabatic regime[END_REF][START_REF] Vieillard | Field-free molecular alignment for probing collisional relaxation dynamics[END_REF].

Until now, most of quantum models used for the calculation of dissipation induced by intermolecular collision are based upon the secular approximations which neglects transfers occurring among the coherences and between coherence and populations [START_REF] May | Charge and Energy Transfer Dynamics in Molecular Systems[END_REF][START_REF] Bretón | Relaxation of quantum systems weakly coupled to a bath. I. Total-time-ordering-cumulant and partial-time-orderingcumulant non-Markovian theories[END_REF][START_REF] Kosloff | Quantum thermodynamics and open-systems modeling[END_REF]. The understanding of the long-lived quantum coherence, which plays an essential role in diverse natural phenomena and technological applications, requires a detailed modeling of the system-bath interactions beyond the so-called secular approximation which provides a description of the system-bath coupling for Markovian systems [START_REF] Tenney | Collisional decoherence and rotational quasirevivals in asymmetric-top molecules[END_REF][START_REF] Bretón | Relaxation of quantum systems weakly coupled to a bath. I. Total-time-ordering-cumulant and partial-time-orderingcumulant non-Markovian theories[END_REF][START_REF] Kosloff | Quantum thermodynamics and open-systems modeling[END_REF][START_REF] Stickler | Rotational Friction and Diffusion of Quantum Rotors[END_REF][START_REF] Walter | Collisional decoherence of polar molecules[END_REF] that assumes that all collisions are completed and un-correlated.

Despite continuous theoretical progress on understanding nonsecular dynamics, convincing experimental observations are still lacking due to nonsecular only works in a short time interval and the observable signals are generally difficult to obtain. The rotational dynamics of molecules are experimentally investigated in a statics gas cell by using the time resolved birefringence balanced detection. Chapter 5 discusses the ultrafast rotational dynamics of asymmetry-top acetone molecule in strong laser field based on the molecular alignment and rotational alignment echoes. In the chapter 6, the ultrafast collisional dissipation of molecules at high gas densities and nonsecular dynamics in molecular collision is investigated using molecular rotational alignment echoes.

Organization of the thesis

The last chapter is the summary and outlook of this thesis.

Chapter 2 Experimental techniques

In this chapter, the experimental techniques used throughout this thesis are presented. In the first section, the systems to generate intense femtosecond laser pulses are introduced. In the section 2.2, the multi-particle coincidence measurement of Cold target recoil ion momentum spectroscopy (COLTRIMS) and data processing are described. Finally, the time resolved birefringence balanced detection and working principle used to measure aligned molecules are depicted in the section 2.3.

Femtosecond laser systems

The generation of extremely short and intense femtosecond laser pulses is the first wavelength 800 nm, single laser shot energy 3.5 mJ, and repetition rate 1 kHz generated by Spectra Physics Company. In this section, the system from FEMTOLASERS Company is selected as an example to simply describe the generation of intense femtosecond laser pulses. As schematic shown in Fig. 2.1, the laser system is mainly composed of two parts, an oscillator and an amplifier. 

Generation of ultrashort laser pulse

According to the uncertainty principle, the full width at half maximum of laser pulse in time domain  and frequency domain  satisfy 0.441 for a Gaussian shape laser pulse. Therefore, the laser pulses with a broader wavelength spectrum have a shorter duration. The Ti:Sapphire crystal in oscillator, pumped by a laser with wavelength at 532nm, is employed to generate an ultra-wideband spectrum with wavelength ranging from 670 to 1070 nm, as schematic displayed in Fig. 2.1.

The mode locking based on the nonlinear Kerr effect to phase the modes with different frequencies in the oscillator is a key part in the generation of femtosecond laser pulses [8]. The Kerr effect means that the nonlinear relationship between the refractive index of the medium and laser intensity, which can be formulated as,

n(λ, 𝐸) = 𝑛 0 (λ) + 𝑆 1 (λ)  𝐸 + 𝑆 2 (λ)  𝐸 2 + ⋯ (2-1)
where E is the strength of laser filed, 𝑛 0 (λ) is the intrinsic refractive index of the medium, 𝑆 1 (λ) and 𝑆 2 (λ) are the first and second order nonlinear coefficient of the medium, respectively. When a Gaussian shape laser pulse passes through the medium, the center refractive index is larger than that at edge, causing the medium itself to be equivalent to a focusing lens. Therefore, the high intensity part of laser pulses are continuously amplified until saturation, while the low intensity parts are blocked due to the larger beam spot after the laser pulses go back and forth in the oscillator many times.

In addition, the laser pulse will be temporally stretched by positive dispersion after passing through the medium, a grating or prism pair or chirped mirrors with negative dispersion are employed to accurately compensate the dispersion. The parameters of final output ultrashort laser pulses from oscillator are width less than 7 fs, pulse energy less than 6 nJ, and repetition rate 75 MHz.

However, the carrier-envelope phase (CEP) [START_REF] Jones | Carrier-Envelope Phase Control of Femtosecond Mode-Locked Lasers and Direct Optical Frequency Synthesis[END_REF], i.e., the relative phase between the carrier wave and the envelope of ultrashort laser pulse, is not fixed for every ultrashort pulses from oscillator. The precise and CEP stabilization, which can be achieved by using CEP-4 module, is a key ingredient for a lot of experiments in ultrafast molecular physics. The working principle of CEP-4 can be simplified as: the carrierenvelope offset frequency is first measured and then subtracted from every single comb line in an acousto-optic frequency shifter.

Chirped pulse amplification

The output ultrashort laser pulses from oscillator have to be amplified before to perform strong-field experiments. However, it is easy to damage the medium during the amplification process due to the extremely high peak intensity. Chirp Pulse Amplification (CPA) technology, proposed by D. Strickland and G. Mourou in 1985 [7], was regarded as the most successful way to solve this problem, which was award the 2018 Nobel Prize in Physics [163]. In the positive dispersion, the laser pulse with shorter wavelengths are delayed more than longer ones in time, the opposite happens in case of negative dispersion, which is called "chirp". The output femtosecond pulses from oscillator is temporally stretched (positive dispersion) by a stretcher and subsequently 9-pass amplified within a cooled Ti:sapphire crystal pumped by a strong laser pulse wavelength centered at 527 nm. The amplified laser pulses are afterwards compressed by introducing negative dispersion in compressor module. Finally, the output intense femtosecond laser pulses from amplifier provides the following parameters: pulse duration 25 fs, central wavelength 790 nm, single laser shot energy 0.8 mJ, and repetition rate 10 kHz.

Cold target recoil ion momentum spectroscopy

In the chapters 3 and 4 of this thesis, the COLTRIMS is employed for studying the laser induced ultrafast molecular ionization, excitation and dissociation processes. The generated electrons and ions are measured in coincidence [START_REF] Dörner | Cold Target Recoil Ion Momentum Spectroscopy: a 'momentum microscope' to view atomic collision dynamics[END_REF][START_REF] Ullrich | Recoil-ion and electron momentum spectroscopy: reaction-microscopes[END_REF], which enables to retrieve the three dimensional momentum distributions and kinetic energy release (KER) of ejected electrons and ions simultaneously and thus allows us to reveal the critical role of electron-nuclear correlation. coincidence measurement is the biggest advantages of COLTRIMS.

Gas jet

The ultrahigh vacuum chamber, below 10 -10 mbar in main chamber, is necessary for the coincidence measurement of ions and electrons in COLTRIMS. The molecular beam with extremely low density and temperature in laser interaction zone is produced by a supersonic gas jet [START_REF] Narevicius | An atomic coilgun: using pulsed magnetic fields to slow a supersonic beam[END_REF], which enable to decrease the thermal momentum of gas target and achieve an optimal momentum resolution of the spectrometer. The supersonic gas jet is mainly composed of a nozzle with diameter of 30 μm and a skimmer with diameter of 200 μm. The high pressure (a few bars) gas at room temperature in a tube is quasistatically and adiabatically expand to low pressure region through a nozzle. Subsequently, the center of the gas beam with low density and temperature is extracted by a skimmer. The disordered gas molecules are filtered out by the skimmer and two apertures, which allow us to avoid an uncertainty between molecular beam and laser focal spot in the interaction zone. Note that the collision between molecules and/or atoms in the interaction zone is so weak that it can be ignored.

Spectrometer

The generated ions and electrons ejected from the molecules are detected in coincidence by two time and position sensitive MCP detectors at the opposite ends of the spectrometer. Noting the pressure in the main chamber is in the order of 10 -10 mbar and the collisions between the charged fragments and the rest gas are unlikely. The MCP detectors are composed of MCP and delay line anode, as displayed in Fig. 2.3.

When a particle (ion, electron, and excited neutral fragment) hits the inner wall of the MCP, it will trigger an electron multiplication, which increases the probability of the particle being detected. Subsequently, the generated electron cloud from the MCP is accelerated to the delay line anode which is employed to record the position. Taking the DLD as an example, the electron cluster produced by MCP hits two orthogonally wound delay lines (u layer and v layer), a pair of signal pulses propagating in opposite directions with same speed are generated on each delay line. The times for the electric signal pulses on each delay line to both ends are noted as tu1, tu2 and tv1, tv2, respectively, and thus the position of particle impact (u, v) can be expressed as the following formulas,

𝑢 = 𝑓𝑢 (𝑡𝑢1 -𝑡𝑢2) (2-2) 𝑣 = 𝑓𝑣 (𝑡𝑣1 -𝑡𝑣2) (2-3)
where fu and fv are coefficients related to the propagation speed of the electric signal pulses. In general, each layer of delay lines contains a signal and a reference lines, which enable us to effectively improve the signal to noise ratio with the help of differential amplification principle.

Data acquisition

The obtained analogue electrical signals from the MCP and delay line anode are firstly decoupled, and then pass through a differential amplifier and an analog to digital conversion. In order to improve the accuracy of time response of signal, a Constant

Fractional Discriminator (CFD) is employed. The CFD splits the input signal into two parts with different ratio. One signal is delayed by time, and another is reversed. Finally, a bipolar signal that independent on the signal amplitude is formed, and the zero point of signal is served as the digitized threshold. After CFD processing, the analogue electrical signals are converted to digital NIM (nuclear instrument methods) signals.

Subsequently, a time to digital converter is used to convert the NIM signal into a computer readable digital signal. The laser trigger signal detected by a photodiode, providing the starting point of the TOF of measured particles, is processed through the similar procedure. The COBOLD software package developed by RoentDek company controls the device and performs online preliminary analysis [169]. The momentum calculation of the measured electrons and nuclear fragments is performed by using "Root" programs in the off-line analysis.

Three dimensional momentum reconstruction

The three dimensional momenta of the ejected particles from the interaction zone are reconstructed by solving Newton's equations based on the TOF (t) and positions (x, y) of the measured particles, the applied uniform electric field E (along +z), and the magnetic field B (along +z). For the ion detector with two layers of u and v, the relationship between the Cartesian coordinates (xuv, yuv) and the coordinates (u, v) is governed by the following formulas,

𝑥 = xuv (2-4) 𝑦 = yuv (2-5)
Therefore the three dimensional momenta of the generated ionic fragments can be expressed as the following formulas,

𝑃 𝑥(𝑦),𝑖𝑜𝑛 = 𝑀 𝑖𝑜𝑛 ×𝑥(𝑦) 𝑖𝑜𝑛 𝑡 𝑖𝑜𝑛 (2-6) 𝑃 𝑧,𝑖𝑜𝑛 = 𝑀 𝑖𝑜𝑛 ×𝐿 𝑖𝑜𝑛 𝑡 𝑖𝑜𝑛 - 𝑄×𝐸×𝑡 𝑖𝑜𝑛 2 (2-7)
where tion is the TOF of ion, x(y)ion is the position hitting on the ion detector, Lion is the distance between the interaction zone of the strong laser fields with molecules and the ion detector, Mion is the mass of ion, and Q represents the charge state of ion.

For the electron detector with three layers of u, v, and w setting at angle of 60 degrees, the relationship between the Cartesian coordinates (xuv, yuv) and the coordinates (u, v, w) is expressed by the following formulas:

𝑥𝑢𝑣 = 𝑢 (2-8) 𝑦𝑢𝑣 =1/√3(2𝑣 -𝑢) (2-9) 𝑥𝑢𝑤 = 𝑢 (2-10) 𝑦𝑢𝑤 =1/√3(2𝑤 + 𝑢) (2-11) 𝑥𝑣w = v -𝑤 (2-12) 𝑦𝑣𝑤 =1/√3(𝑣 + 𝑤) (2-13)
Thus the three dimensional momenta of the measured electrons can be expressed as the following formulas,

𝑃 𝑥,𝑒 = 𝑚 𝑒 𝜔 𝑔 2 × ( 𝑥 𝑒 tan( 𝜔 𝑔 𝑡 𝑒 2 ) -𝑦 𝑒 ) (2-14) 𝑃 𝑦,𝑒 = 𝑚 𝑒 𝜔 𝑔 2 × ( 𝑦 𝑒 tan( 𝜔 𝑔 𝑡 𝑒 2 ) + 𝑥 𝑒 ) (2-15) 𝑃 𝑧,𝑒 = 𝑚 𝑒 ×𝐿 𝑒 𝑡 𝑒 - 𝑞×𝐸×𝑡 𝑒 2 (2-16)
where te is the TOF of electron, x(y)e is the position hitting on the electron detector, Le is the distance between the interaction region and the electron detector, me is the mass of electron, and q represents the charge of electron.

𝜔 𝑔 = 𝑞×𝐵 𝑚 𝑒
is the gyration frequency of electron.

Time resolved birefringence balanced detection

In the chapters 5 and 6 of this thesis, the time resolved birefringence balanced detection [START_REF] Lavorel | Measurement of dichroism in aligned molecules[END_REF][START_REF] Peng | Measurement of field-free molecular alignment by balanced weak field polarization technique[END_REF] is used for measuring the laser induced field-free alignment of molecules (including molecular alignment and rotational alignment echoes). The measurements performed in dense gas medium allow us to explore the interaction between molecules and/or atoms. 

Pump-probe technique

To investigate the time evolution of ultrafast molecular processes such as filed-free molecular alignment, a time resolved pump-probe technique is employed in the experiment. The molecule is first excited by the pump laser pulse, and then is visualized by the probe laser pulse with a variable time delay. In order to fulfill these requirements, a Mach-Zehnder interferometer is used as displayed in Fig. 2.6. Briefly, the output laser pulse from the laser system is split into two parts by a beam splitter which should be very thin (~1mm) in order to minimize the dispersion.

Subsequently, the laser pulse characteristics such as frequency, energy, and beam size are modified individually. Finally, the laser pulses are recombined into a collinear geometry by a beam splitter (such as two pumps in Fig. 2.5) or with a small crossing angle (such as pump and probe in Fig. 2.5). The automatized linear delay stage with micrometer accuracy is employed, which allow us to precisely change the time delay between pump and probe in femtosecond timescale.

Optical transient birefringence induced by aligned molecules

The anisotropic distribution of the aligned molecules produces a birefringence which affects the polarization of the probe laser pulse. The latter is analyzed by using a quarter wave plate followed by a Wollaston prism in a balanced detection scheme.

Before the interaction zone in gas cell, the probe laser pulse, propagating along x and polarized along z axis, can be expressed by using a Jones matrix,

𝐸 𝑝𝑟𝑜𝑏𝑒 = 𝐸 𝑝 [ 0 1 ] 𝑦 𝑧 (2-17)
The aligned molecular gas sample can be assimilated to a birefringence wave plate which fast axis is along the polarization of pump lase pulse. Thus the Jones matrix of aligned molecular gas sample is given by [START_REF] Giraud | The effects of anion and cation substitution on the ultrafast solvent dynamics of ionic liquids: A time-resolved optical Kerr-effect spectroscopic study[END_REF],

𝑊 𝑠𝑎𝑚𝑝𝑙𝑒 = [ cos 𝛿 2 -𝑖sin 𝛿 2 -𝑖sin 𝛿 2 cos 𝛿 2 ] (2-18)
where 𝛿 = (𝑛 ∥ -𝑛 ⊥ )

𝜔𝐿 𝑐 = ∆𝑛 𝜔𝐿 𝑐
is the phase difference, is the angular frequency of the probe laser pulse, L is the interaction distance of pump and probe laser pulses, c

is the velocity of light.

𝑛 ∥ = 𝑛 0 + 𝑁∆𝛼 2𝑛 0 𝜀 0 (〈cos 2 𝜃〉 - 1 3 
) and

𝑛 ⊥ = 𝑛 0 - 𝑁∆𝛼 4𝑛 0 𝜀 0 (〈cos 2 𝜃〉 - 1 3 
) are the parallel (along the polarization of pump laser pulse) and vertical refractive index of gas media (linear molecules) [START_REF] Renard | Nonintrusive monitoring and quantitative analysis of strong laser-field-induced impulsive alignment[END_REF][START_REF] Bartels | Phase Modulation of Ultrashort Light Pulses using Molecular Rotational Wave Packets[END_REF][START_REF] Loriot | Laser-induced field-free alignment of the OCS molecule[END_REF][START_REF] Varma | Trapping and Destruction of Long-Range High-Intensity Optical Filaments by Molecular Quantum Wakes in Air[END_REF], in which N is the number density of molecules,  is the angle between the molecular axis and the pump pulse polarization, ∆𝛼 = 𝛼 ∥ -𝛼 ⊥ is the polarizability difference, 𝜀 0 is the dielectric constant of vacuum, and 𝑛 0 is the linear refractive index.

∆𝑛 = 𝑛 ∥ -𝑛 ⊥ = 3𝑁∆𝛼 4𝑛 0 𝜀 0 (〈cos 2 𝜃〉 - 1 3 
), in which the (〈cos 2 𝜃〉 -

) is usually used to characterize the degree of molecular alignment.

The optical axis of the quarter wave plate is placed at 45° between the y and z axis, its Jones matrix is,

𝑊 𝑄𝑊𝑃 = 1 √2 [ 1 -𝑖 -𝑖 1 ] (2-18)
Therefore, after passing through the gas sample and quarter wave plate, the final output probe laser pulse is given by,

𝐸 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑊 𝑄𝑊𝑃 𝑊 𝑠𝑎𝑚𝑝𝑙𝑒 𝐸 𝑝𝑟𝑜𝑏𝑒 = 𝐸 𝑝 √2 [ -𝑖sin 𝛿 2 -𝑖cos 𝛿 2 cos 𝛿 2 -sin 𝛿 2 ] (2-19)
The horizontal and vertical laser pulses are separated by using a Wollaston prism and then send to a pair of photodiodes. The output signal from the balanced detection is the intensity difference between the measured horizontal and vertical laser pulses, which is given by 𝑆 = 𝑆 𝐻 -𝑆 𝑉 = 𝐼 𝑝𝑟𝑜𝑏𝑒 sin(𝛿) where Iprobe proportional to Ep 2 is the intensity of probe laser pulse. The phase difference  induced by pump laser pulses in gas sample is too small so that 𝑆 ≈ 𝐼 𝑝𝑟𝑜𝑏𝑒 𝛿 = 𝐼 𝑝𝑟𝑜𝑏𝑒 𝜔∆𝑛𝐿 𝑐 ∝ (〈cos 2 𝜃〉 -

), thus the measured S is proportional to the birefringence of medium and directly reflects the molecular alignment degree [START_REF] Lavorel | Measurement of dichroism in aligned molecules[END_REF][START_REF] Peng | Measurement of field-free molecular alignment by balanced weak field polarization technique[END_REF].

Balanced photodiodes detector and Lock-in amplifier

In the measurement, the heterodyne signals are measured by a balanced detection.

One of its most important advantages is to effectively reduce the noise caused by the laser intensity fluctuations and significantly improve the signal to noise as compared to the homodyne signals [START_REF] Giraud | The effects of anion and cation substitution on the ultrafast solvent dynamics of ionic liquids: A time-resolved optical Kerr-effect spectroscopic study[END_REF], and also to provide a signal that is proportional to

(〈cos 2 𝜃〉 - 1 3 
), which is not the case for an homodyne detection unable to distinguish between molecular axes aligned or anti-aligned [START_REF] Renard | Nonintrusive monitoring and quantitative analysis of strong laser-field-induced impulsive alignment[END_REF][START_REF] Renard | Measurement of laser-induced alignment of molecules by cross defocusing[END_REF][START_REF] Xu | Nonintrusive measurement of field-free molecular alignment[END_REF]. It should be noted that the probe laser pulse energy is set to less than 10 nJ in order to avoid the saturation of the photodiodes and to reduce the alignment of molecules induced by the probe itself.

The analogue signals output from the balanced detection are sent to a Lock-in amplifier.

Lock-in amplification is a well-known phase-sensitive technique made to distinguish the components of the signals at a specific reference frequency in order to filter out the noise at frequencies other than the reference [178], which in our experiment is the trigger-out of the laser. After a series of processing by the Lock-in amplifier, the output signal (mainly amplitude in our measurement) is recorded by the computer.

Data processing and analysis

The data acquisition systems in the measurement can simultaneously get the delay stage position (time delay between pump and probe laser pulses), the Lock-in amplifier output signals, and the gas pressure in the static cell. Subsequently, these information are stored to a .TXT file in the computer. The data analysis, such as the measure of amplitude of the molecular rotational echoes and the numerical fittings of the data, is then performed by using a Matlab software.

Chapter 3 Dissociative Rydberg excitation of molecule in strong laser field

In this chapter, the dissociative Rydberg excitation of molecule in strong laser field is experimentally investigated by using the COLTRIMS. In the first section, two different mechanisms to access dissociative Rydberg excitation of molecules are introduced. In the section 3.2, the coincidence measurements of dissociative Rydberg fragments by using two different techniques are presented. In the section 3.3, the dissociative multiple Rydberg excitation of HCl molecules induced by frustrated tunneling ionization is explored. Finally, in the section 3.4, the dissociative Rydberg excitation of O2 molecules excited by multiphoton resonant excitation is studied and the electron-nuclear correlation in molecular dissociative processes is discussed.

Dissociative Rydberg excitation of molecule

The generation of Rydberg nuclear fragments in molecular dissociative ionization processes can be achieved via either the frustrated tunneling ionization [19][20][21][22][23][24][25][26][27][28] or the multiphoton resonant excitation [13][14][15][16][17][18]. In the multiphoton resonant excitation scenario, the formation of Rydberg fragments generally occurs when the energy gap between the excited and ground states matches the energy of one or sum of several photons. However, in the frustrated tunneling ionization scenario, the ejected electron cannot obtain enough drift energy from the laser field to overcome the attractive Coulomb potential of the parental nucleus, and thus recaptured by the dissociative ionic fragment to form the Rydberg fragment at the ends of the strong laser pulse.

Coincidence measurement of Rydberg nuclear fragments

The coincidence measurement of Rydberg fragments formed in molecular dissociation processes are achieved by two different techniques: Photoion-photoion coincidence (PIPICO) [52-54, 179, 180] and Photoelectron-photoion coincidence (PEPICO) [24,28,[START_REF] Larimian | Frustrated double ionization of argon atoms in strong laser fields[END_REF][START_REF] Sun | Longitudinal photon-momentum transfer in strong-field double ionization of argon atoms[END_REF].

Photoion-photoion coincidence (PIPICO)

The generated dissociative Rydberg fragments can be charged and neutral. For the former case, the charged Rydberg fragment and ionic fragment ejected from a multiply For the latter case, the neutral Rydberg fragment with a certain kinetic energy and internal potential energy larger than the working function of MCP has a certain probability to be directly detected by the ion detector [19,[START_REF] Manschwetus | Strong Laser Field Fragmentation of H2: Coulomb Explosion without Double Ionization[END_REF][START_REF] Penent | Observation of Triplet Doubly Excited States in Single Photon Excitation from Ground State Helium[END_REF], featured with a much longer TOF as compared to the photoionization created charged ions [START_REF] Hu | Laser-induced dissociative recombination of carbon dioxide[END_REF][START_REF] Zhang | Visualizing and Steering Dissociative Frustrated Double Ionization of Hydrogen Molecules[END_REF][START_REF] Sun | Dissociative frustrated double ionization of N2Ar dimers in strong laser fields[END_REF]. For instance, the generation of H * and Cl + fragments in dissociative frustrated double ionization of HCl, i.e., HCl laser field → H * + Cl + + e -(in which process one of the two ionized electrons is recaptured by the H + fragment forming H * fragment), is coincidently measured and identified in the PIPICO spectrum as shown in Fig. 3.1.

Note that only the initial momentum of H * fragment towards the ion detector can be coincidently detected with Cl + fragment [START_REF] Zhang | Visualizing and Steering Dissociative Frustrated Double Ionization of Hydrogen Molecules[END_REF].

Photoelectron-photoion coincidence (PEPICO)

The ionic or neutral Rydberg fragments with very high principle quantum number formed in molecular dissociation process can be afterwards field ionized by the weak static electric field (DC-field) of the spectrometer in COLTRIMS [24,28,[START_REF] Larimian | Frustrated double ionization of argon atoms in strong laser fields[END_REF][START_REF] Sun | Longitudinal photon-momentum transfer in strong-field double ionization of argon atoms[END_REF],

and thus the higher charged fragments are eventually measured by the ion detector.

Taking the processes involving laser induced dissociative Rydberg fragments and postpulse field ionization by DC-field of HCl molecule as an example [START_REF] Ma | Dissociative frustrated multiple ionization of hydrogen chloride in intense femtosecond laser fields[END_REF], i.e., HCl laser field → H + + Cl q+* + (q+1)e -DC-field → H + + Cl (q+1)+ + (q+2)e -, the pathways of "Cl +* DC-field →Cl 2+ + e -" and "Cl * DC-field →Cl + + e -" are distinguished in the PEPICO spectrum, as displayed in Fig. 3.2. When the electron TOF is smaller than about 60 ns, the electron is mainly released by the strong laser field. When the electron TOF is larger than about 100 ns, the electron is mainly freed by the DC-field. It should be noted that the measured longer TOF of electron is attributed to the lifetime of Rydberg fragment and the TOF of electron from releasing to arrival at the electron detector, because the starting point of TOF is triggered by the laser pulse as mentioned in the chapter 2.

The lowest principle quantum number nF of a neutral Rydberg fragment being ionized by the DC-field is roughly calculated by using the Saddle point approximation, which is expressed as Fdc=1/(9nF 4 ) in atomic units, where Fdc is the strength of DCfield. For the case of charged Rydberg fragment, the influence on the charge state is considered and thus Fdc=Z 3 /(9nF 4 ) where Z represents the charge state [START_REF] Ilkov | Ionization of atoms in the tunnelling regime with experimental evidence using Hg atoms[END_REF]. 

Dissociative frustrated multiple ionization of HCl molecule

In this section, the dissociative frustrated multiple ionization of HCl molecule is experimentally investigated by using linearly and circularly polarized femtosecond pulses with duration 25 fs and wavelength 790 nm [START_REF] Ma | Dissociative frustrated multiple ionization of hydrogen chloride in intense femtosecond laser fields[END_REF]. The peak intensities of the linearly and circularly polarized laser fields are estimated to be 5×10 14 W/cm 2 and 9×10 14 W/cm 2 , respectively. The corresponding Keldysh parameters for the linear and circular polarization conditions are 0.48 and 0.35, both lying in the tunneling regime.

The strength of the DC-field of the spectrometer is 22.2 V/cm, and the neutral Rydberg fragments with principal quantum number n > 70 can be ionized by the DC-field. The excited Rydberg fragments, depending on their occupied principle quantum numbers, can be either directly identified by employing the PIPICO spectrum or singly ionized by the DC-field after the laser pulse and distinguished in the PEPICO spectrum. channels, in the linearly and circularly polarized laser fields, respectively. In Fig. 3.3(a), the clear "knee" structures located at the high energy side of the main peak are observed.

Rydberg fragment with low principle quantum number

Interestingly, the "knee" structure from the HCl (1,q) channels approximately lines up with the main peak of the HCl (1,q+1) channels, which are manifested by the green guiding dashed lines in the plot. According to precious works [START_REF] Manschwetus | Strong Laser Field Fragmentation of H2: Coulomb Explosion without Double Ionization[END_REF][START_REF] Wu | Multiple Recapture of Electrons in Multiple Ionization of the Argon Dimer by a Strong Laser Field[END_REF], the electron recapture occurs approaching the end of the stimulated laser pulse and thus the recapture of the electron to the ionic fragment has trivial influence on the KER distributions of dissociative nuclear fragments. For example, the KER distribution of dissociative frustrated ionization (H + , H * ) is similar to that of the dissociative ionization (H + , H + ) [START_REF] Manschwetus | Strong Laser Field Fragmentation of H2: Coulomb Explosion without Double Ionization[END_REF][START_REF] Zhang | Visualizing and Steering Dissociative Frustrated Double Ionization of Hydrogen Molecules[END_REF]. This indicates that the signal in the "knee" structure mainly from the dissociative frustrated multiple ionization, i.e., HCl → H + + Cl q+* + (q+1)e -denoted as HCl (1,q * ) channels, and the measured excited fragments Cl q+* with lower principle quantum numbers survive in the DC-field of the spectrometer and thus finally be detected by the ion detector. The "knee" structures are absent in the circularly polarized laser field as shown in Fig. 3.3(b), which provides a well verification for the frustrated tunneling ionization mechanism [START_REF] Manschwetus | Strong Laser Field Fragmentation of H2: Coulomb Explosion without Double Ionization[END_REF][START_REF] Mckenna | Frustrated tunneling ionization during laserinduced D2 fragmentation: Detection of excited metastable D* atoms[END_REF].

The electron localizing on the hydrogen core, and forming the HCl ( * ,q) channel, i.e., HCl → H * + Cl q+ + qe -, is also observed in the measurement. Note that the polarization of linearly polarized laser filed is rotated to z axis in order to increase the collection efficiency. The PIPICO spectrum of HCl ( * ,1) channel is displayed in Fig. 3.1 and the KER spectrum of the HCl ( * ,1) is presented in Fig. 3.4. The main peaks of KER distributions of HCl ( * ,1) channel is attributed to the electron recaptured by the ionic hydrogen. Interestingly, by comparing with the KER spectrum in circular polarization, the "knee" structures around 11-14 eV are observed for both the HCl (1,1)

and HCl ( * ,1) channels in linear polarization, indicating that the HCl ( * ,1) channel in this KER range is formed by recapture of two electrons by both the ionic chloride and the hydrogen. In principle, the probability for two electron recapture is much smaller than that for the single recapture case, which is consistent with the previous study performed in argon dimer [START_REF] Wu | Multiple Recapture of Electrons in Multiple Ionization of the Argon Dimer by a Strong Laser Field[END_REF] . 

Rydberg fragment with high principle quantum number

The dissociative excited fragment Cl q+* with high principal quantum number can be ionized by the DC-field of the spectrometer, thus the Cl (q+1)+ fragment is formed and finally measured by the ion detector. The processes involving electron-recaptureinduced excitation and postpulse DC-field ionization can be expressed as HCl laser field → H + + Cl q+* + (q+1)e -DC-field → H + + Cl (q+1)+ + (q+2)e -, and is denoted as HCl (1,q * →q+1) channel in the following discussion. As displayed in Fig. 3.2, the long lived highly excited fragments Cl q+* can be easily distinguished with diagonal distributions, the survival time of Cl q+* can be retrieved as Telec -T0, where T0 = 36 ns is the most probable TOF of electrons released in the strong laser field, Telec is the measured TOF of individual electrons. The retrieved survival times of the fragments Cl q+* in the HCl (1, q * →q+1) channels (q = 0, 1) are plotted in Fig. 3.5. The processes of "Cl +* DC-field →Cl 2+ " and "Cl * DC-field →Cl + " are also clearly observed in the plot of TOF as a function y position of ions, as shown in Fig. 3.6.

Besides the major signal distributions around the TOFs of 2752 ns and 3891 ns corresponding to the fragments of Cl 2+ and Cl + , the additional distributions extending from the main distributions are measured. Starting from two extreme cases, one is that the generated dissociative excited fragments Cl +* are ionized by the DC-field immediately after the strong laser pulses, their TOF will be the same as that of the Cl 2+ .

On the other hand, when the fragments Cl +* are ionized right before its arrival at the ion detector, the TOF will be the same as that of Cl + . Two pairs of elongated distributions between the Cl + (TOFCl + = 3891 ns) and the Cl 2+ (TOFCl + = 2752 ns) peaks are observed in Fig. 3.6, in which the outer line extended within the displacement of about ±2.8 mm to ±5.5 mm in the y direction is caused by "Cl +* DC-field →Cl 2+ " pathway, while the inner pair lying at smaller y positions with |y| < 2.8 mm is attributed to the delayed dissociation of the long-lived HCl 2+ [START_REF] Ma | Prompt and delayed Coulomb explosion of doubly ionized hydrogen chloride molecules in intense femtosecond laser fields[END_REF]. Moreover, the longer linear distribution starting from the Cl + peak and occupying the long TOF region along the y = 0 axis is mainly attributed to the "Cl * DC-field →Cl + " pathway. (1,q * →q+1) channels (q = 0, 1). For comparison, the corresponding measurements of the HCl (1,q) channels are shown by the black solid curves. The similar KER spectra and angular distributions are observed for both the HCl (1,q * →q+1) and HCl (1,q+1) channels, which indicate that the HCl (1,q * →q+1) channel is excited by the frustrated tunneling ionization mechanism. The narrow momentum angular distributions along the laser polarization direction (90º and 270º ) suggest that the dissociation process occurred within a femtosecond timescale.

Electron-nuclear correlation in dissociative multiphoton ionization and Rydberg excitation of O2 molecule

The V/cm, and the neutral Rydberg fragments with principal quantum number n > 90 can be ionized by the DC-field.

Dissociative single Rydberg excitation of O2 molecule

The DRE channel should be most likely to be generated as for its low excitation 

Different pathways towards dissociative channels

Conclusions

In For the latter, the dissociative single Rydberg excitation of O2 molecules in ultraviolet femtosecond laser fields was experimentally studied by using the PEPICO spectrum.

The absorbed photon energy above threshold was deposited to the nuclear kinetic energy in the dissociative Rydberg excitation. While the released electron took away part of the absorbed photon energy in the corresponding dissociative ionization channel, resulting in a smaller nuclear kinetic energy, which processes were well revealed by studying the electron-nuclear correlation. By considering the total kinetic energies of all the ejected particles with that of the dissociative single ionization channel, the multiphoton resonance excitation was recognized as the underlying mechanism.

Chapter 4 Tunneling-site-sensitive ultrafast dynamics of molecule in strong laser field

In this chapter, the electron tunneling site sensitive ultrafast dynamic in molecular dissociative ionization are explored. In the first section, the concept of angular streaking in elliptically polarized laser pulse is presented. In the section 4. Note that the theoretical calculations presented in the section 4.3 were performed by Dr. H. Ni, which are only briefly described in this thesis.

Angular streaking by elliptically polarized laser pulse

Driven by an elliptically polarized femtosecond laser pulse, the tunneled electron acquires a final momentum approximately vertical to the instantaneous electric field vector at the ionization instant, which is called angular streaking [START_REF] Wu | Probing the tunnelling site of electrons in strong field enhanced ionization of molecules[END_REF][START_REF] Eckle | Attosecond Ionization and Tunneling Delay Time Measurements in Helium[END_REF][START_REF] Pfeiffer | Timing the release in sequential double ionization[END_REF]. Taking the dissociative single ionization of HCl molecule driven by a counter-clockwise rotating elliptically polarized laser field as an example, as schematic illustrated in Fig. Meanwhile, the ejecting direction of the nuclear fragments such as H + from the breaking molecule provides the orientation of the molecule axis at the ionization instant according to the axial recoil approximation [START_REF] Siebbeles | Vector properties in photodissociation: Quantum treatment of the correlation between the spatial anisotropy and the angular momentum polarization of the fragments[END_REF]. Thereby, by measuring the ejected electron and nuclear fragments in coincidence, the molecular orientation and the tunneling site of photoelectron in the molecular frame can be determined. Moreover, the electron recollisional processes are omitted in elliptically polarized laser field with large ellipticity, and thus only sequential multiple ionization is occurred [START_REF] Pfeiffer | Timing the release in sequential double ionization[END_REF]. 

Molecular orientation dependent ionization and dissociation

In this section, the laser field vector dependent intrinsic dissociative double ionization of the diatomic heteronuclear molecule HCl and more complex triatomic molecule N2O are experimentally explored by employing the angular streaking technique in elliptically polarized laser pulse [START_REF] Ma | Prompt and delayed Coulomb explosion of doubly ionized hydrogen chloride molecules in intense femtosecond laser fields[END_REF][START_REF] Ma | Coulomb exploded directional double ionization of N2O molecules in multicycle femtosecond laser pulses[END_REF]. The instantaneous asymmetry of the molecular bond breaking is revealed by gating the ejected direction of the ionic fragments and tracing their sum momentum spectra as a recoil of the ejected electrons, which encode the instantaneous vector of the laser field at the ionization instants.

Different pathways towards the dissociative double ionization channels, involving various bound and repulsive states and molecular orbitals, are discussed.

Molecular orbital dominated ionization of HCl molecule

Different pathways toward dissociative double ionization of HCl molecule (HCl → H + + Cl + + 2e -, denoted as HCl (1,1) channel) are experimentally explored by using the linearly and elliptically polarized intense femtosecond laser field with duration 25 fs and wavelength centered at 790 nm. The peak intensity and ellipticity of the elliptically polarized laser field are measured to be 9.0×10 14 W/cm 2 and 0.72, with its major and minor polarization along the y and z axes, respectively. For the laser intensities used in present work, the Keldysh parameters is estimated to be smaller than 1, and thus in the tunneling ionization regime. eV (marked as I, II, and III) are measured. More events being detected along the polarization of laser field indicates that the molecular bond is more easily to be broken when the molecular axis is paralleled to the laser field polarization. The higher KER components beyond 8 eV shows relatively narrower momentum angular distribution than that of the KER peaks I and II region, which is maybe attributed to the released electrons from different molecular orbitals.

According to precious studies, the freed electrons from different molecular orbitals can be distinguished by analyzing the asymmetric KER-dependent sum momentum distributions of ionic fragments in elliptically polarized laser field, which are mainly given by their distinct molecular orbital profiles [START_REF] Wu | Electron-Nuclear Energy Sharing in Above-Threshold Multiphoton Dissociative Ionization of H2[END_REF][START_REF] Wu | Multiorbital Tunneling Ionization of the CO Molecule[END_REF]. As mentioned before, for the counter-clockwise rotating electric fields (from +y to +z), the electrons with final momentum along the -z/+z axis are released when the instantaneous laser field points to the +y/-y directions. The momentum distributions of the sequentially ejected two electrons are imprinted on the ion sum momentum distributions of the correlated ionic fragments according to the law of momentum conservation (i.e. pzsum = pzH + + pzCl + = -(pze1 + pze2), in which direction our apparatus has the best momentum resolution).

The sum momentums of the fragment ions can be used to reveal the instantaneous vector and strength of the rotating laser field at the instant of the ionization. The profiles of HOMO and HOMO-1 of HCl molecule adopted from [START_REF] Moix Teixidor | Predicted structure and energetics of HCl2 +[END_REF]. (b) Relevant potential energy curves of the HCl 2+ , adopted from [START_REF] Akagi | Laser Tunnel Ionization from Multiple Orbitals in HCl[END_REF].

According to the momentum angular distributions, the asymmetric ion sum- accompanying with the NWP being ignited directly to the higher energy regions on the repulsive 3  state. Note that the two released electrons from HOMO-1 will contradict the KER distributions of the present measurements.

Distinct asymmetries of denitrogenation and deoxygenation channels in doubly ionized N2O molecule

The Coulomb exploded double ionization of N2O molecules in linearly and molecule is preferred to be ionized when the laser field points from N to O, which agrees with previous results using a phase-controlled two-color femtosecond laser pulse [START_REF] Kotsina | Selective ionization/dissociation of oriented N2O molecules by asymmetric fs laser field[END_REF] or a CEP controlled few-cycle laser pulse [START_REF] Kübel | Strong-field control of the dissociative ionization of N2O with near-singlecycle pulses[END_REF]. To get quantitative insights of the asymmetric dissociative double ionization of N2O molecules, the ion sum momentum spectra are numerically fitted by considering the convolution of the momenta of two sequentially released electrons, as shown in Figs.

4.6(b)-(c) (denitrogenation channel) and (e)-(f) (deoxygenation channel) (solid curves).

The Gaussian distribution of the released electron momentum centered at pzek is expressed as [START_REF] Wu | Multiorbital Tunneling Ionization of the CO Molecule[END_REF][START_REF] Wu | Probing the tunnelling site of electrons in strong field enhanced ionization of molecules[END_REF],

𝐴 𝑘 𝜎 𝑘 √2𝜋 × exp[ -0.5(𝑝𝑧-𝑝𝑧 𝑒𝑘 ) 2 𝜎 𝑘 2 ] (4-1)
where k = 1 or 2 represent the first or second electron. The pzek are the magnitudes of the momentum of the released first (k = 1) or second (k = 2) electrons along z direction, reflecting the strength of the laser field at the ionization instants. The convolution of the ion sum momentum is given by, For the denitrogenation channel, distinct asymmetries in pzsum spectra are observed for the low KER (< 6.3 eV) and high KER (> 6.5 eV) regions. For the low KER region, the numerical fits return pze1 = 0.82 a.u, pze2 = 0.84 a.u, A1±/A1∓ = 1.09, and A2±/A2∓ = 1.37. Here Ak± are the ionized probabilities of the first (k = 1) or second (k = 2) electrons when the laser field vector points to N to O (Ak+) or from O to N (Ak-), respectively.

Therefore the ratio of Ak±/Ak∓ reflect the asymmetry of the ionization of the first (k = 1) or second (k = 2) electrons by the strong laser field vector parallel or anti-parallel to the molecular orientation. For the high KER region, the numerical fit returns pze1 = 0.78 a.u, pze2 = 0.93 a.u, A1±/A1∓ = 1.05, and A2±/A2∓ = 1.51. However, for the deoxygenation channel, the asymmetry of the pzsum spectra are very similar for different KER ranges.

The numerical fits return pze1 = 0.76 a.u, pze2 = 0. and thus more likely to dissociate as compared to that correlated to the deoxygenation which is preferred to be accessed by higher excited states. It agrees with the observation that the yield of the denitrogenation channel is 5.6 times of the deoxygenation channel.

The lowest electronic states 3  -and 1  are populated by removing two electrons from HOMO, and the 3  and 1  states are excited by individually removing two electrons from the HOMO and HOMO-1, respectively. Part of the photon ionization created NWP on the 3  -and 1  states have sufficient energy to dissociate to NO + and N + fragments, forming the high and low KER region of the denitrogenation channel, respectively. For instance, the KER of 7.1eV is expected when the molecule start to dissociate from the equilibrium distance of the molecular bond (RN-N = 2.09 a.u.) with a potential energy of 35.9 eV on the 3  -state with a dissociation limit of 28.8 eV, which agrees well with the measured KER value of 7.0 eV. the high KER region, the drift momentum of the second electron is much larger than that of the first electron, which indicates that the second electron is released by a higher laser field strength.

Since the low KER region is absent in few-cycle laser pulses experiment where the molecular bond cannot be stretched in the time of interaction with laser field [START_REF] Kübel | Strong-field control of the dissociative ionization of N2O with near-singlecycle pulses[END_REF], we conclude that the first and second electrons are released in the rising and falling edges of the multicycle laser pulse, respectively. After the first ionization step, the molecular bond is stretched, which rearrange the distribution of the remaining electrons. For instance the mechanism of electron localization assisted enhanced ionization will boost the ionization rate at the critical internuclear distance of the stretched molecule by releasing the electron from the up-field core [START_REF] Bubin | Strong laser-pulse-driven ionization and Coulomb explosion of hydrocarbon molecules[END_REF][START_REF] Constant | Observation of Enhanced Ionization of Molecular Ions in Intense Laser Fields[END_REF][START_REF] Frasinski | Femtosecond dynamics of multielectron dissociative ionization by use of a picosecond laser[END_REF][START_REF] Kamta | Phase Dependence of Enhanced Ionization in Asymmetric Molecules[END_REF][START_REF] Lötstedt | Enhanced ionization of acetylene in intense laser fields[END_REF][START_REF] Roither | High Energy Proton Ejection from Hydrocarbon Molecules Driven by Highly Efficient Field Ionization[END_REF][START_REF] Schmidt | Laser-induced trapping of chlorine molecules with pico-and femtosecond pulses[END_REF][START_REF] Wu | Probing the tunnelling site of electrons in strong field enhanced ionization of molecules[END_REF][START_REF] Zuo | Charge-resonance-enhanced ionization of diatomic molecular ions by intense lasers[END_REF]. The released second electron in denitrogenation channel is preferred to be ionized when the laser field points from O to N in the mechanism of electron localization-assisted enhanced ionization, which is opposite to the expected asymmetry governed by the molecular orbital profile. As a result, the observed asymmetry of the low KER region is smaller than that of the high KER region. The N-N bond of the N2O + is stretched after the first ionization and then transited to the 1  state at around RN-N = 3.2 a.u. and afterwards dissociated with an expected KER of 6.2 eV, which agrees well with the measured value of 6.2 eV.

Therefore, it is not just the profile of the molecular orbital, the electron-localization assisted enhanced ionization of stretched molecular ion also plays a role in the laser field vector dependent directional dissociation of molecules.

According to the potential energy curves, the pathway towards the deoxygenation channel is most likely to be achieved by removing one HOMO and one HOMO-1 electrons, and then a NWP is populated on the bound state of N2O 2+ , e.g. 3  state. It afterwards is photon-coupled to the different repulsive states (e.g. 3 or 3  + states) with different dissociation limits, which leads to a widespread KER spectrum of the deoxygenation channel. The numerical fitting results of the pzsum spectra agree with this expectation, the first electron released from HOMO is almost symmetric with respect to the laser field vector and molecular orientation; while the second electron released from HOMO-1 is preferred when the laser field points from N to O. Meanwhile, the observed border angular momentum distributions of the denitrogenation than that of the deoxygenation in linearly polarized laser field are attributed to the released electrons from different molecular orbitals, e.g. the HOMO and HOMO-1 are four-lobed and bat-shape respectively, as displayed in Fig. 4.5(c).

Transient valence charge localization in molecular dissociative ionization

In 

Recoil momentum of released photoelectron

The momentum conservation in molecular dissociative processes is determined by the center of mass of the ejected electron and nuclear fragments keeping at rest ensured by the neutral state of the parent molecule. While the electron is released from the molecule, the produced ion acquires a momentum via accumulating the impulse from the strong laser field, and can be formulated as,

𝒑 ion = ∫ 𝑍 ion (𝑡)𝑬(𝑡)𝑑𝑡 (4-3)
where the transient ionic charge 𝑍 ion (𝑡) naturally sets in, with its effect enlarge by the coupling to the laser electric field 𝑬(𝑡) and manifest in the obtained momentum 𝒑 ion .

Therefore, the electron tunneling ionization induced asymmetrical transient valence charge localization is imprinted on the momentum of the outgoing ionic fragments obtained from the strong laser field during the molecular dissociation process. Two features can be clearly observed in Fig. 4.10(a) for the orange case. On the one hand, the yield is higher around H + = -90° than that around H + = +90°, indicating that the electron is preferentially released by laser field vector pointing from H to Cl, which agree with previous measurements. On the other hand and more interestingly, the angular distribution is asymmetric with respect to the emission direction of H + = -90°. Referring to the black dashed line located at ±90° (along the y axis), the peak position of the H + distribution is clearly right shifted with respect to the -y axis (H + = -90°), while it is almost symmetrically aligned with the +y axis (H + = +90°). This asymmetry indicates that the acquisition of momentum from laser field by the ejected H + is more efficient when the photoelectron is released with a tunneling exit near the H site of HCl. According to Eq. (4-3), the observed results indicate that there is a fraction of the positive charge that is transiently localized at the H side when the electron is freed with an exit near the H site of HCl; while almost no positive charge is transiently localized around H as the electron is released with an exit near Cl site of HCl.

Asymmetric momentum angular distribution of ejected protons

Likewise, as displayed in Fig. 4.10(a), the momentum acquired by the H + fragments from the laser field shows the similar electron tunneling site dependence for the blue case, in which the angular distribution is right-shifted around H + = +90° as compared to the symmetric distribution around H + = -90°. These features, as shown in Fig. 4.10(b), are also well-reproduced when the helicity of elliptically polarized laser pulses is switched to REP, where the angular distribution of the H + is left shifted when the electron is tunneled out with an exit near H site of HCl, i.e. the green case around H + = -90° and red case around H + = +90°, which enable us to cross check our results and excludes any systematic error from the measurement and data analysis.

Asymmetric transient valence charge localization

The Gaussian fits (solid lines) are performed to the measured data in Figs. 4.10 and obtain the most probable emission direction of H + m. In the measurement, the peak strength of momentum of photoelectron in z direction is estimated to be 0.8 a.u. and the peak strength of momentum of H + fragment along y is about 14 a.u., thus the induced rotating angle of H + with respect to H + = ±90° (y axis) should be less than 3. Although the positive charge will move to the H side as the dissociation process goes on, substantial concentration of positive charge on H only occurs at the trailing edge of the laser pulse where the laser field strength is low, leading to minimal role in this case.

Therefore, it is the initial transient charge localization, when the laser field is on, that plays a crucial role in inducing the asymmetric rotation of the ionic fragments.

Conclusions

In summary, the electron tunneling site sensitive ultrafast dynamic in molecular dissociative ionization processes were explored. First, the laser field vector dependent 

Chapter 5 Molecular alignment and rotational echo stimulated by strong laser fields

In this chapter, the ultrafast rotational dynamics of molecules are explored by using the molecular alignment and the rotational alignment echoes generated by nonresonant intense femtosecond laser pulses. In the first section, the field-free molecular alignment kicked by a linearly polarized intense femtosecond laser pulse are presented.

Subsequently, the molecular rotational alignment echoes stimulated by a pair of time delayed linearly polarized laser pulses are described in the section 5.2. Finally, the ultrafast rotational dynamics of asymmetry-top acetone molecule in strong laser fields are investigated based on the molecular alignment, rotational alignment echoes and third-harmonic generations in the section 5.3.

Note that most of the theoretical calculations presented in this chapter have been performed by J.-M. Hartmann, L. H. Coudert, and O. Faucher, the details of theoretical calculations are briefly described.

Field-free molecular alignment produced by one laser pulse

When exposed to a linearly polarized laser field, the linear molecule such as N2O or CO2 can be rapidly aligned to the polarization due to the applied torque on the laser induced dipole moment p (p = E where  is the polarizability of the molecule and E is the laser field vector). The interaction potential energy is given by 𝑈 = -𝐸 2

2

(𝛼 ⊥ + ∆𝛼cos 2 𝜃), where  is the angle between the molecular axis and the laser polarization. The total interaction Hamiltonian is expressed as 𝐻 = 𝐻 0 - denotes that the molecular axes are in a plane perpendicular to the laser field and named anti-alignment.

According to the rotational Eigen energies, the rotational period of the alignment revivals is given by T = 1/(2Bc), in which B = h/(8 2 cI) and where I is the molecular moment of inertia [START_REF] Seideman | Revival Structure of Aligned Rotational Wave Packets[END_REF][START_REF] Seideman | On the dynamics of rotationally broad, spatially aligned wave packets[END_REF]. Note that the rotational period is fixed by the rotational constant B which is determined by the intrinsic properties of the molecule. The nonadiabatic alignment is thus interesting since the aligned molecules can be formed under field-free conditions. In this thesis, the molecular alignment refer to the non-adiabatic alignment due to the duration of laser pulse, 100 fs, which is much smaller than the rotational period of the studied molecules, like CO2, N2O, C2H6, and acetone.

The experimental measurements of the aligned molecules are performed by using a time resolved birefringence balanced detection. As discussed in the chapter 2, the measured signals by the balanced detection are proportional to the induced birefringence n and reflect the molecular alignment degree, i.e., S ∝ (〈cos 2 𝜃〉 -

).

Taking the CO2 molecules at 0.15 bar (room temperature) as an example, stimulated by Pump1 of intensity 12 TW/cm 2 , the rotational revivals of molecular alignment are clearly observed and reproduced well in quantum simulation by solving the time dependent Schrödinger equation, as displayed in Fig. 5.1. Note that the collisional decay of the rotational revivals of CO2 is weak under the present pressure. As can be see, the molecules align shortly after the interaction with the strong laser pulse at zero time delay. Subsequently, the coherent rotational wavepacket undergoes dephasing and rephasing leading to revivals at T/2 and T, with T = 42.7 ps is the rotational period of CO2. Moreover, revivals at the fractional periods T/4 and 3T/4 are also observed, attributed to the different statistical weighing factors between the even and odd states of the symmetric molecule, which is determined by the nuclear spin statistics [START_REF] Fleischer | Selective Alignment of Molecular Spin Isomers[END_REF][START_REF] Fleischer | Controlling the sense of molecular rotation[END_REF].

The relative weight between even and odd J states is 1:0 for CO2 (O=C=O).

Two features should be noted, first, the measured signal at zero time delay is attributed to both the instantaneous response of bound electrons [START_REF] Lin | Birefringence arising from the reorientation of the polarizability anisotropy of molecules in collisionless gases[END_REF][START_REF] Reichert | Beam deflection measurement of bound-electronic and rotational nonlinear refraction in molecular gases[END_REF] and the delayed response of molecular alignment. Second, the increased background signal after the zero time delay is caused by the molecular permanent alignment, in which the laser molecule interaction promotes the initial thermal population of rotational states to higher J states but does not change M. Thus the molecules are preferentially excited to |M| < J states for a certain J level [START_REF] Hoque | Observation of laser-induced field-free permanent planar alignment of molecules[END_REF]. 

Rotational alignment echoes produced by two laser pulses

The molecular rotational alignment echoes can be achieved in gas molecules by using a pair of time delayed nonresonant intense femtosecond laser pulses. Figure 5.2

shows the measured molecular rotational alignment echo trace of N2O molecules at low pressure (0.2 bar) kicked by Pump1 (13 TW/cm 2 ) and Pump2 (6 TW/cm 2 ) with delay 12 = 3.6 ps. As can be seen, the first ultrashort laser pulse (Pump1) creates a superposition of rotational coherences resulting in an alignment. The second ultrashort laser pulse (Pump2), delayed by 12, is then applied in order to rephase most of the coherences of the system at the time 212. As a result, a first echo, second echo, and imaginary echo are produced at 3.6 ps, 7.2 ps, and 13 ps, respectively. In many systems, it is usual to explain the echo phenomenon by invoking the time-reversal mechanism [START_REF] Karras | Orientation and Alignment Echoes[END_REF], formally, the application of the second pulse reverses the course of time, so that the phase accumulated by the system during the first interval τ12 is compensated by the one accumulated during the second interval. In addition to rotational alignments echoes, the molecular alignment corresponding to the half and full revivals created by the pumps are observed. In contrast to the molecular rotational alignment revivals whose temporal positions are fixed, the rotational alignment echoes provide much more flexibility as its time of appearance is adjustable. Therefore, the field-free alignment of molecules can be achieved in a few picoseconds, which is much earlier than the first molecular rotational alignment revival.

Rotational dynamics of asymmetry-top acetone molecule

In this section, the ultrafast rotational dynamics of asymmetry-top acetone molecules is investigated by using nonresonant intense femtosecond laser pulses. The field-free rotational alignment revivals induced by Pump1 are observed and the weak alignment degree caused by three different reasons are uncovered. The field-free alignment degree is enhanced by employing rotational alignment echoes and fractional rotational alignment echoes are observed for the first time in birefringence measurements. The analysis of the experimental results with numerical simulations based on quantum and classical models allow the determination of the collisional decay time constant of pure acetone in gas phase. Finally, the nonlinear process of thirdharmonic generation from a circularly-polarized fundamental laser pulse is demonstrated as an application of aligned acetone molecules.

Molecular symmetry

In the investigation of ultrafast molecular rotational dynamics, the molecules are generally divided into linear, symmetric-top, and asymmetric-top molecules based on the relationship between the three moments of inertia of the molecules (Ixx, Iyy, and Izz), where x, y, z represent the body fixed frame of the molecule [START_REF] Koch | Quantum control of molecular rotation[END_REF]: The body fixed xyz axis system is attached to the molecule using the I r representation [START_REF] Bunker | Molecular Symmetry and Spectroscopy[END_REF]. For clarity its origin is not drawn at the molecular center of mass.

Ixx = Iyy =
The nonresonant intense femtosecond laser pulse has been successfully demonstrated as a powerful tool to achieve significant field-free alignment of linear molecules thanks to their highly symmetrical structure. However, the achievement of alignment for non-linear molecules is a much more challenging task, especially in the case of asymmetric-top molecules with three nondegenerate moments of inertia (Ixx, Iyy, and Izz). In this case, the complex rotational Hamiltonian is given by 𝐻 0 = 𝐴𝐽 𝑎 2 + 𝐵𝐽 𝑏 2 + 𝐶𝐽 𝑐 2 , where A = h/(8 2 cIzz), B = h/(8 2 cIxx), and C = h/(8 2 cIyy) [START_REF] Tenney | Collisional decoherence and rotational quasirevivals in asymmetric-top molecules[END_REF][START_REF] Rouzé E | Field-free molecular alignment of asymmetric top molecules using elliptically polarized laser pulses[END_REF]. As compared to linear molecules, the rotational energy levels of asymmetric-top molecule are irregularly spaced. Moreover, the selection rules for J = 0, ± 1, ± 2, K = 0, ± 2, M = 0, where K and M are the projections of the angular momentum along the molecular z axis and the laboratory Z axis, respectively, are allowed for asymmetrictop molecules [START_REF] Edmonds | Angular Momentum in Quantum Mechanics[END_REF][START_REF] Zare | Angular Momentum: Understanding Spatial Aspects in Chemistry and Physics[END_REF], leading to a much richer spectrum of excited rotational states than the one achieved for a linear molecule. In the past few years, several works have experimentally and theoretically observed the molecular alignment of near symmetrictop molecules with Ray's parameter  = (2B-A-C)/(A-C) close to ±1 (with  = -1 and +1 for prolate and oblate symmetric-top molecules, respectively [START_REF] Artamonov | Optimal-control approach to field-free threedimensional alignment of polyatomic molecules[END_REF]) such as SO2 ( = 0.942) [START_REF] Tenney | Collisional decoherence and rotational quasirevivals in asymmetric-top molecules[END_REF][START_REF] Lee | Field-Free Three-Dimensional Alignment of Polyatomic Molecules[END_REF][217][START_REF] Yoshida | Three-dimensional alignment of asymmetric-top molecules induced by polarization-shaped optimal laser pulses[END_REF][START_REF] Damari | Rotational Control of Asymmetric Molecules: Dipole-versus Polarizability-Driven Rotational Dynamics[END_REF] and C2H4 ( = 0.914) [START_REF] Rouzé E | Field-free molecular alignment of asymmetric top molecules using elliptically polarized laser pulses[END_REF][START_REF] Grohmann | Nuclear spin selective alignment of ethylene and analogues[END_REF].

The field-free alignment of asymmetric-top acetone ( = 0.37) gas molecules are more difficult to align than the previous category due to an increased lack of regularity of their rotational spectrum. As shown in Fig. 5.3, the polarizability tensor  is diagonal with components xx, yy, and zz equal to 46.82, 34.16, and 45.63 a0 3 [START_REF] Pašteka | CASPT2 and CCSD(T) calculations of dipole moments and polarizabilities of acetone in excited states[END_REF],

respectively. The molecular rotational constants of A, B, and C are 0.339424, 0.283865, and 0.163773 cm -1 [START_REF] Ilyushin | A fitting program for molecules with two equivalent methyl tops and C2v point-group symmetry at equilibrium: Application to existing microwave, millimeter, and sub-millimeter wave measurements of acetone[END_REF], respectively.

Molecular alignment of acetone

The refractive index difference in gas sample induced by the aligned asymmetrytop acetone molecule is expressed as [START_REF] Rouzé E | Field-free molecular alignment of asymmetric top molecules using elliptically polarized laser pulses[END_REF],

∆𝑛 = 3𝑁 4𝑛 0 𝜀 0 ∑ [𝛼 𝑖𝑖 (〈Φ 𝑍𝑖 2 〉 - 1 3 ) ] 𝑖=𝑥,𝑦,𝑧 ∝ ∑ [𝛼 𝑖𝑖 (〈Φ 𝑍𝑖 2 〉 - 1 3 ) ] 𝑖=𝑥,𝑦,𝑧 (5-1) 
where Φ 𝑍𝑖 2 represents the time evolution of the expectation values of the three direction cosines squared. The measured signal S by using the time resolved birefringence balanced detection is given by [START_REF] Damari | Rotational Control of Asymmetric Molecules: Dipole-versus Polarizability-Driven Rotational Dynamics[END_REF],

𝑆 ∝ ∑ [𝛼 𝑖𝑖 (〈cos 2 𝜃 𝑍𝑖 〉 - 1 3 ) ] 𝑖=𝑥,𝑦,𝑧 (5-2) 
In order to confirm the intensity of the pump laser pulse and to calibrate the measured signal to Bohr units, first, the measurement of molecular alignment is performed in CO2 molecules at 0.15 bar exposed to Pump1 of intensity 12 TW/cm 2 . The Second, the collisional decay time constant R of acetone is small (i.e., the decay rate  is large) due to the strong and long range dipole-dipole interaction involved in collisions between acetone molecules [START_REF] Von Ratzsch | Dipolmomente und polarisierbarkeiten polarer stoffe ans statischen dkmessungen[END_REF][START_REF] Dorosh | Electric dipole moments of acetone and of acetic acid measured in supersonic expansion[END_REF], reducing the amplitude of the revivals that occurred at relatively long time delays. This is evidenced by comparing the amplitudes of the first and second alignment revivals of acetone in both the experiment and the simulation performed in collision free conditions. The collisional decay rate of pure acetone at a given density is estimated by using formula, 𝛾 = - The experimental ratio of the second revival of acetone to the third revival of CO2 is 121, which is much larger than the value of 29 predicted by the quantum simulations including the measured collisional decay rate. This discrepancy might be attributed to the molecular dissociation induced by the strong pump laser pulse, which is supported by the energy dependence of the alignment signal measured in CO2 (third revival) and acetone (second revival) under the same experimental conditions, as displayed in Fig. 5.6. The quantum simulations for both molecules show that the amplitude of the revivals is proportional to the intensity of pump laser field in the present energy regime.

While this is experimentally confirmed for CO2, the amplitudes of the revivals of acetone show a clear saturation effect. It is known that the single-photon excitation of the S1 state of acetone at a wavelength close to 266 nm leads to an efficient C-C molecular bond broken [START_REF] Kim | Direct femtosecond observation of the transient intermediate in the α-cleavage reaction of (CH3)2CO to 2CH3+CO: Resolving the issue of concertedness[END_REF][START_REF] Owrutsky | Ultrafast photodissociation dynamics of the S1 and S2 states of acetone[END_REF][START_REF] Rusteika | New insights on the photodynamics of acetone excited with 253-288nm femtosecond pulses[END_REF]. We believe that the competitive effect, a significant reduction of the ground state population of acetone due to three-photon resonant excitation of the S1 state by the pump laser at 800 nm, strongly affects the field-free alignment process. Interestingly, fractional echoes have been only observed in linear molecules optically probed through harmonic generations sensitive to higher order 〈cos 2𝑛 𝜃〉, n > 1 [START_REF] Karras | Experimental observation of fractional echoes[END_REF].

Rotational alignment echoes of acetone

It is the first time that fractional echoes are observed in a birefringence measurements. Pump2 formally reverses the course of time with an accumulated phase 2 =J,J+2   after a time T. In the high J-limit, J,J+2 ≈ -2J+1,J, which is consistent with a rephasing of the system, 2 ≈ -1 at time T = 12/2 after Pump2 and hence the formation of the fractional echo. In the case of a linear molecule, the fractional echoes are not observed in the birefringence measurements due to the fact that J = ± 1 transitions are forbidden.

Circularly polarized third-harmonic generation

The third-harmonic generation from a circularly-polarized fundamental laser pulse is forbidden in randomly oriented gas molecules [START_REF] Reintjes | Nonlinear Optical Parametric Processes in Liquids and Gases[END_REF]. However, it has been demonstrated that the third-harmonic generation, as well as high order harmonic generation from a circularly-polarized fundamental laser pulse, can be achieved in aligned molecules [START_REF] Faucher | Rotational Doppler effect in harmonic generation from spinning molecules[END_REF][START_REF] Houzet | Molecular alignment allows low-order harmonic generation by circular light in a gas[END_REF][START_REF] Prost | Third-order-harmonic generation in coherently spinning molecules[END_REF], thanks to the axial symmetry breaking of the molecule + field system. In this thesis, the third-harmonic generation from a circularly-polarized fundamental radiation is observed in aligned acetone molecules achieved by rotational echoes. The experiment setup is described in Fig. 5.8. The wavelength of the probe beam is set to 800 nm and is circularly-polarized. The third-harmonic generation is detected by a photomultiplier tube, combining dichroic mirrors and a band-pass filter in order to remove the fundamental radiations after the interaction region. 

Conclusions

In this chapter, the ultrafast rotational dynamics of asymmetric-top acetone molecule in gas phase in strong laser field were explored. First, stimulated by a single femtosecond laser pulse, the alignment revivals of acetone were observed. According to the measured and calculated molecular alignment signals, three different reasons were uncovered to explain the weak efficiency of the field-free alignment of acetone:

the very small asymmetry parameter of the molecule, the fast collisional dissipation of acetone, and a resonant multiphoton dissociation process competing with the alignment one. Second, the field-free alignment of acetone was improved by employing the rotational echoes stimulated by a pair of time delayed laser pulses. We reported the first observation of fractional alignment echoes by a birefringence detection, which is attributed to the nonlinearity of the molecule. Among the possible applications, the third-harmonic radiation from a circularly-polarized fundamental laser pulse was generated in a sample of aligned acetone molecules. The experimental findings were fully supported and reproduced by classical molecular dynamics simulations and quantum calculations.

Chapter 6 Ultrafast collisional dissipation probed by rotational alignment echo

The subject of this chapter is the investigation of ultrafast collisional relaxation of rotational molecules in dissipative gas media by using laser induced molecular alignment and rotational alignment echoes. In the first section, the rotational alignment revivals is regarded as a tool to explore the ultrafast collisional dissipation at low gas density (pressure). Subsequently, taking the linear CO2 and symmetry-top C2H6 molecules as research targets, the collisional dissipation at high gas density (pressure) are successfully investigated by using the molecular rotational alignment echoes in the section 6.2 and 6.3 [START_REF] Zhang | Rotational Echoes as a Tool for Investigating Ultrafast Collisional Dynamics of Molecules[END_REF][START_REF] Ma | Ultrafast collisional dissipation of symmetric-top molecules probed by rotational alignment echoes[END_REF]. Finally, in the section 6.4, nonsecular dynamics in collisional processes are uncovered by measuring the decay time constants of molecular rotational alignment echoes at short times [START_REF] Ma | Observing collisions beyond the secular approximation limit[END_REF].

Note that the theoretical calculations in this chapter have been done by J.-M.

Hartmann and C. Boulet, which are only briefly described here and more details about classical and quantum simulations can be found in [START_REF] Zhang | Rotational Echoes as a Tool for Investigating Ultrafast Collisional Dynamics of Molecules[END_REF][START_REF] Ma | Ultrafast collisional dissipation of symmetric-top molecules probed by rotational alignment echoes[END_REF][START_REF] Ma | Observing collisions beyond the secular approximation limit[END_REF][START_REF] Hartmann | Molecular alignment echoes probing collision-induced rotational-speed changes[END_REF].

Collision in low density gas media measured by molecular alignment

In the past few years, the molecular rotational alignment have been successfully employed to investigate the collisional relaxation [START_REF] Ramakrishna | Intense Laser Alignment in Dissipative Media as a Route to Solvent Dynamics[END_REF][START_REF] Ramakrishna | Dissipative dynamics of laser induced nonadiabatic molecular alignment[END_REF][START_REF] Hartmann | Quantum and classical approaches for rotational relaxation and nonresonant laser alignment of linear molecules: A comparison for CO2 gas in the nonadiabatic regime[END_REF][START_REF] Owschimikow | Cross sections for rotational decoherence of perturbed nitrogen measured via decay of laser-induced alignment[END_REF][START_REF] Vieillard | Field-free molecular alignment of CO2 mixtures in presence of collisional relaxation[END_REF][START_REF] Ramakrishna | Coherence spectroscopy in dissipative media: A Liouville space pathway approach[END_REF][START_REF] Pelzer | Optimal control of molecular alignment in dissipative media[END_REF][START_REF] Pelzer | Optimal control of rotational motions in dissipative media[END_REF][START_REF] Shepperson | Observation of rotational revivals for iodine molecules in helium droplets using a near-adiabatic laser pulse[END_REF]. Taking the N2O(4%)- 

Echo as a tool to access collisional dissipation in high density media

As mentioned before, the field-free alignment of molecules can be achieved in a few picoseconds by employing the rotational alignment echoes, which is much earlier than the first molecular rotational alignment revival. It can hence be used to probe the relaxation of the molecule occurring on a very short time scale. Based on the rotational alignment echoes, the ultrafast collisional dissipation of CO2 molecules in pure gas and mixtures with helium at high pressures are successfully investigated in the few picoseconds [START_REF] Zhang | Rotational Echoes as a Tool for Investigating Ultrafast Collisional Dynamics of Molecules[END_REF]. The theoretical predictions, carried using purely classical molecular dynamics simulations (CMDS), reproduce well the observed features.

Optimization of the laser intensity of the second laser pulse

The measured temporal traces of molecular rotational alignment echoes created by two successive nonresonant ultrashort laser pulses (Pump1 of 20 TW/cm 2 and Pump2 of 5 TW/cm 2 ) in pure CO2 gas at 0.02 bar for several delay 12 are shown in Fig. 6.2(a).

As can be seen, the amplitudes of the alignment echoes (Secho) increase with increasing the time delay between two pumps (12) in this weak collision condition. This feature is attributed to the fact that rotational alignment echoes are generated in a multilevel system where the interference between many quantum pathways leads to a partial rephasing of the coherences excited by the first pump laser pulse [START_REF] Rosenberg | Echo Spectroscopy in Multilevel Quantum-Mechanical Rotors[END_REF], which explains the maximum echo amplitude depends on the intensity of Pump2 for the fixed delay12 [START_REF] Zhang | Rotational Echoes as a Tool for Investigating Ultrafast Collisional Dynamics of Molecules[END_REF].

A way to limit the experimental biases possibly resulting from the entanglement between Pump2 and 12 is to find a compromised intensity of Pump2 for which Secho varies little over a limited range of 12. In the experiment, Secho at 12 = 2.4 ps is maximized by adjusting the intensity of Pump2 to 13 TW/cm 2 . As shown in Fig. 6.2(b), a series of temporal traces of molecular rotational alignment echoes created by Pump1 of 20 TW/cm 2 and Pump2 of 13 TW/cm 2 are recorded for different 12, Secho is almost constant with less than 10% variations when 12 is tuned between 1.8 and 3.6 ps. This range of 12 and the intensities of Pump1 and Pump2 are kept to explore the ultrafast collisional dissipation of the rotational CO2 molecules in pure CO2 gases and CO2(4%)-He(96%) gas mixtures at high pressures. The high concentration of helium with large ionization potential allows overcoming the nonlinear propagation effects that will take place in high density gas. 

Echo traces for different time delays at a given gas density

The measured molecular rotational alignment echo traces of CO2 molecules in CO2(4%)-He(96%) gas mixtures at pressure of 43 bar for several delay 12 are shown in Fig. 6.3(a). The decrease of the amplitude of the rotational alignment echoes when increasing the delay between the two pump laser pulses, reflecting the collisional dissipation of the system, are clearly observed. The corresponding Secho are plotted in Fig. 6.3(b), which is fitted by an exponential function 𝐴exp -𝛾(𝑑)× 𝑡 for t = 212 and the collisional decay rate γ(d)is obtained. As can be seen in Fig. 6.3(b), the experimental data and the fitted curve are in good agreement. I. The experimental observation is well reproduced by the classical molecular dynamics simulations [START_REF] Zhang | Rotational Echoes as a Tool for Investigating Ultrafast Collisional Dynamics of Molecules[END_REF] as shown in Fig. 6.4(a) and the E predicted by the theory is summarized in TABLE I.

For comparison, the decay time constant of the rotational alignment revivals of CO2 molecules induced by Pump1 in CO2(4%)-He(96%) gas mixture is measured at low pressure. The procedure to extract the related decay time constant is similar to that explained above, the corresponding results are shown in TABLE I. The good match between the experimental values, which are both well reproduced by the classical model, reveal that the decay rates of the rotational alignment revivals and rotational alignment echoes are comparable.

Moreover, the density dependent ultrafast collisional decay rates of rotational CO2 in pure CO2 at high gas pressure are measured by employing the rotational alignment echoes and displayed in Fig. 6.4(b), together with the classical simulations. The decay time constant is obtained by applying a linear fit to the measured data and the retrieved results are reported in TABLE I. The decay time constant of rotational alignment revivals of CO2 in pure CO2 dense gas is measured at low pressure and summarized in TABLE I. As can be seen, the agreement between classical predictions and measurements agree with each other. amagat units for infinitely diluted CO2(4%)-He(96%) gas mixture and pure CO2 gas.

For the measured values, the uncertainties correspond to three standard deviations [START_REF] Taylor | An Introduction to Error Analysis: The Study of Uncertainties in Physical Measurements[END_REF]. 

Experiment

Collisional dissipation of symmetry-top molecule in high density media

Taking the ethane (C2H6) as a prototype, the approach using rotational alignment echoes to study the ultrafast rotational dissipation of symmetric-top molecules in pure gas and mixtures with He at high pressure are investigated in this section. [START_REF] Ma | Ultrafast collisional dissipation of symmetric-top molecules probed by rotational alignment echoes[END_REF]. As can be seen, the decay time constant of C2H6 in C2H6-He gas mixture is larger than that of the pure C2H6, indicating that collisions with He induce slower decays, as observed and predicted previously for CO2 gas. This is caused by the interaction potential of C2H6-He (resp. CO2-He) that is at much shorter range and with much shallower well when compared to the C2H6-C2H6 (resp. CO2-CO2).

Despite the fact that the symmetric-top C2H6 molecule has an extra rotational degree of freedom as compared to a linear molecule such as CO2, the results show that the rotational dissipation of C2H6 barely involves more complex collisional relaxation due to characteristics of the C2H6-C2H6 and C2H6-He interactions. Indeed, the C2H6-C2H6 intermolecular potential is almost insensitive to rotations of the molecules around their C-C bond [START_REF] Hellmann | Reference Values for the Second Virial Coefficient and Three Dilute Gas Transport Properties of Ethane from a State-of-the-Art Intermolecular Potential Energy Surface[END_REF], therefore the collisional dissipation in pure ethane are very close to those occurring in a gas of linear molecules. For C2H6 diluted in He, the situation is the same, since the forces applied to the H atoms by a nearby He are very weak as a result of the very shallow H-He potential well [START_REF] Hartmann | Collisional dissipation of the laser-induced alignment of ethane gas: A requantized classical model[END_REF]. amagat units for infinitely diluted C2H6(10%)-He(90%) gas mixture and pure C2H6 gas.

For the measured values, the uncertainties correspond to two standard deviations [START_REF] Taylor | An Introduction to Error Analysis: The Study of Uncertainties in Physical Measurements[END_REF]. for interrogating the ultrafast dynamics of the system at early times, since its time of appearance can be tuned by adjusting the delay between two pump laser pulses. In this section, taking the thermal collisions induced rotational relaxation of N2O molecules in N2O(4%)-He(96%) gas mixture as a research system, the breakdown of the secular approximation is observed. The significant variation of the collisional relaxation of the gas media with the time of appearance of the rotational alignment echoes is clearly observed and well reproduced by the nonsecular quantum master equation [START_REF] Ma | Observing collisions beyond the secular approximation limit[END_REF]. The green and black solid lines are obtained using the secular approximation with initial N2O rotational populations corresponding to temperatures of T =100 K and 295 K, respectively. The red solid line represents the results obtained, for populations associated with T = 100 K, using the nonsecular equations.

Experiment

Echo traces at different gas densities for a given time delay

Nonsecular model and predictions

The quantum simulation of the rotational alignment echo in the presence of collisional dissipation are performed in order to explain the different decoherence dynamics observed at short and long time [START_REF] Ma | Observing collisions beyond the secular approximation limit[END_REF]. Starting from thermal equilibrium before the laser pulses, where the density operator ρ is Boltzmannian and diagonal with respect to the rotational quantum numbers J and M, the evolution of the molecular system after the laser pulse is tracked by the Liouville-von Neumann equation [START_REF] May | Charge and Energy Transfer Dynamics in Molecular Systems[END_REF][START_REF] Bretón | Relaxation of quantum systems weakly coupled to a bath. I. Total-time-ordering-cumulant and partial-time-orderingcumulant non-Markovian theories[END_REF][START_REF] Kosloff | Quantum thermodynamics and open-systems modeling[END_REF],

𝑑𝜌(𝑡) 𝑑𝑡 = - 2𝜋 𝑖 ℎ [𝐻 0 + 𝐻 𝐿 (𝑡), 𝜌(𝑡)] + ( 𝑑𝜌(𝑡) 𝑑𝑡 ) 𝑐𝑜𝑙𝑙 (6-1)
in which H0 is the free rotational Hamiltonian, and 𝐻 𝐿 (𝑡) = - In the following, we start with the Markovian approximation which assumes that all collisions are complete and un-correlated [START_REF] Bretón | Relaxation of quantum systems weakly coupled to a bath. I. Total-time-ordering-cumulant and partial-time-orderingcumulant non-Markovian theories[END_REF][START_REF] Kosloff | Quantum thermodynamics and open-systems modeling[END_REF], i.e., the memory effects associated with collisions that are ongoing at the time of the excitation or at the rotational alignment echo are neglected. This implicitly assumes that the relative number of ongoing collisions is very small and/or that they have an effect over a very short interval of time. For the N2O(4%)-He(96%) gas mixture system, the N2O-He accurate ab initio intermolecular potential has an almost negligible well [START_REF] Wang | A new four-dimensional ab initio potential energy surface for N2O-He and vibrational band origin shifts for the N2O-He(N) clusters with N = 1-40[END_REF]. The repulsive front is relevant (i.e., has values between 0 and 600 K) in the [R0-R, R0] range of intermolecular distances where R0 varies between 2.7 and 4.2 Å depending on the respective orientations of the molecular and intermolecular axes and R is typically 0.5 Å. This means that the latter should be in the interval between the two spheres centered on the N2O center of mass and typical radii 3.0 and 3.5 Å for a N2O molecule to be colliding with a He atom, which corresponds to a very small volume (about 70 The diagonal elements Λij,ij have been estimated for N2O-He at 295 K by using the infinite order sudden approximation (IOSA) [START_REF] Bernstein | Atom-molecule theory: A Guide for the Experimentalist[END_REF]. The calculations show that all these terms are positive, practically independent on i and j and equal to 0.013 ps -1 . amagat -1 , which indicates that the decay time constant in secular approximation is independent on the time delay.

As can be seen by comparing the secular simulations to the experimental results displayed in Fig. 6.9, the agreement is only valid at long time (beyond about 212 = 10 ps). This observation seriously questioned the validity of the secular approximation during the early dynamics of the system.

In the nonsecular approximation, all collision induced transfers are involved in the calculation, the equation driving the decay of the coherences becomes, 

(
The required relaxation matrix elements have been constructed by using the IOSA, where the consistency with the rates used previously within the secular approximation is demonstrated [START_REF] Ramakrishna | Intense Laser Alignment in Dissipative Media as a Route to Solvent Dynamics[END_REF][START_REF] Hartmann | Quantum and classical approaches for rotational relaxation and nonresonant laser alignment of linear molecules: A comparison for CO2 gas in the nonadiabatic regime[END_REF][START_REF] Vieillard | Field-free molecular alignment for probing collisional relaxation dynamics[END_REF].

However, the nonsecular calculations at room temperature for J values of N2O up to 60 are not tractable due to the computer limitations. Hence, the conditions of T = 100 K and J values up to 38 are carried in the nonsecular calculations. The results of this treatment, in which rates computed at 295 K but initial populations defined at 100 K, are displayed in Fig. 6.9 with a red solid line. Note that comparing the secular results at 100 K and 300 K show that limiting computations to T = 100 K and JMax = 38 only slightly affects the prediction.

As can be seen in Fig. 6.9, the agreement is very satisfactory for the nonsecular simulations and experimental results. It is experimentally and theoretically demonstrate that nonsecular effects resulting from the transfers among coherences as well as between populations and coherences created by the laser pulse reduce the density induced decay of the alignment rotational echo of N2O molecules in N2O-He gas mixtures at short times. As time goes by, the transfers between coherences become negligible [START_REF] Ma | Observing collisions beyond the secular approximation limit[END_REF], resulting in a decrease of the decay time constant toward the secular plateau, in perfect agreement with the measurements.

Conclusions

In this chapter, the ultrafast collisional dynamics of molecules were explored by using molecular rotational alignment echoes.

First, the ultrafast collisional relaxations of linear CO2 and symmetric-top C2H6 molecules in pure and diluted in He were successfully investigated up to a high pressure range for which alignment revivals were unobservable. The measured decay time constant of the rotational alignment echoes, as that of the quantum alignment revivals, were well reproduced by the classical simulations. Our results indicated that rotational alignment echoes enabled the observation of extremely fast collisional dissipation at a few picosecond timescale for linear and symmetric-top molecules, and potentially in asymmetric-top molecules.

Second, the molecular rotational alignment echoes allowed to track the collision induced ultrafast decoherence of a system very soon after its radiative excitation. The observation of collisional transfers among coherences as well as between populations and coherences occurring in the nonsecular regime and leading to a slowing down of the decoherence of the system lasting for a few picoseconds was uncovered by measuring the time dependent decay time constant of the rotational alignment echoes of N2O molecules in N2O-He gas mixtures. 

Tunneling-site-sensitive ultrafast dynamics of molecule in strong laser field

First, the laser field vector dependent dissociative double ionization of HCl and N2O molecules were experimentally explored by employing the angular streaking technique.

The instantaneous asymmetry of the molecular bond breaking was revealed by gating on the ejected direction of the ionic fragments and tracing their sum momentum spectra.

Different pathways towards the dissociative double ionization channels, involving various bound and repulsive electronic states and molecular orbitals, were uncovered.

Our results demonstrated that the molecular orientation dependent dissociative double ionization of HCl molecule were mainly governed by the shapes of the molecular orbitals, and for more complex molecule N2O, the electron localization-assisted enhanced ionization also played an important role. the momentum angular distributions of outgoing protons, our results showed that the ejected protons were easier to obtain the momentum from laser field when the photoelectron was released with an exit near the hydrogen site of molecule, which was consistent with the fact that the initial charge was mainly localized on the hydrogen site.

Molecular rotational alignment and echo stimulated by strong laser fields

The field-free alignment of acetone gas molecules was successfully achieved in this thesis, which was the most asymmetric-top molecule ever aligned by a femtosecond laser pulse. The weak transient alignment revivals in the measurement was caused by three different reasons: the large asymmetry, the small collisional decay time constant and the multiphoton resonant dissociation of the acetone molecule. The field-free alignment of acetone was improved by employing rotational alignment echoes. As compared to a linear molecule, fractional echoes were observed in the sensitive birefringence measurement, which was attributed to the nonlinearity of the studied system. Moreover, the third-harmonic radiation from a circularly polarized fundamental laser pulse was generated in aligned acetone molecules.

Ultrafast collisional dissipation probed by rotational alignment echo

First, the ultrafast collisional dissipation of linear CO2 and symmetric-top C2H6 molecules in pure and mixture with He at high pressure were successfully studied by employing the molecular rotational alignment echoes in a few picosecond timescale.

The reduced strength of the alignment echoes when increasing the time delay between the two pumps at a given density, reflecting the collisional relaxation of the system, were observed. The decay rates at different densities were measured and the decay time constant was obtained by applying a linear fit to the measured decay rates. The measured decay time constant of the rotational alignment echoes in dissipative media were well reproduced by the classical simulations.

Second, the nonsecular dynamics in ultrafast relaxation induced by thermal collisions were successfully revealed in N2O molecules diluted in helium mixtures by using rotational alignment echoes. The decay time constant of rotational alignment echoes of N2O molecules at a fixed time delay were determined by measuring the reduction of the amplitude of density-normalized rotational alignment echoes with increasing the gas density. A significant variation of the collisional decay time constant with the time of appearance of the rotational alignment echoes was observed, featuring a decoherence process that was well reproduced by the nonsecular model, which indicated that the transfers among coherences as well as between populations and coherences in the nonsecular regime reduce the decoherence rate of the system during the few first picoseconds of its evolution.

Outlook

Molecules are one of the basic units of matter, it is of great significance to explore their ionization, excitation, dissociation, and rotation in strong laser field. In present studies, the electron-nucleus correlation provides a new perspective for studying the intramolecular ultrafast processes, and the laser induced field-free molecular alignment is recognized as an important tool for studying the interactions between atoms and/or molecules.

Despite decades of exploration, there are still many interesting phenomenon in the study of molecular dynamics driven by strong lasers, which need to be further explored.

For example, on the one hand, the current research on strong laser field induced molecular ionization, excitation, dissociation, and rotation mainly focuses on simple linear molecules. However, most applications in physics and chemistry involve nonlinear molecules with more electronic states, more degrees of freedom of nuclear motion, and more complex electron-nucleus correlation [START_REF] Anstöter | Geometric and electronic structure probed along the isomerisation coordinate of a photoactive yellow protein chromophore[END_REF][START_REF] Akagi | Deformation of an inner valence molecular orbital in ethanol by an intense laser field[END_REF]. Based on waveform-controlled ultrafast strong laser pulses and advanced detection technology, the ultrafast dynamics of complex molecular systems will be explored in the future.

On the other hand, in previous research works related to the present studies, most of the studied targets are gaseous molecules, while liquid such as water [START_REF] Nishitani | Binding energy of solvated electrons and retrieval of true UV photoelectron spectra of liquids[END_REF], acetone even liquid nitrogen [START_REF] Balakin | Terahertz wave generation from liquid nitrogen[END_REF] are rarely explored. Based on ultrafast strong laser pulses and the time resolved birefringence balanced detection, the ultrafast molecular collisional dynamics in liquid systems could be investigated. Moreover, the studies of ultrafast collisional dissipation in this thesis are limited to Markovian systems and it will be also very interesting to explore non-Markovian dynamics.
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  step to investigate the ultrafast molecular physics. The experiments performed in COLTRIMS in this thesis are stimulated by laser pulses with duration 25 fs, wavelength 790 nm, single laser shot energy 0.8 mJ, and repetition rate 10 kHz produced by FEMTOLASERS Company. The experiments performed in time resolved birefringence balanced detection are excited by laser pulses with duration 100 fs,
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 21 Figure 2. 1 Schematic sketches of femtosecond laser system. The propagation of laser pulses in the system are extremely complicated, here is simplified.
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 23 Figure 2. 3 The MCP detector, including three MCPs and one delay line anode (HEX).
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 24 Figure 2. 4 The working mechanism diagram of delay line anode of DLD (a) and HEX (b).
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 25 Figure 2. 5 Schematic sketches of the time resolved birefringence balanced detection. The polarization states of probe after the interaction zone and quarter wave plate are shown in the insets.
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 26 Figure 2. 6 The Mach-Zehnder interferometer.

  ionized molecule are accelerated by the static electric field of the spectrometer and coincidently detected by ion detector. Taking the dissociative frustrated triple ionization of HCl molecule as an example[START_REF] Ma | Dissociative frustrated multiple ionization of hydrogen chloride in intense femtosecond laser fields[END_REF], i.e., HCl laser field → H + + Cl +* + 2e -, in which process one of the three released electrons is recaptured by the Cl 2+ fragment forming Cl +* fragment, the dissociative ionic fragments H + and Cl +* are coincidently measured by employing the PIPICO spectrum, as shown in Fig.3.1. However, this PIPICO line also contains the dissociative double ionization of HCl molecule, i.e., HCl laser field → H + + Cl + + 2e -, which can be distinguished from each other in the KER spectrum as discussed in the following.
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 31 Figure 3. 1 Measured PIPICO spectrum of the (H + , Cl + ), (H + , Cl + ) and (H * , Cl + ) channels.
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 32 Figure 3. 2 The measured PEPICO spectrum of HCl. A couple of postpulse ionization channels for the highly excited ion fragments, i.e. Cl q+* DC-field →Cl (q+1)+ where (q = 0,1), are denoted by the red dashed arrows.
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 3 Figures 3.3(a) and (b) show the measured KER spectra of dissociative multiple ionization of HCl molecule, i.e., HCl → H + + Cl q+ + (q+1)e -denoted as HCl (1,q)
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 33 Figure 3. 3 (a) The KER spectra of the HCl (1,q) (q=1, 2, and 3) channels in linearly polarized laser field. (b) The same to (a) but for circular polarization.
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 34 Figure 3. 4 The KER spectra of the HCl (*,1) channel in linearly polarized laser field and of the HCl (1,1) channel in both linear and circular polarization.
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 35 Figure 3. 5 Retrieved survival time of the Cl q+* DC-field →Cl (q+1)+ + e -pathways (q = 0, 1).
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 362 Figure 3. 6 Ionic yields as a function of TOF and displacements in the y direction of HCl molecules in strong laser field. The polarization direction is indicated by the red arrow.
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 37 Figure 3. 7 (a) (b) Ionic yields as a function of TOF and y positions of the HCl (1,q * →q+1) channels. (c) (d) The KER spectra of the HCl (1,q+1) and the HCl (1,q * →q+1) channels. (e) (f) Polar plots of the momentum angular distributions of the HCl (1,q+1) and the HCl (1,q * →q+1) channels in the polarization plane. Here, q = 0, 1.
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 7 Figures 3.7(a) and (b) display the measured ion yields of H + and Cl (q+1)+ fragments

  Figures 3.7(a) and (b) display the measured ion yields of H + and Cl (q+1)+ fragments from the HCl (1,q * →q+1) channels (q = 0, 1) as a function of the ion TOF and y positions, which are selected based on the law of momentum conservation of the two measured nuclear fragments and PEPICO spectrum. Figures 3.7(c-f) (red solid curves) are the measured momentum angular distributions and KER spectrum of the HCl

  electron-nuclear correlation in the dissociative single ionization (O2 + nħω → O + O + + e -, denoted as DSI channel) and dissociative single Rydberg excitation (O2 + nħω → O + O * , denoted as DRE channel) of O2 molecule are experimentally investigated in this section[START_REF] Ma | Strong-field dissociative Rydberg excitation of oxygen molecules: Electron-nuclear correlation[END_REF]. Both channels are excited by a linearly polarized (along y axis) ultraviolet femtosecond laser pulse centered at 395 nm produced by frequency doubling a near infrared laser pulse with 25 fs and 790 nm in a β-barium borate crystal. The peak intensity of the laser field in the interaction zone is measured to be 4.0×1013 W/cm 2 with a corresponding Keldysh parameter of 3.3, and thus in the multiphoton ionization regime. The strength of the DC-field of the spectrometer is 8.7

  energy, but yet lacks direct experimental observation, because the unexcited neutral fragment O cannot be detected by ion detector and thus leading false coincidence measurement with O * fragment in the PIPICO spectrum. However, the fragment O * with high principal quantum number has a certain probability to be ionized by the DCfield of the spectrometer and identified by employing the PEPICO spectrum, as shown in Fig.3.8 between the two blue dotted lines. The horizontal line centered at ion TOF of 5826 ns in the plot is the false coincidence events, which is exclude in the data analysis process. The processes involving photon excitation created Rydberg fragments O * and the post-pulse DC-field ionization, i.e. O2 + nħω → O + O * DC-field → O + O + + e -, is denoted as O2( * →1,0) channel in the following discussion. As displayed in Fig.3.8, the process of postpulse DC-field ionization of highly excited Rydberg particles is not restricted to O * fragments but can also be observed in O2 * .
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 38 Figure 3. 8 The PEPICO spectrum of O2 molecules stimulated by a linearly polarized ultraviolet femtosecond laser pulse.

  (a) and (b) (blue line) are the momentum distributions in y-z plane and KER spectrum of the nuclear fragments of the DRE channel. The KER spectrum of associated DSI channel measured in the same experimental condition is displayed by the red curve in the plot. According to the frustrated tunneling ionization mechanism, both DRE and DSI channels should have almost the same KER spectrum of nuclear fragments, which is not the case in present work and thus excludes the electron recapture scenario.
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 39 Figure 3. 9 (a) The momentum distribution in the y-z plane of the DRE channel. The blue arrow represents the polarization of the laser field. (b) The KER spectra of the DSI and DRE channels.
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 42 Correlation of dissociative single Rydberg excitation and ionization channelsIn the multiphoton processes, the absorbed photon energy above the dissociation threshold of molecule is deposited to the KER of outgoing electrons and the dissociative nuclear fragments via their interaction[START_REF] Zhang | Electron-nuclear correlated multiphoton-route to Rydberg fragments of molecules[END_REF][START_REF] Lu | Electron-nuclear correlation in above-threshold double ionization of molecules[END_REF][START_REF] Zhang | Photon Energy Deposition in Strong-Field Single Ionization of Multielectron Molecules[END_REF]. The sum-kinetic energy of the ejected electron and nuclear fragments of the DSI and DRE channels are given by Esum = EN + Ee = EO + + EO + Ee ≈ nħω-Dls -Up for the DSI channel, and Esum = EN = EO * + EO = EO + + EO ≈ nħω-Dlr -Up for the DRE channel. Here, n, Up, Dls, and Dlr denote the number of absorbed photons with energy of ħω (~3.15 eV), the ponderomotive energy of the electron in the oscillating laser field (~0.5 eV in this experiment), and the corresponding dissociation limitations of the DSI and DRE channels, respectively. The value of Dlr are similar to that of Dls due to the high principal quantum number of Rydberg fragments in the measurement. According to the Esum formula, the peak positions of the Esum spectrum of DRE channel should be similar to that of DSI channel in the multiphoton resonance excitation and ionization if molecules absorb a same number of photons in accessing two channels.
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 310 Figure 3. 10 The sum-kinetic energy spectra of the DSI and DRE channels. The black dots represents the EN of DSI channel by gating the energy of electrons smaller than 0.2 eV.
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 3 Figure 3.11(a) shows the joint energy spectrum (JES) of the coincidently measured electron and nuclear fragments of the DSI channel, where the multiple diagonal lines indicate that the observed photon energy sharing between the emitted electron and nuclear fragments. The horizontal lines in Fig. 3.11(a) indicate the the population of various vibrational states of the molecular cation as observed in CO molecules [61].However, different from the simplest H2 molecules[START_REF] Wu | Electron-Nuclear Energy Sharing in Above-Threshold Multiphoton Dissociative Ionization of H2[END_REF], various molecular orbitals and electronic states are involved in the DSI channel of O2 molecule, leading to a superposition of several sets of structure in the JES.
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 3 Figure 3. 11 (a) Measured electron-nuclear joint energy spectrum of the DSI channel. (b) Relevant potential energy curves of O2 + adopt from [188, 189], and a simplified transition scheme of different pathways towards the DSI channel.

Figure 3 .

 3 Figure 3.11(b) shows the relevant potential energy curves of the O2 + . The a 4 u state is populated by removing one electron from the HOMO-1 by absorbing six photons, which is then more likely photon-coupled to various dissociative states.According to the selection rules of the dipole transition[START_REF] Hishikawa | Light-induced multiple electronic-state coupling of O2 + in intense laser fields[END_REF], the DSI channel with KER bigger than 0.6 eV may be accessed via three different pathways, as illustrated in simplified transition scheme in Fig.3.11(b). The photon ionization created nuclear wave-packet on the a 4 u state can be one-, two-and three-photons coupled to the f 4 g, 24 u and 4 4 g repulsive states followed by immediately dissociation to different limits and ending with KER values centered at 1.0, 2.3 and 4.2 eV, respectively. As can be seen in Fig.3.11(a), the first order Esum values corresponding to three different KER values are centered at 2.8, 4.1, and 6.1 eV, respectively. Note that multi-order Esum spectrum spaced by the photon energy is observed in the same pathway caused by above threshold ionization. The KER region smaller than 0.6 eV is most likely produced in the following pathway: removal of one electron from the HOMO-2 by absorbing seven photons and one of the quartet states b 4 g -is launched, part of O2 + populated on this state with sufficient energy is dissociated with Esum centered at 1.0 eV. By considering different numbers of absorbed photons and molecular dissociation limits, the expected first order Esum values of the b 4 g -, f 4 g, 2 4 u and 4 4 g states are 0.9, 2.7, 4.0, and 5.9 eV, respectively, which agree with the experimentally measured values.

  this chapter, different characteristics were shown in the processes of molecular dissociative Rydberg excitation accessed via the frustrated tunneling ionization and multiphoton resonance excitation. For the former, the dissociative frustrated multiple ionization of HCl molecule stimulated by a near infrared intense femtosecond laser pulse was experimentally investigated. The excited charged fragments, depending on their occupied principle quantum numbers, can be either directly identified in the PIPICO spectrum, or singly ionized by the DC-field and be distinguished in the PEPICO spectrum. The KER spectrum and momentum angular distribution of the nuclear fragments of dissociative Rydberg excitation channel were similar to that of the corresponding dissociative ionization channel, which was generally explained by the electron recapture occurs at the end of the laser pulse, therefore it has almost no effect on nuclear dynamics.

  2, the molecular orientation dependent dissociative double ionization of HCl molecule and N2O molecule are experimentally investigated. In the section 4.3, the asymmetric transient valence charge localization and its evolution is observed and studied in molecular orientation dependent dissociation of HCl molecule.

4. 1 ,

 1 a bound electron (represented by a pink ball) freed by an instantaneous electric field pointing to -y will primarily tunnel from the +y site, and end up with a final momentum almost along the +z axis. Vice versa, a bound electron freed by an instantaneous electric field pointing to +y will primarily tunnel from the -y site, and end up with a final momentum almost along the -z axis. If the induced laser field is a clockwise rotating elliptically polarized laser field, a bound electron freed by an instantaneous electric field pointing to -y (+y) will primarily tunnel from the +y (-y) site, and end up with a final momentum almost along the -z (+z)axis.
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 41 Figure 4. 1 Schematic sketches of angular streaking driven by an elliptically polarized laser pulse.
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 42 Figure 4. 2 (a) The momentum distributions of the ionic fragments of HCl (1,1) channel. The red arrow represents the polarization of the laser field. (b) The corresponding KER spectrum.

Figure 4 .

 4 Figure 4.3(a) shows the KER dependent ion sum momentum distributions of the HCl (1,1) channel along the z axis for the emitted ionic fragments within a cone of 45º with respect to the y axis. Three distinct peaks around 0 and ±1.8 a.u. are identified in pzsum distribution, which indicate different emission properties of the sequentially released two electrons in dissociative double ionization. The distribution around pzsum = 0 a.u. is recognized as the events when the two electrons are ejected to the opposite directions, i.e., the first (second) electron tunnel from the +y (-y) site or the first (second) electron tunnel from the -y (+y) site. The two side peaks centered at pzsum = ±1.8 a.u. are mainly contributed by events where both electrons are released from the same directions (both electron tunnel from the +y (-y) site for pzsum = -(+) 1.8 a.u), as shown in the sketches of Fig. 4.3(a)).
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 43 Figure 4. 3 (a) The KER-dependent ion sum momentum distributions and the sketches of four different emission properties of the two ionized electrons. The projections over different KER range are shown for the H + emits to the (b) +y direction and (c) -y direction, respectively.
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 44 Figure 4. 4 (a)The profiles of HOMO and HOMO-1 of HCl molecule adopted from[START_REF] Moix Teixidor | Predicted structure and energetics of HCl2 +[END_REF]. (b) Relevant potential energy curves of the HCl 2+ , adopted from[START_REF] Akagi | Laser Tunnel Ionization from Multiple Orbitals in HCl[END_REF].

  momentum distributions of ionic fragments and the relevant potential energy curves of the HCl 2+ as shown in Fig. 4.4(b), the three peaks in the KER spectrum of the HCl (1,1) channel are expected to access via three different pathways. The KER range between 4-6 eV (Peak I) and 6-7.5 eV (Peak II) with broader momentum angular distributions and smaller asymmetry in the ion sum momentum distributions are produced by removing two electrons from the HOMO and the nuclear wave packet (NWP) is launched on the ground state 3  of the HCl 2+ , then the NWP is excited to the 3  repulsive state by absorbing one and two extra photons, respectively. For the KER beyond 8.2 eV (Peak III) with a relatively narrow angular distributions and a larger asymmetries in the ion sum momentum distributions, the two individual electrons are most probably removed from the HOMO and the HOMO-1, respectively,

  elliptically polarized femtosecond laser pulses with duration 25 fs and wavelength centered at 790 nm is experimentally investigated. Two different dissociative ionization channels, i.e. N2O → NO + + N + + 2e -(labeled as denitrogenation channel) and N2O → N2 + + O + + 2e -(labeled as deoxygenation channel) are produced. The intensities of the linearly polarized and elliptically polarized laser fields are same and estimated to be about 6.0×10 14 W/cm 2 , the corresponding Keldysh parameter is calculated to be about 0.43 and thus in the tunneling regime. The denitrogenation and deoxygenation channels accessed via various pathways are discussed based on the measured momentum angular distributions and asymmetric ion sum momentum.
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 45 Figure 4. 5 (a), (b) Momentum distributions of the denitrogenation and deoxygenation channels driven by a linearly polarized (a) and elliptically polarized (b) laser field. The red arrow represent the polarization of the laser field. (c) The profiles of the HOMO and HOMO-1of N2O, where the nuclei N-N-O lie from the left to right sides.

Figure 4 .

 4 Figure 4.5(a) shows the momentum distributions of the denitrogenation and deoxygenation channels in the y-z plane driven by a linearly polarized laser field, where the angular distribution of denitrogenation channel is relatively broader than that of the deoxygenation channel. The concentrated distributions along the laser polarizationsuggest that the N2O molecule is preferred to be broken when the molecular bond is aligned in the polarization of laser filed. In the following, the directional breaking of
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 46 Figure 4. 6 (a), (d) The KER dependent ion sum momentum (pzsum) distributions of the denitrogenation (a) and deoxygenation (d) channels, respectively. (b-c), (e-f) The pzsum distributions integrated over different KER ranges of the denitrogenation (b-c) and deoxygenation (e-f) channels (blue or red filled square) by gating the emission of the fragments N + and O + to +y or -y directions, respectively. The blue or red solid curves in (b)-(c) and (e)-(f) represent the fitting curves of the measured data.

  which 𝐴 12𝑖𝑗 = 𝐴 1𝑖 × 𝐴 2𝑗 , 𝜎 12𝑖𝑗 2 = 𝜎 1𝑖 2 + 𝜎 2𝑗 2 , and 𝑝𝑧 𝑠𝑢𝑚𝑖𝑗 = -(𝑖𝑝𝑧 𝑒1 + 𝑗𝑝𝑧 𝑒2 ).

  93 a.u, A1±/A1∓ = 1.02, and A2±/A2∓ = 1.97 for the low KER (< 7.0 eV) region, and pze1 = 0.78 a.u, pze2 = 0.95 a.u, A1±/A1∓ = 1.02, and A2±/A2∓ = 1.98 for the high KER (> 7.5 eV) region. As discussed before, the profile of the molecular orbital plays important roles in the laser field vector dependent molecular bond breaking. The HOMO and HOMO-1 of N2O molecule are plotted in Fig. 4.5(c) and the electron density is mainly concentrated around the N atoms, which consistent with the fact that the N2O molecule is preferred to be ionized when the laser field points from N to O. Meanwhile, the different potential energy of the excited states of N2O 2+ have a strong influence on the accessibility of denitrogenation and deoxygenation channels, as shown in Fig. 4.7. The potential energy curves of the lowest states correlated to the denitrogenation channel are very shallow

Figure 4 . 7

 47 Figure 4. 7 (b) Relevant potential energy curves of the N2O 2+ , adopted from [198]. The gray band indicates the Frack-Condon vertical transition range for the photoionization of N2O molecule.

  the molecular bonding theory, the valence electrons are delocalized among the composing atoms, providing the bond thereby stabilizing the system. The inner-shell electrons of individual atoms are, on the other hand, tightly bound to the atoms themselves, which are therefore considered localized. With recent progress in the advanced light sources, probing inner-shell charge (or electron hole) localization of molecule becomes accessible by using the synchrotron radiation[START_REF] Drescher | Time-resolved atomic inner-shell spectroscopy[END_REF][START_REF] Fang | Double Core-Hole Production in N2: Beating the Auger Clock[END_REF][START_REF] Goldsztejn | Double-Core-Hole States in Neon: Lifetime, Post-Collision Interaction, and Spectral Assignment[END_REF][START_REF] Perry-Sassmannshausen | Multiple Photodetachment of Carbon Anions via Single and Double Core-Hole Creation[END_REF][START_REF] Rohringer | Atomic inner-shell X-ray laser at 1.46 nanometres pumped by an X-ray free-electron laser[END_REF][START_REF] Sann | Delocalization of a Vacancy across Two Neon Atoms Bound by the van der Waals Force[END_REF]. However, the transient charge localization upon electron tunneling by an intense femtosecond laser field from a valence molecular shell, which is itself primarily delocalized, has not been observed due to its complicated nature and the associated difficulty in singling out its effect to the system. The asymmetrical transient valence charge localization in the dissociative single ionization of HCl (HCl → H + + Cl + e -, denoted as HCl(1,0) channel) is explored by using an intense elliptically polarized near infrared femtosecond laser pulse with duration of 25 fs and central wavelength of 790 nm. The transient charge localization is encoded in the momentum of the outgoing ionic fragments acquired from strong laser field, and the asymmetry is revealed by carefully examining the electron tunneling-site distinguished momentum angular distribution of the ejected H + fragment. The peak intensity and ellipticity of laser field are measured to be 3.0×10 14 W/cm 2 and 0.72, with its major and minor polarization along the y and z axes, respectively. For the present laser parameters and an ionization potential Ip = 16.6 eV of HOMO-1 of HCl molecule, the Keldysh parameter is calculated to be 0.85, indicating the ionization occurs in the tunneling regime. The LEP or REP (left-or right-handed elliptical polarization) laser fields with the same ellipticity and intensity are produced by rotating a half wave plate (HWP) in front of a quarter wave plate (QWP) with major axis along the y axis, as shown in Fig. 4.8. Switching the helicity of the incident laser pulse every two minutes ensures identical experimental conditions for the LEP and REP laser fields, which allows us to exclude any systematic error from the measurement and cross check the measured results.

Figure 4 . 8

 48 Figure 4. 8 Schematic diagram of the experimental setup. The inset shows schematic traces of the outgoing nuclear fragments and the freed electron. The created hole + , represented by a white ball, is shared by two outgoing nuclear fragments, whose charges evolve as H δ+ and Cl (1-δ)+ with time (0 ≤ δ ≤ 1).

Figure 4 . 9

 49 Figure 4. 9 (a) The measured momentum distribution of the H + fragment from HCl(1,0) channel.H + is the emission angle of H + with respect to the +z axis. (b) Relevant potential energy curves of HCl and HCl + , adapted from[START_REF] Moix Teixidor | Predicted structure and energetics of HCl2 +[END_REF].

Figure 4 .

 4 Figure 4.9(a) shows the measured momentum distributions of the H + fragments of the HCl (1, 0) channel in y-z plane excited by a LEP laser field, two distinct rings areobserved. The H + fragments originating from the dissociative single ionization of H2 in the chamber have almost the same momentum and thus overlap with that of the inner ring of the HCl (1,0) channel. Therefore, only the outer momentum ring is selected to unambiguously represent the HCl(1,0) channel in the following. As illustrated in Fig.4.9(b), the outer momentum ring of the HCl (1,0) channel is most likely produced in the following approach: by removing one HOMO-1 electron, a NWP is created on the bound A 2  + state of HCl + . It afterwards couples to the repulsive 2 2  + state via threephoton absorption and then couples back to the A 2  + state via one photon emission and dissociates into H + and Cl fragments with a final momentum around 14 a.u. for each.The HCl molecule is favored to be ionized when the molecular bond is aligned along the major polarization axis (y axis) of the elliptically polarized laser field, and the final momentum of the released electron or momentum acquired by the ionic fragments from the laser field are mainly along the minor polarization axis (z axis). It should be

Figure 4 .

 4 Figure 4.10(a) displays the measured (open circles) angular distributions of the ejected H + fragments from the HCl(1,0) channel driven by a LEP laser field when the correlated photoelectron ends up with a final momentum along +z (blue case) or -z (orange case) as illustrated in the inset sketches. Taking the orange case as an example, the photoelectron carrying a final momentum along -z is released from the -y site when the laser electric field vector points to +y. The momentum acquired by H + (Prec) from the laser field is along +z axis governed by the momentum conservation of the molecular system. The measured H + with H + around -90° (-y axis) or +90° (+y axis) stands for the cases where the electron is released with the tunneling exit near the H or Cl site, respectively, depending on the orientation of the HCl molecule.

Figure 4 .

 4 Figure 4. 10 (a) The open circles (Gaussian fitted with solid curves) are measured angular distributions of the H + fragments when the electron is released from two different sites driven by the LEP field, as illustrated in the individual sketches. is the offset angle of the peak position of the fitted curves with respect to the y axis (±90°). The solid circles (fitted with solid curves) are the corresponding classical simulation results. (b) Same to (a) but driven by REP laser field.

  3 o . The measured average offset angle of the H + with respect to H + = ±90° is  = ||H + m|-90°| = (2.4±0.3)° when the photoelectron is released with the tunneling exit near the H site of HCl, indicating approximately (72 ± 9)% of the laser field induced momentum is acquired by the H + fragment. It is much larger than the value according to the conventional scenario of mass-dominated momentum recoil, where the recoil or laser induced momentum is given to the center-of-mass of the nuclei and merely 1/36 of the momentum will afterwards be deposited to the H + fragment, that is why the HCl molecule with a big mass difference between H and Cl is chosen as the target to explore the asymmetric transient valence charge localization. To support our experimental findings, a classical dynamics simulation of the fragmentation process incorporating a transient charge on the respective fragments is carried out. The results of the classical dynamics simulation, averaged over molecular orientation in the laser polarization plane and intensity variation due to the focal volume effect, are shown in Fig. 4.10 as solid circles and fitted with solid curves. The simulation clearly supports the experimental observation of an asymmetric angular distribution of the ejected H + depending on the electron tunneling site. When the electron tunnels out with an exit near H, an initial optical-field-induced transient charge generated by tunneling ionization, which is subject to subsequent rearrangements, is localized at H. Such transient concentration of positive charge on H leads to a substantial laser induced momentum on the H + fragment, resulting in an offset angle of 2.7°, close to the experimental value of about 2.4°. On the other hand, when the electron tunnels out from the Cl side of HCl, the optical-field-induced transient charge is initially localized on Cl.

  dissociative double ionization of the diatomic heteronuclear molecule HCl and more complex triatomic molecule N2O were studied by employing the angular streaking technique. The instantaneous asymmetry of the molecular bond breaking was revealed by tracing the sum momentum spectra of the ionic fragments. Various pathways involving several excited states created by removing electrons from different molecular orbitals were uncovered. Our results demonstrate that the molecular orientation dependent dissociative double ionization of HCl molecule was mainly governed by the shapes of molecular orbitals, while for more complex molecule N2O, not only the profiles of molecular orbitals, but also the electron localization-assisted enhanced ionization played an important role. Second, the asymmetric transient charge localization induced by strong field tunneling ionization, depending on the electron tunneling site in the molecular frame, was observed by tracking the asymmetric momentum distributions of the ionic fragments. When the electron tunneled out with an exit near H which digs a transient hole on this site, as shown in Fig. 4.8, a positive transient charge was localized on H site of HCl, leading to a much larger laser induced momentum on the H + fragment. The classical simulation results incorporating a transient charge localization supported our experimental observations. Our work revealed the crucial role of the transient valence charge localization in strong laser field tunneling ionization of molecules and will stimulate extensive investigations of tunneling-site-sensitive correlated electronnuclear motion in various molecules.
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 1211 ∆𝛼cos 2 𝜃, where 𝐻 0 = 𝐵𝐽 2 -𝐷𝐽 4 is the rotational Hamiltonian, in which B is the molecular rotational constant and D is the centrifugal distortion constant. The impulsive excitation of several Raman transitions by a femtosecond laser pulse produces a coherent superposition of rotational Eigenstates, i.e. a rotational wave packet, which free evolution leads to a recurring alternation of alignment and anti-alignment transients called alignment revivals. By solving the time dependent Schrödinger equation [100, 107, 109, 110], the rotational Eigen energies 𝐸 = ℎ𝑐𝐵𝐽(𝐽 + 1) -ℎ𝑐[𝐷𝐽(𝐽 + 1)] 2 ≈ ℎ𝑐𝐵𝐽(𝐽 + 1)and the rotational wave packet 𝜓(𝑡) = ∑ 𝐴 𝐽,𝑀 𝐽,𝑀 (𝑡)𝑒 -𝑖𝐸𝑡 |𝐽, 𝑀 > are obtained, where h is Planck's constant and 𝐴 𝐽,𝑀 is a complex coefficient which connects the eigenstates . Note that only ΔJ = 0, ±2 and ΔM = 0 transitions are allowed in nonresonant excitation for linear molecules [100, 106]. The degree of molecular alignment is featured by 〈cos 2 𝜃〉 = 〈𝜓(𝑡)|cos 2 𝜃|𝜓(𝑡)〉, where 〈cos 2 𝜃〉 = is associated to the isotropic distribution of molecular axes; 〈cos 2 𝜃〉 > indicates that the molecular axes are distributed close to the polarization of the laser field and called alignment; 〈cos 2 𝜃〉 < 1 3

Figure 5 . 1

 51 Figure 5. 1 Measured alignment trace of CO2 molecules and the corresponding quantum simulations performed in collision-free conditions. The 3D pictures illustrate the angular distribution of the molecular axis for aligned and anti-aligned states, respectively.

Figure 5 . 2

 52 Figure 5. 2 Measured molecular rotational alignment echo trace of N2O molecules. The first echo is formed at 212, with the secondary echo observable at 312, and the imaginary echo produced at T/2-12 (equivalent features also appear at times shifted by T/2), here, T = 40.4 ps is the molecular rotational period of N2O.

  Izz for spherical molecules such as SF6; Izz = 0 and Ixx = Iyy for linear molecules such as CO2, and N2O; Izz < Iyy = Ixx for prolate symmetric-top molecules such as NH3, C2H6; Izz = Iyy < Ixx for oblate symmetric-top molecules such as benzene; Izz < Iyy < Ixx for asymmetric-top molecules such as acetone as shown in Fig. 5.3.

Figure 5 . 3

 53 Figure 5.3 The C2v configuration used in this thesis. The body fixed xyz axis system is attached to the molecule using the I r representation[START_REF] Bunker | Molecular Symmetry and Spectroscopy[END_REF]. For clarity its origin is not drawn at the molecular center of mass.

  measured and the corresponding collision-free quantum simulation results are displayed in Fig. 5.4. The quantum simulation signal,𝑆 = ∑ [𝛼 𝑖𝑖 (〈Φ 𝑍𝑖 2 units. The measured signal 𝑆 ∝ ∑ [𝛼 𝑖𝑖 (〈cos 2 𝜃 𝑍𝑖 〉matching the measured signal to the quantum simulation and finally depicted in Bohr units. The measured rotational revivals of CO2 molecules are proportional to I (intensity of the pump laser field), whereas the molecular permanent alignment scales like I 2 . Both are very well reproduced by the quantum model, which confirm the estimated intensity of Pump1. Next, the measurements and calculations substituting the CO2 with acetone and keeping the same experimental conditions are performed, as shown in Fig. 5.4. The rotational alignment revivals of acetone at 27 and 54 ps are clearly observed. The weakness of the signal can be explained by three different reasons. First, the laser induced alignment of acetone is relatively inefficient due to its large asymmetry as compared to the CO2 molecule. Although the difference between the largest and smallest polarizability components is comparable for both two molecules, the collisionfree quantum calculations predict an amplitude of the second revival of acetone about 7 times weaker as compared to the third revival of CO2, which indicate that the weak alignment efficiency of acetone resulting from its large asymmetry. Alignment revivals is closely linked to the molecules ability to rephase their rotational coherences once stimulated by the pump laser pulse. The incommensurability of the rotational energies of asymmetric-top molecules is reflected in the time domain by quickly decreasing quantum alignment revivals.

Figure 5 . 4

 54 Figure 5. 4 Measured alignment traces of acetone and CO2 gas at 0.15 bar at room temperature, and the corresponding quantum simulations of acetone and CO2 performed in collision-free conditions.

  which R is the alignment amplitude ratio of the second to the first alignment revivals in experiment and theory, and 12 defines the time interval between the first and second revivals. As shown in Fig.5.5, the collisional decay rates for four different gas densities d are measured and fitted by the linear formula  =  0*d in order to extract the collisional decay time constant R = 1/0 = 5.4 ± 0.4 ps. amagat. Note that the classical molecular dynamics simulations of 9 ps. amagat is in reasonable agreement with this measured value considering the simplicity of the acetone-acetone potential. The decay time constant of pure acetone is significantly smaller than that of pure CO2 (about 65 ps. amagat)[START_REF] Vieillard | Field-free molecular alignment for probing collisional relaxation dynamics[END_REF][START_REF] Hartmann | Dissipation of alignment in CO2 gas: A comparison between ab initio predictions and experiments[END_REF]. Besides mass effects, this is mainly caused by the much longer range and stronger anisotropic forces involved in acetone-acetone collisions[START_REF] Von Ratzsch | Dipolmomente und polarisierbarkeiten polarer stoffe ans statischen dkmessungen[END_REF][START_REF] Dorosh | Electric dipole moments of acetone and of acetic acid measured in supersonic expansion[END_REF].

Figure 5 . 5

 55 Figure 5. 5 Measured collisional decay rate of the rotational alignment revivals of acetone as a function of the gas density. The density normalized decay time constant is obtained from the linear fit applied to the measured data.

Figure 5 . 6

 56 Figure 5. 6 Laser energy dependence of the revivals amplitude of CO2 and acetone measured under the same experimental conditions (0.15 bar). Linear fit (blue line) of the measured CO2 revivals.

  The rotational alignment echoes by adding Pump2 at time 12 after Pump1 are employed to achieve field-free alignment at shorter time delay. The measured rotational alignment echo traces for 12 at 4.93 and 6.11 ps are shown in Fig. 5.7(a), the gas pressure and the intensity of Pump1 being similar to the previous measurements. Four molecular rotational alignment echoes are clearly observed, the first and the second order alignment echoes generated at 12 and 212, respectively, and fractional echoes located at 1/212 and 3/212 after Pump2. The observed features are well reproduced by both classical and quantum theoretical models for 12 at 4.93 ps in Fig. 5.7(b), which indicates that the rotational alignment echo is a classical phenomenon. As can be seen, the amplitude of the first echo for 12 at 4.93 ps is about twice the amplitude of the second revival observed in the molecular alignment trace shown in Fig. 5.4.

Figure 5 . 7

 57 Figure 5. 7 (a) Measured rotational alignment echo traces of acetone gas at 0.15 bar stimulated by Pump1 (12 TW/cm 2 ) and Pump2 (12 TW/cm 2 ) with delays 12 at 4.93 and 6.11 ps (upshifted), respectively. The first and second echo, as well as the fractional echoes, are indicated by arrows. (b) Quantum and classical simulation results performed in collision-free condition for 12 at 4.93 ps.

Figure 5 . 8

 58 Figure 5. 8 Third-harmonic generation and measurement setup. BD: beam dump, PB: pass-band filter (250-280 nm).

Figure 5 . 9

 59 Figure 5. 9 Rotational alignment echo traces observed in the third-harmonic generations of aligned acetone gas at 0.1 bar stimulated by Pump1 and Pump2 with delays at12 = 2.7 ps (a) and 3.1 ps (b), respectively. The corresponding numerical classical simulations are also displayed. Note that classical and quantum (not shown) results are indistinguishable for the scale of the present figure.

  Fig. 6.1(b) for the density at 33.64 amagat (36 bar). Note that the decreased "background" after zero time delay is attributed to the dissipative molecular permanent alignment [117, 154], , which indicates a strong propensity of inelastic collisions to conserve the angular momentum orientation as explained in Sec.1.6. .

Figure 6 . 1

 61 Figure 6. 1 (a) Measured molecular alignment trace of N2O molecules in N2O(4%)-He(96%) gas mixtures at 2 bar. (b) Similar to (a) but for 36 bar.

Figure 6 . 2

 62 Figure 6. 2 (a) Measured rotational alignment echo traces of CO2 gas at 0.02 bar stimulated by Pump1 of 20 TW/cm 2 and Pump2 of 5 TW/cm 2 for several delays of12. The amplitude Secho is defined as the peak to dip. (b) Similar to (a) but the echo amplitude is optimized by setting Pump2 to 13 TW/cm 2 .

Figure 6 . 3

 63 Figure 6. 3 (a) Measured rotational alignment echo traces of CO2 molecules in CO2(4%)-He(96%) gas mixtures at 43 bar. (b) Measured Secho extracted from (a) as a function of time delay 212, and the exponential fit of the data.

6. 2 . 3

 23 Decay rate of pure CO2 and CO2(4%)-He(96%) gas mixture at different densities The collisional decay rate γ(d) of the rotational alignment echoes of CO2 molecules at different gas densities corresponding to total pressures ranging from 8 to 50 bar are measured and displayed in Fig. 6.4(a). It should be noted that the binary collision mainly occurs in this pressure range, and thus the γ(d) should be proportional to the density. The linear fit γ(d) = γ0*d is applied for the measured data and the normalized decay time constant of E = γ0 -1 is retrieved and reported in TABLE

Figure 6 . 4

 64 Figure 6. 4 (a) Measured and calculated decay rate d) of the rotational alignment echoes as a function of the density of CO2(4%)-He(96%) gas mixture. A linear fit is applied to the measured data. (b) Same as (a) but for pure CO2 gas.

Figure 6 . 5

 65 Figure 6. 5 Measured normalized amplitude of the Secho of C2H6 in pure C2H6 at 0.2 bar for different 12. The intensities of Pump1 and Pump2 in the measurement are set to 40 and 28 TW/cm 2 , respectively.According to previous studies, a compromised intensity of Pump2 leading to the alignment echo amplitude Secho varies little over a limited range of 12 should be firstly set to. The maximum Secho is optimized for 12 at 3.6 ps by changing the intensity of Pump2 to 28 TW/cm 2 in pure C2H6 at 0.2 bar. As shown in Fig.6.5, the measured Secho are almost constant with less than 10% variations when 12 is tuned from 2.5 to 4.5 ps

Figure 6 .

 6 Figure 6.6(a) presents the measured molecular rotational alignment echo traces of C2H6 molecules in C2H6(10%)-He(90%) gas mixture at 17 bar (~15.4 amagat) for various 12. As expected, the collisional dissipation induces the reduction of the strength of rotational alignment echoes with increasing 12, which is confirmed by the CMDS simulations [233]. Fig. 6.6(b) displays the echo amplitude extracted from Fig. 6.6(a) as a function of 212 together the fitted function 𝐴exp -𝛾(𝑑)× 2𝜏 12 used to extract the value of decay rate γ(d).

Figure 6 . 6

 66 Figure 6. 6 (a) Measured rotational alignment echo traces of C2H6 molecules in C2H6(10%)-He(90%) gas mixtures at a pressure of 17 bar. The results of CMDS calculations performed in the same experimental conditions are displayed in the inset. (b) Measured and calculated Secho extracted from (a) as a function of 212 and the exponential fits of the data.

Figure 6 . 7

 67 Figure 6. 7 (a) Measured and calculated collisional decay rate γ(d) of the rotational alignment echoes as a function of the density of C2H6(10%)-He(90%) gas mixture and the linear fit applied to the experimental data. (b) Same as (a) but for pure C2H6 gas.
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 682 Figure 6. 8 Density-normalized molecular alignment echo traces of N2O molecules diluted in He at various densities for 12 = 3.1 ps. The intensities of Pump1 and Pump2 are 20 and 13 TW/cm 2 , respectively. The measured density-normalized molecular alignment echo traces of N2O molecules in N2O(4%)-He(96%) gas mixture at a fixed delay 12 = 3.1 ps for three different gas densities d are recorded and displayed in Fig. 6.8. Note that the densitynormalized alignment echo trace is obtained by dividing the measured alignment echo trace by the density d, because the measured Secho is proportional to the density, therefore the variation of amplitudes of alignment echoes at different densities is mainly caused by collision. The collision induced decay of the density-normalized amplitudes

Figure 6 . 9

 69 Figure 6.[START_REF] Hartmann | Molecular alignment echoes probing collision-induced rotationalspeed changes[END_REF] The blue circles with error bars are the measured decay time constants E of the rotational alignment echoes of N2O molecules in N2O(4%)-He(96%) gas mixtures at different 12. The solid lines denote the results of simulations. The green and black solid lines are obtained using the secular approximation with initial N2O rotational populations corresponding to temperatures of T =100 K and 295 K, respectively. The red solid line represents the results obtained, for populations associated with T = 100 K, using the nonsecular equations.
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 12 ∆𝛼 cos 2 𝜃 describes the nonresonant interaction of the molecule with the linearly polarized laser field.
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 3 containing very few He atoms. In addition, the mean relative speed of N2O-He collisions at room temperature is 1300 m.s -1 , which indicates that the distance between the two spheres (0.5 Å) is traveled in 0.038 ps. The above analysis show that non-Markovian effects are very weak in the present study, and the Markovian approximation is thus valid.Based on a Markovian model of collisions and omitting radiative decays occurring on a much longer time scale, the matrix elements of the dissipation terms are given by,( 𝑑𝜌 𝑖𝑗 (𝑡) 𝑑𝑡 ) 𝑐𝑜𝑙𝑙 = -𝑑 ∑ ∧ 𝑖𝑗,𝑖 ′ 𝑗 ′ 𝜌 𝑖 ′ 𝑗 ′ (𝑡) 𝑖 ′ ,𝑗 ′ (6-2)where i and j denote the rotational states |J,M〉 of the system and Λij,i′j′ are the densitynormalized relaxation matrix elements.In the secular approximation, all elements of the relaxation matrix corresponding to transfers among coherences (nondiagonal terms of ρ) and between populations (diagonal elements of ρ) and coherences are neglected. Only the Λij,ij and Λii,i′i′ terms are kept which are related to the rates of transfer between |J,M> and |J′,M′> states, including inelastic (J changing) and elastic reorienting (J conserving, M changing) processes, as well as the pure dephasing of the coherence which describes the effect of elastic collisions that interrupt the phase of the molecule without quenching it.Therefore, the secular equation driving the decay of the coherences (i.e., for i ≠ j) 𝑑 ∧ 𝑖𝑗,𝑖𝑗 𝜌 𝑖𝑗 (𝑡) 
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 711 By using intense femtosecond laser pulses and advanced precision measurement techniques, this thesis focused on the laser induced molecular ionization and rotation dynamics. The main contents were summarized below. Dissociative Rydberg excitation of molecule in strong laser field First, the dissociative frustrated multiple ionization of HCl molecules in intense near infrared femtosecond laser pulses were experimentally observed, in which processes the tunneling ionized electrons were recaptured by the outgoing nuclei of the breaking molecule. The generated excited nuclear fragments, depending on their principle quantum numbers, were directly identified by employing PIPICO spectrum, or singly ionized by the weak DC-field of the spectrometer and be distinguished in the PEPICO spectrum. The similar nuclear KER spectrum of the dissociative Rydberg excitation channel and the corresponding dissociative ionization channel indicated that the electron recapture occurs at the end of the laser pulse. Second, the multiphoton resonant excitation assisted dissociative Rydberg fragmentation of O2 molecule in ultraviolet femtosecond laser fields was clearly distinguished in PEPICO spectrum and analyzed by using the electron-nuclear energy correlation. The similar peaks of the sum KER spectrum of the released electron and nuclear fragments were observed in the Rydberg excitation and dissociative single ionization channels. The analyzed results showed that the absorbed photon energy above threshold was mostly deposited to the nuclear fragments in the Rydberg excitation channel. While the released electrons absorbed part of photon energy in the corresponding dissociative ionization channel, resulting in a smaller nuclear kinetic energy as compared the Rydberg excitation channel.

  Second, the strong laser field tunneling ionization induced asymmetric transient valence charge localization was studied in the dissociative single ionization of HCl molecule. The asymmetric transient charge localization, decided by the electron tunneling site in the molecular frame, was encoded in the asymmetric momentum acquired by the outgoing proton fragments from the laser field. By carefully examining
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Measured and calculated normalized collisional decay time constants in ps. amagat units for infinitely diluted C2H6(10%)-He(90%) gas mixture and pure C2H6 gas. For the measured values, the uncertainties correspond to two standard deviations

[START_REF] Taylor | An Introduction to Error Analysis: The Study of Uncertainties in Physical Measurements[END_REF]

. ..........

[START_REF] Bubin | Strong laser-pulse-driven ionization and Coulomb explosion of hydrocarbon molecules[END_REF] 

  4 g -, f 4 g, 24 u and 4 4 g states) followed by immediate dissociation, generating fragments O and O * with KER centered at 0.9, 2.8, 4.0, and 6.2 eV, respectively. For instance, the neutral O2 molecule on the ground state may absorb seven photons to the Rydberg state (very close to the f 4 g state) with a dissociation limit of 18.8 eV. According to the formula Esum = EN = EO

* + EO ≈ nħω-Dlr -Up, an EN ≈ 2.7 eV is obtained, which agree with the observed EN of 2.8 eV in the measurement.

TABLE I

 I Measured and calculated normalized collisional decay time constants in ps.
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	. For comparison with the experimental data, the calculated
	decay rates of C2H6 in C2H6(10%)-He(90%) gas mixture and pure C2H6 at different
	densities are shown in Figs. 6.7(a) and (b) , respectively. The E predicted by the theory
	is reported in TABLE II.
	The decay time constant of the alignment revivals of C2H6 molecules are measured
	in C2H6(10%)-He(90%) gas mixtures and pure C2H6 gas at low gas pressure. The
	procedure to extract the decay time constant of rotational alignment revivals is similar

to that explained above for the determination of CO2 molecules, and the results are reported in TABLE II. The classical molecular dynamics simulations reproduce well the observed values

Nonsecular dynamics in ultrafast collisional processes

  Nonsecular effects in collisional decoherence occurring at short time scales (a few picoseconds) are difficult to track in the experimental measurements due to the observable signals in short time are often hard to access. The molecular rotational alignment echoes stimulated by two successive femtosecond laser pulses are well suited

				CMDS model
	C2H6(10%)-He(90%)	Revivals	58.0±9.4	63.0
		Echo	56.3±2.0	59.0
		Revivals	44.7±5.6	44.9 [157]
	Pure C2H6			
		Echo	44.9±2.2	42.9
	6.4			

  𝑖 ′ 𝑗 ′ 𝜌 𝑖 ′ 𝑗 ′ (𝑡) 𝑖 ′ ,𝑗 ′ ≠𝑖,𝑗

	𝑑𝜌 𝑖𝑗 (𝑡) 𝑑𝑡	) 𝑐𝑜𝑙𝑙 𝑛𝑜𝑛𝑠𝑒𝑐𝑢𝑙𝑎𝑟 = (	𝑑𝜌 𝑖𝑗 (𝑡) 𝑑𝑡	) 𝑐𝑜𝑙𝑙 𝑠𝑒𝑐𝑢𝑙𝑎𝑟 -𝑑 ∑	∧ 𝑖𝑗,

Acknowledgment

It would be a right moment for me to express my deepest gratitude to all those who give me the possibility to complete this long and special journey. The research work of my thesis is the well cooperation of East China Normal University in China and Université Bourgogne Franche-Comté in France. I am deeply indebted to my two supervisors Prof. Jian WU and Prof. Olivier FAUCHER, who provide me with consistent care, help, support and encouragement during my PhD years. I am greatly benefited from all the promising projects they assigned to me. Their rigorous academic insight enlighten me not only in the past years but also in my future career. They also help me a lot in daily life, especially during the two years I studied in France. I feel words cannot express how thankful I am. I would like to thank Dr. Jean-Michel HARTMANN, Dr. Laurent COUDERT and Prof. Christian BOULET for conducting the theoretical simulations. Without their support and help, a lot of work would have never been accomplished. The discussions with them help me to have a deeper understanding of ultrafast molecular rotational and collisional dynamics. I want to thank all the PFL group members in France. I am thankful to Dr. Bruno LAVOREL for his valuable guidance through all the experiment and data analysis. His passion in the scientific work impressed me a lot. He could not even realize how much I have learned from him. I would like to thank Dr. Franck BILLARD for helping me deal with a lot of experiment problems. He is the best engineer I have ever met. I would like to appreciate Dr. Pierre BEJOT, Prof. Fré dé ric CHAUSSARD, and Prof. Edouard HERTZ for sharing their rich knowledge and experiences. I want to thank Ester SZMYGEL and Manon BOURNAZEL, as well as former members Postdoc Dr. Haisu ZHANG, Dr. Emilien PROST, and Jé ré my BERT. Many thanks to members working on the MOLSF group in China. I would like to