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Abstract
Within this thesis, the photoionization, fragmentation and autoionization of highly ex-
cited states of diatomic molecules (O2 and N2) induced by intense extreme-ultraviolet
(XUV) radiation delivered by the Free-Electron-Laser in Hamburg (FLASH), is studied
employing coincident three-dimensional recoil-ion momentum spectroscopy.

First, with an XUV-pump/THz-probe scheme, the relaxation dynamics of highly excited
states of O2 created by absorption of a single 60 eV XUV photon is investigated. The rel-
ative time shift between the first emitted photoelectron and a second low-energetic photo-
electron carries information about the time difference between both photoemission steps
or the autoionization lifetime. We have measured that the lifetime of the autoionizing
excited cation state 4Σ−g with a kinetic energy release (KER) of 4 eV is 102 ± 30 fs.

Second, the IR-assisted XUV multiphoton experiments of N2 were performed in combi-
nation with a synchronized femtosecond optical laser. Aligned Nn+

2 ions are created by
sequential absorption of XUV photons and further excited or ionized by a delayed NIR
laser pulse. By tracing the time-dependent KERs of double ionization products N2+

2 →
N+ + N+ (N(1,1)) and triple ionization products N3+

2 → N2+ + N+ (N(2,1)), we find an
enhancement factor for N(1,1) of 2.2 and for N(2,1) of 5.7 compared to without NIR.
The detailed dissociative pathways are traced by KERs and angular distribution of ionic
fragments.

Zusammenfassung
In dieser Arbeit wird mittels dreidimensionaler Rückstoss-Ionen-Impuls-Spektroskopie
die Photoionisation, Fragmentierung und Autoionisation hochangereger Zustände von
zweiatomigen Molekülen (O2 und N2) untersucht, die durch intensive, extrem ultravio-
lette (XUV) Strahlung des Freie-Elektronen-Lasers (FLASH) in Hamburg induziert wird.

Das erste Experiment bestand darin, innerhalb eines XUV-Pump/THz-Probe-Schema, die
Relaxationsdynamik hochangeregter Molekülzustände von O2 zu untersuchen, die durch
Absorption eines einzelnen 60 eV XUV-Photons angeregt wurden. Die zeitliche Verzö-
gerung zwischen dem zuerst emittierten Photoelektron und einem zweiten niederenerge-
tischen Photoelektron beinhaltet Information über die Zeitdifferenz zwischen den beiden
Photoemissions-Schritten oder der Autoionisations Lebenszeit. Für das niederenergeti-
sche Autoionisierungselektron aus dem hochangeregten Molekülzustand 4Σ−g mit einer
KER von 4 eV haben wir eine Lebenszeit von 102 ± 30 fs gemessen.

Im zweiten Experiment wurde IR-gestützte XUV-Multiphotoionisation von N2 in Kombi-
nation mit einem synchronisierten optischen Femtosekundenlaser durchgeführt. Sequen-
tielle Absorption von XUV Photonen erzeugte räumliche ausgerichtete Nn+

2 Photonen, die
durch NIR Laser Pulse weiter angeregt oder ionisiert wurden. Durch Verfolgen der zeitab-
hängigen kinetischen Energiefreisetzung (KER) der Doppelionisations-Produkte N2+

2 →
N+ + N+ (N(1,1)) und Dreifachionisations-Produkte N3+

2 → N2+ + N+ (N(2,1)), finden
wir einen Verstärkungsfaktor in der Ionisationsrate für N(1,1) von 2.2 und für N(2,1) von
5.7 verglichen zum Fall ohne NIR. Die detaillierten Dissoziations-Pfade konnten durch
KERs und die Winkelverteilung von ionischen Fragmenten zurückverfolgt werden.
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Chapter 1

Introduction

The investigation of the interaction between matter and intense laser fields is one of
the most flourishing areas of current research in atomic, molecular and optical (AMO)
physics. The research on photoionization and ultrafast fragmentation reactions of few-
body quantum systems allows a deeper insight into the atomic and molecular dynamics
and the intermediate processes involved in various physical, chemical and biological re-
actions [1].

Photoionization is an important aspect of this thesis. In 1905, Albert Einstein explained
the photoelectric effect by assuming that electromagnetic radiation of frequency ω can
be treated in a particle-like manner [2, 3]. Matter can be ionized by absorbing a single
photon and a photoelectron emitted. Therefore, the photon energy requires to be larger
than the ionization potential. Due to the limited light intensity accessible in those days,
the photoionization processes investigated can be well-described as a single photon ion-
ization. The working principle of a laser (Light Amplification by Stimulated Emission
of Radiation) was proposed by Einstein in 1916 [4], but only until 1960, the laser was
invented [5]. Because of the high intensity of the laser pulse, the strength of the elec-
tromagnetic field is of the order of the atomic Coulomb field, the theoretical description
of photoionization by an optical laser is complicated [3]. In 1965, L.V. Keldysh intro-

duced the Keldysh parameter (γ =
√

Ip
2Up

, Ip being the ionization potential and Up the
ponderomotive energy) to distinguish different ionization mechanisms in a strong elec-
tromagnetic field [6]: the multiphoton ionization and tunneling ionization. If the binding
energy of an electron is larger than its ponderomotive energy, several photons are needed
to ionize the target which is described by a multiphoton ionization picture. However, if
the ponderomotive energy is far larger than the binding energy, tunneling ionization pic-
ture is used to describe the ionization process. By increasing the strength and wavelength
of the electromagnetic field, the tunneling ionization becomes a dominant process for the
photoionization of atoms and molecules [7, 8]. Although the two ionization mechanisms
can be well understood, many questions remain. For instance, with the Keldysh parameter
around 1, both ionization mechanisms have a contribution to the ionization yield.

Atoms and molecules exposed to an intense laser field, thus lose one or more-electrons.
Now, let us take a look at photoionization and the relaxation processes induced by XUV
radiation. An XUV laser pulse with (sub-) femtoseconds pulses length triggers the elec-
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tronic motion by inducing valence or core photoelectron emission. The electrons are ei-
ther excited to an unoccupied orbital ("shake-up") or excited into the continuum ("shake-
off") [9, 10]. An inner-valence electron of an atomic and molecular system is ionized
and results in a vacancy. Subsequently, the vacancy can be filled by an outer-valence
electron. Once the target is ionized, a series of fragmentation and relaxation processes
are triggered. The fragmentation ions will dissociate or Coulomb explode into different
stable states. Some of the highly excited states will decay by transferring the excess en-
ergy to other electrons or by ejecting an electron carrying away the released energy. The
fundamental processes such as Auger Decay and Autoionization will also take place if
it is energetically allowed. Autoionization is a basic process that takes place in atoms,
molecules and biological systems, which is essential to reveal the electronic many-body
problems play in the highly excited energy regime [11–13]. In the fragmentation process
of the molecular systems, the molecular environment plays a vital role [12, 14]. The rea-
son is that the final states changed in a molecular ion during the electronic and nuclear
motion, and thus the ionization threshold is lowered. For instance, the interatomic or in-
termolecular Coulombic decay (ICD) process takes place in weakly bound van-der-Waals
and hydrogen bound clusters [15–17].
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Figure 1.1: Illustration of the pump-probe technique in the molecular system AB. The
internuclear distance dependent KER spectrum is plotted. The time delay indicates the
detailed fragmentation information. Figure adapted from [16].

The invention of the pump-probe technique has become one of the fundamental tools for
probing the dynamics of inter- and intra-molecular chemical reactions on femtosecond
time scales. In Fig. 1.1, the principle of the pump-probe technique is shown, firstly, a
pump-pulse is used to ionize and simultaneously populate the molecule AB to an excited
state, thereby triggering the nuclear motion. After a time delay, the second probe pulse
further ionizes the molecular ion to a highly lying dissociative state, leading to its frag-
mentation by Coulomb explosion [16, 18]. The physical description of photo-excitation
and subsequent ionization of the molecular system are based on the Born-Oppenheimer
approximation [19] and Franck-Condon principle [20]. The underlying assumption of
the Born-Oppenheimer approximation is that the nuclear coordinate is frozen during an



3

electronic transition from the initial state to another [21]. The reaction pathways can be
inferred from the kinetic energy release (KER, the total kinetic energy of fragments) dis-
tribution of the fragments. The KER distributions depend on the final dissociative states
and are determined by the internuclear distance at the moment of dissociation. It is the
basis for us to identify the different dissociative states after the target is ionized.

In order to probe and resolve the ultrafast dynamics that take place during a photon-matter
interaction, an ultrashort laser pulse is required. The typical scales of length are smaller
than a nanometer (1 nm = 10−9 m) for small molecules, and the scales of time vary from
attoseconds (1 as = 10−18 s) for the electronic dynamics, to femtoseconds (1 fs = 10−15 s)
for molecular vibration, to picoseconds (1 ps = 10−12 s) for molecular rotation [21]. With
the advent of ultrashort laser pulses and the development of the pump-probe technique,
it has become feasible to resolve the ultrafast dynamics of molecules on their natural
timescale [22–30]. Intense femtosecond pulses from Free-Electron-Lasers (FELs) allow
combining pump-probe techniques developed in modern femtochemistry, with the distinct
imaging capabilities of X-rays, nurturing the dream of producing a "movie" of molecular
reactions on their natural length and time scales [21, 22, 31, 32].

Recently, the development of FELs has enabled us to study and image complex systems
with atomic resolution on ultrafast time scales [22, 33, 34]. FEL Imaging of complex
systems relies on the "diffract-before-destroy" concept, where an ultrashort X-ray pulse
yields a diffraction pattern before Coulomb explosion and reconstruction of many such
patterns will render a three-dimensional model of the system [21, 35]. Generally, us-
ing the accelerator-based X-ray light sources one can probe ultrafast structural and elec-
tronic dynamics [30, 36], perform multidimensional non-linear X-ray spectroscopy of
molecules [37], study non-linear process and coherent control of few-body quantum sys-
tems [38], investigate multiphoton processes and polarization control at short-wavelength
FELs [39, 40], carry out single particle imaging and scattering in AMO physics [41], and
explore electronic structure at high X-ray intensity [32]. All these femtosecond time scale
dynamics can be probed by an ultrashort laser pulse and have been intensively investigated
in the last decades [1, 42].

Improving the temporal and spatial resolution of pump-probe experiments is another es-
sential technical in AMO physics. One of the crucial limitations for imaging the ultrafast
dynamics is the pulse length of the probing laser pulse. It is possible to resolve the ul-
trafast dynamics only if the pulse length is shorter than the time scale of the molecular
dynamics. The Nobel Prize in Physics 2018 was awarded one half to Gérard Mourou
and Donna Strickland for the invention of high-intensity, ultra-short optical pulses which
have significantly applied in basic research and practical applications [43]. In principle,
attosecond laser pulse from high harmonic generation (HHG) is an ideal tool to resolve
ultrafast electronic dynamics. However, the photon flux produced by HHG is many orders
of magnitude lower than the XUV radiation delivered by FEL facilities [44]. Therefore,
nowadays, the XUV laser pulses with sub-100 fs duration still play a dominant role in
carrying out the pump-probe experiments. Apart from the duration of the pump pulse,
another factor related to the experimental results of pump-probe experiments is the jitter
and the long-term drift of pump and probe laser pulses during the measurement, espe-
cially in two-color pump-probe experiments. In order to improve the time resolution of
this experiment, one possibility is to monitor the jitter of the pump- and probe-pulse. An
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improvement in the timing precision of synchronization of the two laser pulses is essen-
tial to the shot-to-shot imaging experiments. The other factor involves achieving better
spatial resolution and that depends on detection systems and imaging methods [23, 41].

In order to study and resolve the response of molecules to intense XUV radiation, two-
color pump-probe experiments on O2 and N2 were performed at FLASH. Both exper-
iments on small molecular systems presented in this thesis are performed employing
recoil-ion momentum spectroscopy with a Reaction Microscope (REMI). It enables the
determination of the ion and electron momentum vectors. The kinematically complete
measurements ensure a solid angle acceptance of 4π for ions and electrons [23]. Utilizing
the REMI and a split-and-delay (SD) unit [23, 45], we obtained the spatial and temporal
information of the fragmentation and relaxation after XUV radiation.

In the THz streaking experiment on the autoionizing molecular cation state, the detailed
autoionization process will be presented. When the molecule is ionized by XUV radia-
tion, a highly excited state can be created which then subsequently ejects another elec-
tron through autoionization [12]. A so-called atomic-like autoionization process was
observed after the inner-valence electron of molecular Oxygen was ionized by XUV
radiation [11–13, 46–48]. With a high-resolution coincident ion-electron study, the de-
tailed atomic-like character of the autoionization spectrum indicates that the autoioniza-
tion takes place at large internuclear distances [12, 48]. In previous works [12, 49], the
autoionization processes have been studied via ions and electrons coincidence measure-
ments. From their time-dependent ions and electrons spectroscopy, the lifetimes of the
autoionization processes are obtained. However, in our experiment, we adopted the THz
streaking technique to track and separate the first emitted photoelectron and secondary
autoionization electron directly. Using THz streaking technique, we can identify the pho-
toelectrons from a direct ionization process or autoionization process as the autoioniza-
tion electrons having time delays of tens to hundreds of femtoseconds. The details are
discussed in Chapter 5.

In the second experiment, the IR-assisted XUV multiphoton ionization of N2 is investi-
gated. Few-photon multiple ionization pictures of molecules are essential to explore the
photoionization steps. Within the regime of multiphoton ionization, one distinguishes
between sequential and non-sequential photoionization. Sequential ionization is under-
stood as a step-wise absorption via stationary intermediate real molecular states. In con-
trast, the non-sequential ionization is treated as a direct ionization via virtual intermediate
states [50]. In order to understand the ionization mechanisms in N2, the light-intensity
dependence of the yields of charged particles will be shown. For the photoionization in
the intense near-infrared laser (NIR) laser field (Keldysh parameter ∼ 0.7), both mul-
tiphoton ionization and tunneling ionization can be used to interpret the experimental
results [51, 52]. Once we know the photon absorption steps and KER distributions for
various dissociation channels, then the detailed transition pathways can be identified. In
the end, in order to find the relationship between the ionization gains and the polarization
of the NIR field, the fragment ions angular distributions will be presented. Then, we will
answer the question of whether the ionization rate depends on the relative alignment of
the laser field and molecule orientation.

This thesis is organized as follows: Chapter 2 gives the theoretical background on the
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photon-interaction and relaxation process and provides the basis for the explanation of
the experimental results. Two basic ionization mechanisms, multiphoton ionization and
tunneling ionization, will be introduced. Then, sequential ionization and non-sequential
ionization will be discussed to characterize the photon absorption steps. In addition, the
decay and relaxation processes of atomic and molecular systems are introduced. Further-
more, fragment ion angular distribution is presented to explain the formation of aligned
molecular ions and enhanced ionization in the two color laser fields. In Chapter 3, the
light sources provided by the FLASH facility, the detailed description of experimental
set-ups and operation principles will be discussed. By utilizing the light sources deliv-
ered at FLASH, O2 and N2 molecules were ionized and a series of fragmentation and
relaxation processes can be triggered. By means of REMI and SD optics, we can perform
time and position resolved momentum spectroscopy on the produced ions and electrons.
In Chapter 4, a brief introduction of THz streaking and THz-field-induced time shifts in
molecular photoemission is given. In Chapter 5, the single- and double-photoionization
of O2, and the autoionization process streaked by a synchronized THz pulse will be dis-
cussed. In Chapter 6, the experimental results of the XUV-pump/IR-probe experiments on
N2 will be shown. The photoionization, fragmentation, and angular distribution of ionic
fragments induced by the XUV and NIR radiation will be analyzed. In the final Chapter 7,
two experimental results are summarized and an outlook is given.
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Chapter 2

Background and Basic Principles

In this thesis, we will focus on the interaction of extreme ultraviolet radiation (XUV) and
near-infrared radiation (NIR) with small molecules, which usually leads to photoioniza-
tion and dissociation. The understanding of matter’s response to the radiation requires
different theoretical models and descriptions.

Photoionization is a fundamental process when the matter exposed to electromagnetic
radiation. By absorbing one or multiple photons, the target is ionized and a series of
subsequent relaxation processes can be triggered, such as dissociation, the re-distribution
of energy and charge, and decay which take place within a few femtoseconds to tens of
picoseconds [36, 53, 54]. The analysis of the response of atomic and molecular systems
to electromagnetic radiation, especially radiation in the X-ray regime, is of vital impor-
tance for the understanding of the photon-matter interactions. This response depends on
the wavelength and the field strength of the radiation. With the development of Free-
Electron-Lasers (FELs) and pump-probe technique in recent decades, we have the oppor-
tunity to explore ultrafast molecular dynamics in a photoionization regime [1,22,42]. An
X-ray is an excellent tool for direct imaging of matter on the length scales of atomic struc-
ture, which is on the order of Ångström [21]. Depending on which physical process to
investigate, different wavelengths and strength of electromagnetic radiation are selected.

In this chapter, a detailed physical picture of atomic and molecular systems in intense
laser fields will be introduced and discussed. The main topic of this thesis is the dynam-
ics of small molecular systems (O2 and N2). The fundamental theories and mechanisms
used in the following chapters are outlined in order to make it easier to understand the
following experimental results. First, the different ionization pictures, multiphoton ion-
ization and tunneling ionization, are discussed on a step-by-step basis in Sec. 2.1. The
process of sequential and non-sequential ionization are presented in Sec. 2.2. In the fol-
lowing Sec. 2.3, Sec. 2.4 and Sec. 2.5, the theoretical description of the photoionization
of atomic and molecular systems is presented. After the atomic and molecular systems
are ionized by intense radiation, a series of relaxation processes can be followed, the re-
laxation and decay processes, especially after inner-shell ionization and autoionization
process, which is commonly observed in molecular systems, are presented in Sec. 2.6. In
the end, the fragment ion angular distribution is discussed in Sec. 2.7, which can be used
to track the photoionization steps.



8 BACKGROUND AND BASIC PRINCIPLES

2.1 Single Ionization in Strong Fields

Single ionization is a fundamental subject which has been extensively studied by employ-
ing tabletop VUV (Vacuum ultraviolet) and HHG light sources and tunable synchrotron
radiation. In this section, a brief overview is given for the ionization pictures of atoms in
intense laser fields.

Over-the- 
barrier

(a) (b)

Multi-photon

Tunneling

ATI

Figure 2.1: Photoionization processes in the atomic system. (a) Multi-photon ioniza-
tion and Above Threshold ionization (ATI) regime (γ � 1). (b) Schematic diagram of
strong-field photoionization for γ � 1 demonstrating tunnel ionization and over the bar-
rier ionization. Figure adapted from [55].

In Fig. 2.1, the two different ionization pictures: multiphoton ionization and tunnel ioniza-
tion are shown. Multiphoton ionization (MPI) and tunneling ionization (TI) are two sig-
nificant pictures used to describe the ionization mechanism when an atom or a molecule is
ionized in an intense laser field. The mechanisms depend on the ionization threshold and
light intensity. In most experiments performed by synchrotron radiation sources, single-
photon absorption is the dominant process due to the light intensities being low [7, 21].
However, with the advent of FELs with unprecedented intensities, multiphoton ioniza-
tion has been one of the critical themes of photoionization physics in recent years [1].
In an intense FEL pulse, the number of photons per pulse is high enough that high-order
processes involving multiple photons come into play.

Commonly, the Keldysh parameter used to specify the regime of the two ionization mech-
anisms is defined as [6]:

γ =

√
Ip

2Up
, (2.1)

where Ip is the field-free ionization potential and Up is the ponderomotive energy of an
electron in the laser field. The Keldysh parameter equals the ratio between the tunneling
time of an electron through a potential well and the period of the laser field. The pondero-
motive energy Up is the mean kinetic energy of a free electron gained in the laser field
and is defined by

Up =
e2E2

0

4meω2
laser

= 9.338×10−14 I [W/cm2]λ 2 [µm], (2.2)
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where E0 is the maximum electric field strength of the oscillating field with frequency
ωlaser, e denotes the absolute value of its charge and me is the mass of the electron. The
Keldysh parameter γ indicates how strongly the field modifies the atomic Coulomb po-
tential. For γ � 1, the Coulomb barrier is modified in such a way that the electron can
tunnel out (tunneling picture), while for γ � 1 the electron is freed by a net absorption
of many photons (multiphoton picture). In the X-ray regime, the ponderomotive energy
(Up ∼ 0.1 eV) of an electron is far smaller than the ionization potential, so multiphoton is
the dominant process. However, for γ ∼ 1, there is no clear boundary between multipho-
ton ionization and tunneling ionization. In the following, we will discuss the two pictures
in atomic systems.

Multiphoton Ionization

Here, let us discuss the multiphoton ionization reaction:

Aq +nh̄ω −→ Aq+1 + e−, (2.3)

where q is the charge of the atomic system A, h̄ω is the photon energy, and n is the number
of photons. This process is a single electron process. A single photon cannot ionize an
atom or molecule when the photon energy is less than the ionization potential Ip. Several
photons have to be absorbed simultaneously to fulfill the condition: n · h̄ω ≥ Ip. Since
the direct multiphoton ionization has a small cross-section, it requires high intensity for
photoionization. By measuring the kinetic energy of the photoelectrons, the number of
absorbing photons can be calculated. According to the perturbation theory, the absorption
of n photons is thereby described by the n-th order of perturbation theory [56]. It states
that the ionization rate is proportional to the n-th power of the light intensity:

Γn = σn · In, (2.4)

where σn is the n-photon ionization cross section and I is the laser intensity [57].

With the increase of the light intensity, the atomic system could absorb excess-photons
which are larger than the minimum number required for ionization. The phenomena are
known as above-threshold ionization (ATI). ATI is an extension of MPI where even more
photons are absorbed than actually would be necessary to ionize the atom [58]. Similar to
Eq. 2.4, the ATI rate after the absorption of n + s photons can be described as

Γn+s = σn+s · In+s, (2.5)

where s is the number of excess photons. The excess energy is expressed by a higher
electron kinetic energy than that which would result from multiphoton ionization with a
minimum number of photons so that the sum of their photon energies is just above the
ionization potential Ip. More precisely, multiple peaks can be observed in the photoelec-
tron spectrum which is separated by the photon energy [7]. This ionization only exists
under specified experimental conditions and is not valid at high light intensity for the ini-
tial state is depleted, and therefore the yield saturates [59]. The physics of multiphoton
ionization is different from the X-ray regime when compared to an intense NIR laser. In
the X-ray regime, a single photon is sufficient to ionize the target, whereas in the NIR
regime multiple photons are needed even for single ionization.
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Tunneling Ionization
As shown in Fig. 2.1 (b), tunnel ionization is a process in which the electron in an atom (or
a molecule) passes through its potential barrier and gets liberated from the system [60].
If the laser field is strong enough to distort the atomic potential, the electron can tunnel
through, or even overcome the low and narrow barrier between a bound state and the
continuum state [8]. These phenomena are called tunnel ionization and over-the-barrier
ionization, respectively. These processes take place when the oscillation period of the ex-
ternal laser field is quite longer than the time needed for the wavepacket to tunnel through
the barrier. In this circumstance, the Keldysh parameter is far less than 1. As a non-
zero probability event which is used to describe a particle escaping from the deformed
Coulomb potential barrier by the intense laser field, this is forbidden in the classical pic-
ture, since in the classical physics an electron does not have sufficient energy to escape
the barrier [60]. Tunneling ionization can be well-described by ADK theory. According
to the ADK theory proposed by Ammosov, Delone, and Krainov [61, 62], the tunneling
ionization rate ΓTI is given by

ΓTI = N · exp(−4
√

2meI2/3
p

3h̄eE0
), (2.6)

where N is a slowly varying function that depends on the cycle-averaged field intensity.
The equation can properly describe the ionization rate in a direct current electric field [63].

For the ionization of N2, an infrared laser field with a central wavelength of 800 nm is
used, with typical experimental intensities ranging from 1013 W/cm2 to 1015 W/cm2,
the corresponding Keldysh parameter γ goes from 3.6 to 0.36. In this case, both MPI and
Tunneling ionization mechanisms are involved. For an NIR laser intensity near 2.56×1014

W/cm2 in the N2 experiments, the Keldysh parameter is 0.7, thereby both MPI and Tun-
neling ionization have the same contribution to the double ionization of N2 in the NIR
laser field [51, 52].

2.2 Multiple Ionization and Double Ionization

In the previous section, we have already discussed the multiphoton single ionization pro-
cess, in the following section, the multiple ionization will be discussed. The multiply
charged ions that are created after the atom was absorbed a large number of photons. As
the absorption ways, sequential ionization and non-sequential ionization are discussed.
Moreover, the commonly observed phenomena in double ionization are introduced in the
following discussion.

Multiple Ionization
In an intense laser field with pulses of 50 ps at 0.53 µm [64], the atomic system like
the rare gas Xenon can be ionized to multiply charged states by absorption of multiple
photons. In Fig. 2.2 (a), the number of multiple charged Xe ions as a function of light
intensity is shown. By increasing the light intensity, the yield of Xe+ ions reaches the
saturation regime. The vertical dashed line indicates the saturation light intensity IS. In
this double-logarithmic plot, A. l’Huillier et al. estimated the slope of the fitting line to be
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Figure 2.2: (a) The number of Xe+, Xe2+, Xe3+, and Xe4+ ions as a function of the laser
intensity with pulses of 50 ps at 0.53 µm [64]. The vertical line in the plot denotes the
saturation light intensity IS. We can observe a "knee structure" from the light intensity
dependent Xe2+ ions. It comes from both contribution of the direction 15-photons ion-
ization and stepwise ((b) 6 + 10 photons) ionization. (c) The similar "knee structure"
can also be observed from the ion yield for ionization of Helium with 160 fs pulses at
780 nm [65]. The sequential ionization and non-sequential ionization can be identified
from the precision-measurement of strong field double ionization of Helium.

6 ± 0.5. This means that the creation of singly charged Xe+ atom has to absorb at least 6
photons. Near the light intensity IS, we start to see the formation of doubly charged Xe2+

ions, they mainly come from the direct double ionization process by absorption of 15
photons from the ground state (see Fig. 2.2 (b)). With the increase of the light intensity,
the stepwise or sequential ionization becomes the dominant process for the creation of
Xe2+ ions, the reaction path is described by Xe−→ Xe+ −→ Xe2+. In Fig. 2.2 (c), as
reported by B. Walker [65], the sequential ionization and non-sequential (NS) ionization
can be properly distinguished from the ion yields of singly charged He+ ions and doubly
charged He2+ ions. The similar "knee structure" can be observed as well, indicating
a non-sequential ionization process involved. Sequential ionization is understood as
stepwise absorption via stationary intermediate real molecular states. In contrast, the non-
sequential ionization is described as a direct ionization via virtual intermediate states [50].
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Double Ionization

As discussed above, the created doubly charged Xe2+ ions have two ways to react: one is
through sequential ionization process and the other is non-sequential ionization process.
Whether sequential ionization or non-sequential, it depends on the wavelength and light
intensity [64, 66]. For the sequential ionization, the doubly charged ions are produced
through the ground state to singly charged state, then further ionized to the final doubly
charged state. However, for the non-sequential ionization, the formation of the doubly
charged ions are obtained from the detachment of two-electron from the atom at the same
time [63, 64].

According to the perturbation theory, we start to discuss the evolution of the population
of singly charged ions and doubly charged ions1. For a two-photon sequential double
ionization process, the population of doubly charged ions per time is given by

dNSI
2

dt
= N1(t)σ

(1)
12

(
I

h̄ω

)
(2.7)

with N1(t) =
∫ t

−∞

N0(t)σ
(1)
01

(
I

h̄ω

)
dt.

Moreover, the number of doubly charged ions generated for the non-sequential channel
NNSI

2 is given by
dNNSI

2
dt

= N0(t)σ
(2)
02

(
I

h̄ω

)2

. (2.8)

The lower index of the cross sections represents the steps of ionization in the initial and
the final state of the respective process. The integers 1 and 2 in the upper index of the
cross sections present the number of photons. The yields of singly and doubly charged
ions then result from the coupled rate equations:

dN0

dt
= −N0(t)σ

(1)
01

(
I

h̄ω

)
−N0(t)σ

(2)
02

(
I

h̄ω

)2

(2.9)

dN1

dt
= N0(t)σ

(1)
01

(
I

h̄ω

)
−N1(t)σ

(1)
12

(
I

h̄ω

)
dN2

dt
= N0(t)σ

(2)
02

(
I

h̄ω

)2

+N1(t)σ
(1)
12

(
I

h̄ω

)
.

The N0, N1 and N2 are the relative populations of neutral, singly, and doubly ionized
atoms at time t. From the above equations, we obtain the time-dependent population of
the two ionization pathways which is essential for the analysis of the ionization yield in
experiments. The different reaction channels have a different time dependence. While
single ionization already starts at low intensities in the rising edge of the pulse, the oc-
currence of double ionization is limited to a narrow range around the maximum inten-
sity [45]. The probability of the occurrence of sequential double ionization depends not
only on the instantaneous light intensity but also on the population of neutral and singly

1Most of the content is complied from Ref. [45].
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charged ions. In general, in the double ionization process with an increasing pulse dura-
tion the relative probability of the sequential process increases [67]. Also, the yield of the
sequential process is higher than the yield of the non-sequential process by several orders
of magnitude [45].

As an NSI process, taking the double ionization for example, the two emitted photo-
electrons correlate with each other. The following phenomena can be well-described as
non-sequential ionization processes2.

Shake-off Mechanism

According to "sudden approximation", an electron in the atom or molecule can be quickly
ionized by a strong laser field. The wavefunction of the remaining electrons will relax
to a new eigenstate of the modified potential. Some of these new states are located in
the continuum ("shake-off") or are still bound but excited ("shake-up"), which means
that a second electron can be ionized or excited in the course of the following relaxation
process [9]. The shake-up electron could be further tunnel-ionized in the next half-cycle
of the laser field. This becomes one dominating mechanism of double ionization at very
high photon energy typically in the keV range [9, 63].

Rescattering Mechanism

In an intense laser field, an electron is ionized at the maximum of the laser electric field
and is driven by the electric field, away and back to the parent ion [63]. It is the basis
of the production of High harmonic generation (HHG) [68]. Beside emitting HHG radi-
ation, it could be elastically scattered and further excited or ionized the parent ion. If the
recollision energy is larger than the ionization potential of the singly charged ion, then
the parent ion can be further ionized by ejecting the second electron. This is known as
the recollision induced direct ionization process [69]. However, if the recollision energy
is less than the ionization potential, the bound electron of the singly charged ion can be
excited to an another excited state [65]. Both the first emitted electron and the second
ejected electron due to rescattering are correlated with each other.

In the experiments of N2, the sequential ionization process is taking place in the pho-
toionization of the molecular systems in the X-ray regime. For the molecule N2 in the
NIR laser field with a light intensity of 2.56×1014 W/cm2, the non-sequential ionization
process may adequately explain the ionization steps. The rescattering mechanism can be
taken to explain the non-sequential double ionization of the molecule [52]. The details
will be discussed in Chapter 6.

2.3 Photoionization of Atomic Systems

From the previous section, we get a rough idea of how to treat and identify the different
ionization mechanisms in a strong laser field. In this section, the theoretical methods to
describe the photoionization of atomic systems are presented3. We will first discuss the
single-electron atomic systems and then extend to the multi-electron systems. We use the

2The following discussion is based on Ref. [63].
3The basic theory is compiled from Refs. [16, 21, 55, 70, 71].
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time-dependent perturbation theory to describe the single- and two-photon absorption of
an atom. After this, we will proceed to discuss multiphoton processes.

When an atom is placed in an external electromagnetic field with a vector potential4

A(r, t) = A0ε

(
ei(kr−ωt)+ e−i(kr−ωt)

)
, (2.10)

where A0 is the field strength, k is the wave vector, ω is the frequency and ε is the
polarization vector, we obtain the external time-dependent perturbation Hamiltonian

Ĥint(t) = p ·A(r, t), (2.11)

where p is the momentum operator of the atomic system. Correspondingly, the time-
dependent Schrödinger equation is expressed as

i
∂

∂ t
Ψ(r, t) =

(
Ĥ0 +λ Ĥint(t)

)
Ψ(r, t), (2.12)

where Ĥ0 =−1
2∇2− Z

r is the field-free (or unperturbed) Hamiltonian,−Z
r is the Coulomb

potential, and λ is the perturbation parameter. The eigenstates ψk(r) of the unperturbed
Hamiltonian Ĥ0 is given by

Ĥ0ψk(r) = Ekψk(r). (2.13)

The following Schrödinger equation can describe the temporal evolution of the system:

Ψ(r, t) = ∑
k

ck(t)e−iEkt
ψk(r), (2.14)

where Ψ(r, t) is the wavefunction of the atomic system. According to perturbation theory,
we can obtain the time-dependent expansion coefficients c f (t) by inserting Eq. 2.14 into
Eq. 2.12:

i
∂c f (t)

∂ t
= ∑

k
λck(t)

〈
ψ f
∣∣Ĥint(t)

∣∣ψk
〉

ei(E f−Ek)t . (2.15)

In the above equation, the matrix element
〈
ψ f
∣∣Ĥint(t)

∣∣ψk
〉

denotes the transition ampli-
tude from state ψk to state ψ f .

The expansion of the coefficient ck(t) in terms of power series in λ yields:

ck(t) = λ
0c(0)k (t)+λ

1c(1)k (t)+λ
2c(2)k (t)+ ... (2.16)

This equation enables us to estimate the n-th perturbation from the external field with
the atomic system. The zeroth order term is the un-perturbed coefficient which is used
to describe the free-interaction case. And, we interpret c(n)k (t) as the interaction of the
atomic system with n-photon. Here, let us consider the first and second coefficients which
are used to describe the atomic system from initial state ψi to final state ψ f after the
absorption single- and two-photon:

c(1)f (t) =
1
i

∫ t

0
dt ′
〈
ψ f
∣∣Ĥint(t ′)

∣∣ψi
〉

ei(E f−Ei)t ′, (2.17)

4For simplicity, in the following description, we use kr to represent~k ·~r.
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c(2)f (t) =
(

1
i

)2

∑
k

∫ t

0
dt ′
∫ t ′

0
dt ′′
〈
ψ f
∣∣Ĥint(t ′)

∣∣ψk
〉〈

ψk
∣∣Ĥint(t ′′)

∣∣ψi
〉

×ei(E f−Ek)t ′ei(Ek−Ei)t ′′ .

(2.18)

In the Eq. 2.18, we have to take all the possible ways of transition into account. Taking
a two-level system, for example, the resonant frequency of the initial state and final state
is ω , that’s Ei + h̄ω = E f . If we consider this transition to take place in an external field,
then we can obtain the time-dependent first- and second-order coefficient as follows:

1st.order : c(1)f (t) =
A0

i

〈
ψ f

∣∣∣p · ε eikr
∣∣∣ψi

〉∫ t

0
dt ′ei(E f−Ei−ω)t ′, (2.19)

2nd.order : c(2)f (t) =
(

A0

i

)2

∑
k

〈
ψ f

∣∣∣p · ε eikr
∣∣∣ψk

〉〈
ψk

∣∣∣p · ε eikr
∣∣∣ψi

〉
×
∫ t

0
dt ′
∫ t ′

0
dt ′′ei(E f−Ek−ω)t ′ei(Ek−Ei−ω)t ′′.

(2.20)

In quantum mechanics, the transition probability equals to the absolute square of the
coefficient c f (t). The transition probability at a time t after the system interacts with the
external field is

P(n)
i f (t) =

∣∣∣c(n)f (t)
∣∣∣2 . (2.21)

Meanwhile, after a time T, the transition rate from initial state ψi to final state ψ f can be
expressed as

R(n)
i f =

P(n)
i f (T )

T
. (2.22)

Using Eq. 2.19 and 2.20 inserting in Eq. 2.22, we can obtain the following equations:

R(1)
i f ∝ I

∣∣∣〈ψ f

∣∣∣p · ε eikr
∣∣∣ψi

〉∣∣∣2 δ (E f −Ei−ω), (2.23)

R(2)
i f ∝ I2

∣∣∣∣∣∑k

〈
ψ f
∣∣p · ε eikr∣∣ψk

〉〈
ψk
∣∣p · ε eikr∣∣ψi

〉
Ek−Ei−ω

∣∣∣∣∣
2

δ (E f −Ei−2ω). (2.24)

Here, I is the light intensity. The above two equations describe the transition probabilities
of an atomic system that absorbing single or two photons in a perturbing field.

Now, let us extend to the n-photon absorption process. Fabre et al. pointed out that the
experimental ionization rates can be well-described with the lowest order perturbation
theory with the absorption of n-photons [72]

w(n)
i→ f =

∣∣∣ lim
t→∞

c(n)f (t)
∣∣∣2 · 1

t
. (2.25)
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And, the ionization rate w(n) follows the power-law according to:

w(n)
i→ f = σ

(n) (I/h̄ω)n , (2.26)

where σn is the generalized n-photon ionization cross-section. This law has been re-
viewed and approved for low intensities [45].

2.3.1 Dipole Approximation and Electron Angular Distribution

The dipole matrix element di f =
〈
ψ f
∣∣p · ε eikr∣∣ψi

〉
determines the coupling strength of

the transition between initial state ψi and final state ψ f . If the wavelength of the emitted
photon is much larger than atomic dimension5, namely, eikr≈ 1, then we obtain the dipole
approximation di f =

〈
ψ f |p · ε|ψi

〉
. With this approximation, the angular distribution of

emitted photoelectron in a single photon ionization process is given by [73]

dσ

dΩ
(h̄ω,θ) =

σ

4π
[1+β2 P2(cosθ)] . (2.27)

Figure 2.3: Angular distribution of emitted electrons in single-photon single-ionization
for different values of the anisotropy parameter β2. The arrow indicates the polarization
axis of the radiation. Figure taken from Ref. [17].

In Eq. 2.27, Ω is the solid angle, σ is the integrated cross section, β2 is the angular dis-
tribution anisotropy parameter, P2 is the second-order Legendre polynomial, and θ is the
angle between the polarization of the laser field and the emission direction of the emitted
photoelectron. As shown in Fig. 2.3, β2 is limited to values between -1 and +2. Thus, we
can use the angular distribution of the reaction fragments to find the polarization direction
of the laser pulses [74]. Furthermore, the transition pathways for various fragmentation
channels are also traced by the angular distribution of fragments after absorption of sev-
eral photons. For the detail can be found in Sec. 2.7.

5http://web.ift.uib.no/AMOS/nazila/LaserAndLight/node7.html
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2.4 Many-Electron Atomic Systems

The time-dependent perturbation theory discussed above can be extended to treat the
many electrons atomic systems6. Similar to single electron atomic system, the unper-
turbed Hamiltonian of N-electrons atomic system and its nucleus charge Z is given by

Ĥ0 =
N

∑
i=1

(
−1

2
∇

2
ri
− Z

ri

)
+

N

∑
i, j

1
ri j

, (2.28)

where ∇ri is the single-electron nabla operator, ri is the distance between electron i and
the nucleus and ri j =

∣∣ri− r j
∣∣ is the distance between electron i and electron j. The first

term is the sum over the electron-nucleus interactions and the second term is the electron-
electron interaction. Then one can obtain the Schrödinger equation for the many-electron
system:

Ĥ0Ψ(r1,r2...rN) = EΨ(r1,r2, ...rN), (2.29)

where Ψ(r1,r2...rN) is the wave function of the many-electron atomic system.

According to the central field approximation, the potential experienced by i-th electrons
is given by

Vi(ri) =−
Z
ri
+

〈
N

∑
i, j

1
ri j

〉
. (2.30)

In this circumstance, one can use the following wave function φi(ri) to describe the N-
electron atomic system:

Ψ(r1,r2...rN) = φ1(r1)φ2(r2)...φN(rN) (2.31)

and obtain the total energy of this system:

E =
〈
φ1(r1)φ2(r2)...φN(rN)

∣∣Ĥ∣∣φ1(r1)φ2(r2)...φN(rN)
〉
. (2.32)

2.5 Photoionization of Molecular Systems

The molecular system is more complicated than the atomic system since it has more
degrees of freedom. The molecular system can be regarded as a many atoms system with
N-electron. For simplicity, let us consider a diatomic molecule with N electrons and two
nuclei (A and B), the wavefunction of the system depends on the motion of electrons and
nuclei. The Hamiltonian of the molecular system is expressed as7

Ĥ = T̂n + T̂e +V (r,R), (2.33)

with T̂n = − 1
2µ

∇2
R the kinetic energy of the nuclei and T̂e = ∑

N
i=1
(
−1

2∇2
ri

)
the kinetic

energy of the N electrons. The corresponding Coulomb potential for all particles is given
by

V (r,R) =−
N

∑
i=1

ZA

|ri−RA|
−

N

∑
i=1

ZB

|ri−RB|
+

N

∑
i<k

1
|ri− rk|

+
ZAZB

R
. (2.34)

6The content is compiled from Refs. [55, 75].
7Here, r represents the entirety of the coordinates of all electrons.



18 BACKGROUND AND BASIC PRINCIPLES

In Eq. 2.34, ri represents the spatial coordinates of the i-th electron, R = RB−RA is
internuclear separation. The reduced mass of the nuclei is

µ = (MAMB)/(MA +MB), (2.35)

where MA and MB are the mass of nuclear A and B, respectively. Thus, we obtain the
corresponding stationary Schrödinger equation

ĤΨ(R,r) = EΨ(R,r). (2.36)

In the first order approximation, energy levels of a diatomic molecule may be expressed
as a sum of electronic, vibrational and rotational energies. In order to calculate the total
energy E of the molecular system, we have to solve the Schrödinger equation. However,
theoretically, the analytic solution of the time-dependent Schrödinger equation cannot be
obtained even for the single electron H+

2 molecule [76]. Hence, the numerical solutions
of molecular systems are needed by considering reasonable approximations. In few-body
quantum physics, the Born-Oppenheimer approximation is the assumption that the motion
of nuclei and electrons in a molecular system can be separated, and the coupling between
the electrons and the nuclei can be simplified [19]. To this end, with Born-Oppenheimer
approximation, the wavefunction of a molecule can be described as a combination of the
electronic wavefunction φ(r) and the nuclear wavefunction ψ(R):

Ψ(R,r) = φ(r)ψ(R), (2.37)

where r are the electron spatial coordinates and R are the nuclear spatial coordinates.

The electronic Hamiltonian at a fixed value of R is given by

Ĥe = Ĥ− T̂n(R) = T̂e +V (r,R). (2.38)

with the corresponding electronic Schrödinger equation being

Ĥeφγ(r,R) =
(
T̂e +V (r,R)

)
φγ(r,R) =Vγ(R)φγ(r,R). (2.39)

In Born-Oppenheimer approximation for a diatomic case, the electronic energy V (R) is
called by molecular potential at each set of γ is a continuous function of R [77]. Thus,
Eq. 2.39 can be expressed as(

T̂e +V (r)
)

φγ(r) =Vγ(R)φγ(r). (2.40)

2.5.1 Molecular Term Symbols

The following nomenclature can note the states of diatomic molecules:

X2S+1
Λ
+/−
g/u . (2.41)

Here, X denotes the ground state. Sometimes, A, B, C . . . stands for the first, second,
third . . . excited state. Λ is the angular momentum and S is the total spin which gives the
multiplicity 2S+1.
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• Λ characterizes the electron orbital angular momentum along the molecular axis.
Analogous to the nomenclature in atoms (l = 0,1,2,3 . . .→ s, p,d, f . . .), the Λ is
designated by Σ, Π, ∆, Φ for Λ = 0, 1, 2, 3.

• The subscripts g/u and +/− reflect symmetry properties of the total wavefunc-
tion Ψ. If the wavefunction has even parity this will be denoted by a g (gerade).
Similarly, u (ungerade) indicates odd parity [55].

• +/− are the eigenvalues of the reflection operator, which used to characterize the
inversion symmetry of the wavefunction at a plane perpendicular to the internuclear
axis [78].

For dipole transition, transitions between states of opposite parity are allowed [79]. The
transition angular momentum Λ could be changed, depending on the direction of the
transition dipole with respect to the molecular axis. Direct inspection of the integrand
for dipole moments parallel and perpendicular to the molecular axis leads to permitted
transitions for ∆Λ = 0,±1 [79]. These selection rules are applied to describe one-photon
processes.

2.5.2 Nuclear Wave Function

Since the electronic motion was discussed above, here, we discuss the nuclear part of the
molecular Schrödinger equation. According to the Born-Oppenheimer approximation,
the nuclear Schrödinger equation is expressed as(

− 1
2µ

∇
2
R +Vγ(R)

)
ψ(R) = Eγνψ(R), (2.42)

where Eγν is the total energy of the nuclei, ψ(R) is the wavefunction of the nuclear mo-
tion, γ is the quantum number of the electronic state and ν is the quantum number of the
nuclear state. In Eq. 2.42, the R-dependent eigenvalues Vγ(R) compose the potential of
Schrödinger equation for nuclear motion [77]. In order to disentangle different types of
motions, the electronic potential can be expanded in a Taylor series:

Vγ(R) =Vγ(Req)+(R−Req)
dVγ

dR

∣∣∣∣
R=Req

+
1
2
(R−Req)

2 d2Vγ

dR2

∣∣∣∣
R=Req

+ · · · , (2.43)

where Req is the equilibrium distance, and thus we obtain the harmonic potential in the
lowest non-vanishing order dVγ

dR

∣∣
R=Req

= 0:

Vγ(R)≈Vγ(Req)+
1
2

k(R−Req)
2. (2.44)

k = d2Vγ

dR2

∣∣
R=Req

is the force constant. Thus, ω =
√

k/µ is the angular frequency of the har-
monic oscillations. In quantum mechanics, the basic treatment of harmonic oscillations
can be easily found, and the energy eigenvalues can be obtained from the HERMITE
functions for vibrational states [77].
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2.5.3 Franck-Condon Principle

The Franck-Condon principle is an application of the Born-Oppenheimer approximation
for photoexcited or photoionization [3,19]. Since the nuclear masses are much larger than
the electronic mass, one can regard the nuclear coordinates is frozen during the transition
from one electronic state to another. If these transitions happen on a time scale where the
positions and the velocities of the nuclei do not change, then this is called a vertical or
Franck-Condon transition [20]. It means their transitions take place at fixed internuclear
distances (Franck-Condon region, or FC region). An electronic transition is more likely
to take place if the two vibrational wavefunctions overlap more significantly.

Figure 2.4: Schematic of single photon ionization of a molecule. The Franck-Condon
transitions between two bound states (A→ B) and from a bound to a dissociative state (A
→ C) are shown. Gray curves represent the nuclear wavefunction for certain vibrational
levels which are indicated by the horizontal lines [45]. The figure is taken from [80].

In Fig. 2.4, the photoionization of a molecular system by the absorption of a single photon
is shown to illustrate the prototypical molecular transition. A vertical transition happens
if the motion of nuclei has not changed so much over the time scale of the electronic
transition. In the FC region, the molecule is populated from a bound state A to another
bound state B or a dissociative state C. Immediately, the nuclear wavepacket motion of
state B is triggered. The excitation of the molecule into the final dissociative state C leads
to a dissociation process. By applying energy conservation, one can find the following
relationship between different energies:

Eh̄ω = Ee +KER+Elimit , (2.45)

where KER is the total kinetic energy of the ionic fragments, Ee is the kinetic energy of
emitted photoelectron, and Elimit is the energy of the fragments at infinity nuclear dis-
tance. The final state can be identified by performing KER spectroscopy. By tracing the
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KER distribution for various dissociation channels, the transition pathways can be deter-
mined. If the nuclei motion is on the same timescale as the electronic motion, then the
Frank-Condon principle is not true. Therefore, the Born-Oppenheimer approximation is
not valid anymore [19]. In particular, some of the ultrafast relaxation processes in mul-
tielectron systems cannot be well described by Born-Oppenheimer approximation [28].
Inspite of this, the approximation still gives a good picture of the molecular dynamics
after photoionization.

2.6 Relaxation Process in Atomic and Molecular Systems
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Figure 2.5: Schematics of electronic excitation and relaxation processes in atoms,
molecules, and solids after XUV photoionization. Figure adapted from Ref. [10].

The XUV photons can not only ionize the valence electron but also liberate electrons
from inner shells of atoms and molecules. Photoionization can be accompanied by ex-
citation or emission of additional electrons when energetically allowed. These electrons
are either excited to a un-occupied orbital ("shake-up") or excited into the continuum
("shake-off") [10, 21]. The created inner-shell vacancy decays rapidly through a variety
of processes. The relaxation processes, such as Auger Decay and Autoionization after X-
ray radiation, as shown in Fig. 2.5, have been intensely investigated experimentally in the
past [12, 28, 81–83]. These highly excited states undergo an ultrafast relaxation process
which evolves within a few to hundreds of femtoseconds [10].
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Figure 2.6: A schematic depiction of the multiple-step processes of photoionization, dis-
sociation, and autoionization of O2. Autoionization is allowed for the internuclear sepa-
rations of 30 Å or greater [12].

Now, let us focus on the typical dynamics taking place in molecular systems. For
molecules, autoionization is an essential electronic many-body problem [84]. In Fig. 2.6,
the process of atomic-like autoionization in molecular oxygen is shown. The highly ex-
cited O+∗

2 ions created by XUV radiation can further decay by emitting a secondary elec-
tron after some time delay. The secondary electron has fixed energy because the transition
energy from an excited state to the other state is known. According to high-resolution
electron spectroscopy of photoionization of molecular oxygen, the kinetic energy is more
likely to be 0.5 eV [48]. Because autoionization is forbidden at short nuclear separa-
tion, this indirect double ionization can only be found at larger nuclear distances. A.S.
Sandhu et al. presented the potential energy curves to illustrate this relaxation process
and found that the autoionization takes place only at large internuclear distance up to
30 Å. With a pump-probe experiment, the lifetime of this process has been measured as
being within 300 fs [12]. Such atomic-like autoionization processes also exist in many
molecular systems, e.g. CO [13].

2.7 Fragment Ion Angular Distribution

Fragment ion angular distribution (FIAD) analysis is helpful to understand multiphoton
absorption steps and the pattern of electron emission. In this section, the analysis of the
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ionic fragment angular distribution for various photon absorption steps is discussed8.

Figure 2.7: Illustration of the dominant dissociative multiple ionization pathways of N2
and the KER spectra of coincident N+ + N+ and N2+ + N+ for double and triple ioniza-
tion, respectively. The photon energy is 44 eV and the light intensity I∼ 1013 W/cm2. The
Frank-Condon regime (FC, vertical shaded band) and two-photon transitions (red arrows)
are depicted [86].

In the experiments on N2, the discussion is based on a previous experiment performed
by Jiang et al. at FLASH [86]. They used 44 eV XUV photons to ionize the molecule,
however, we used 28.3 eV XUV photons in combination with NIR laser to perform pump-
probe experiments. In Fig. 2.7, the multiple dissociation channels of N2 have been iden-
tified after irradiation with 44 eV XUV photons. In this case, the double ionization of this
molecule is a two-photon process. Moreover, for triple ionization, five-photon absorption

8Most of the contents is compiled from Refs. [85, 86].
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is the dominant process. By tracing the KER distributions for various dissociation chan-
nels, the final states can be determined. In the following, the FIAD of N2 is shown in
Fig. 2.8. For the single ionization process, the dissociating ionic fragments from F-band
(∼28.8 eV) and H-band (∼35 eV) prefer to dissociate parallel to the FEL polarization di-
rection. The double ionization of dissociative states A1Πu and d3Πg of N2+

2 ions prefer
to dissociate perpendicular to the polarization of the XUV laser field 9. The triple ioniza-
tion fragments after Coulomb explosion also preferred to dissociate perpendicular to the
FEL polarization direction. However, the state D1Σ+

u of N2+
2 and the low-energetic N2+∗

2
ions dissociate parallel to the polarization direction. The different ionic fragments angular
distributions depend on the symmetry properties of the initial and final states during the
multiphoton absorption steps.

Figure 2.8: FIAD polar density plot for various dissociative channels of N2 [86].

The Eq. 2.27 can be extended to analyze the angular distribution of the ionic fragments
9The dissociative state d3Πg of N2+

2 corresponds to D3Πg discussed in Chapter 6.
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induced by XUV radiation. The anisotropy of the angular distribution can be used to
explain the transition pathways and analyze of the ionization mechanisms. For few-XUV-
photon absorption, the FIADs can be characterized by a multiple expansion regarding
Legendre polynomial

dσ

dΩ
(h̄ω,θ) =

σ

4π

[
1+

n

∑
i···n

β2i P2i(cosθ)

]
, (2.46)

where n is the number of absorbed photons, and βi is anisotropy parameters [86,87]. From
the angular distribution of the ionic fragments induced by XUV radiation, we can identify
the photoionization steps and characterize the dissociation symmetry of the initial state
and final state [88].

In practice, we use FIADs to identify the parallel (‖) and perpendicular (⊥) transitions
during the photon absorption process. In a parallel transition, the fragment emission is
parallel to the polarization axis. In the case of a perpendicular transition, the emission is
perpendicular to the polarization axis. The symmetry of the initial state and the final state
determines whether it is a parallel transition or a perpendicular transition. The anisotropy
of FIAD is determined by the transition pathway, the polarization of the laser pulse, and
the electric dipole moment of the molecule [85]. Here, the parallel transition such as
Σ→ Σ or Π→ Π (∆Λ = 0), and the perpendicular transition such as Σ→ Π or Π→ ∆

(∆Λ =±1) can be identified from the symmetry of the molecular states [85], respectively.

In the experiments of N2, the angular dependence for various dissociation channels will
help us to explain the alignment influence on the enhanced ionization in the two-color
laser fields. The ionization rate is related to the alignment dependence induced by XUV
radiation. The symmetry properties of the initial and final states determine the emission
pattern of the induced ionic fragments by the XUV radiation. For the measured ionic
fragments, one can obtain a rough idea of the transition pathways for various dissociation
channels. The most straightforward cases are those of the single ionization and double
ionization, where there are a single-XUV-photon and two-XUV-photon process, respec-
tively.
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Chapter 3

Light Sources and Experimental Setups

This chapter describes the experimental setups that have been built within the framework
of this thesis. There are two main parts: the light sources and the Reaction Microscope.
First, in Sec. 3.1, the Free Electron Laser’s working principle is presented. In the fol-
lowing, the Free-Electron Laser in Hamburg, the NIR optical laser, and the THz radiation
at FLASH are briefly introduced. Second, the reaction microscope which has become a
multi-purpose experimental tool for kinematically complete studies of atomic and molec-
ular dynamics is introduced in Sec. 3.2. Finally, the split-and-delay setup for pump-probe
experiments, which enables us to obtain time-resolved spectroscopy of the fragments in-
duced by the radiation, is given.

3.1 Free-Electron Lasers

Free Electron Lasers (FELs) are accelerator-based short-pulse radiation sources. The FEL
facilities deliver a wavelength in the soft X-ray regime, such as the Free-Electron Laser
in Hamburg (FLASH) in Germany and the FEL radiation for multidisciplinary investi-
gations (FERMI) seeded FEL in Trieste, Italy. Examples of hard X-ray regime include
the Linac Coherent Light Source (LCLS) at the SLAC National Accelerator Laboratory
in California, USA, and the SPring-8 Angstrom Compact free electron LAser (SACLA)
in Japan, as well as SwissFEL in Switzerland and SXFEL in China [1, 22, 89]. The Eu-
ropean X-ray Free-Electron Laser Facility (European XFEL) is a pretty new advanced
X-ray laser facility that delivers hard X-ray pulses far shorter than those from any other
X-ray sources, and its peak brilliance is many orders of magnitude higher [22].

In contrast, 3rd generation synchrotron radiation produces a high photon flux but deliv-
ers a long pulse duration on the order of picoseconds [16]. However, the brilliant and
temporal coherence of 4th generation light sources FELs with sub-100 fs pulses are ca-
pable of meeting the increasing demand in the field of research. FELs constitute the
ultimate microscope to investigate matter at the fundamental limits of electron motion
with atomic precision [89]. FELs enable scientists to explore non-linear and ultrafast dy-
namical processes in physics, chemistry, and biological sciences [1,42,90]. Furthermore,
the coherence of the FEL radiation opens up the possibility for single shot holography
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imaging of nanosystems and probing quantum dynamics of these systems with the sub-fs
resolution [42, 91]. In this work, we used the XUV radiation to ionize and trigger a frag-
mentation and decay process in molecular systems, then the subsequent dissociation and
relaxation processes were probed by a second probe pulse.

In this section, the basics of the working principle of FEL and the production of coherent
XUV radiation are introduced1. Sec. 3.1.1 gives a brief introduction of the undulator
radiation operation principle. In the following, in Sec. 3.1.2, a short introduction of Self-
Amplified-Spontaneous-Emission (SASE) and Microbunching mechanism are presented.
In the end, an overview of the facilities and the available experimental parameters at
FLASH are given.

3.1.1 Undulator Radiation

In 1971, John Madey proposed the idea of the free-electron lasers [94]. However, only
in recent years, with the advances in accelerator physics and laser technology, it became
clear that FEL facilities have the potential to generate brilliant light sources in the X-ray
regime [22].

N S N S N S N S

S N S N S N S N

Undulator
radiation

Electron
beam

λu

Figure 3.1: The principle of undulator radiation. FEL is operating in the Self-Amplified-
Spontaneous-Emission (SASE) mode. Figure adapted from Ref. [95].

The pulsed electron gun, accelerator, and undulator are the three main components of the
FEL facility. At FLASH, the electrons bunches are generated in a superconducting radio-
frequency (RF) gun with a Cesium Telluride (Cs2Te) photocathode and are accelerated by
seven superconducting 1.3 GHz TESLA (Teraelectronvolt Energy Superconducting Lin-
ear Accelerator Test Facility) type accelerating modules [22]. The electrons leaving the
cathode have an energy of about 5 MeV and are accelerated to about 164 MeV in the first
superconducting module [92, 93]. The generated electron can be accelerated to relativis-
tic speed by using an electric field strength of 40 MV/m in a superconducting RF-cavity.
The accelerated electrons pass through the undulators generate flashes of X-ray light. As
shown in Fig. 3.1, an undulator is a long periodical assembly of short dipole magnets of
alternating polarity [56]. This assembly leads to a transversal oscillation of moving elec-
trons with a frequency depending on the undulator period λu (the distance between two
identical poles).

1Most of its concepts and contents are compiled from Refs. [16, 22, 32, 45, 56, 92, 93].
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In Fig. 3.1, a schematic diagram of a single-pass FEL, operating in the SASE mode,
is shown. The accelerated electrons have a relativistic speed v, and the corresponding
Lorentz factor γ = 1/

√
1− v2/c2. Due to the Lorentz force produced by the alternat-

ing magnetic fields, the electrons are forced to propagate on an oscillatory path and emit
synchrotron radiation. We define the initial light wave with wavelength λl by the sponta-
neously emitted undulator radiation. The radiation emitted with ultra-high speed towards
an observer in the laboratory frame is blue-shifted by the relativistic Doppler-effect [22].
Therefore, the wavelength of undulator radiation in the forward direction is given by [92]

λl =
λu

2γ2

(
1+

K2

2

)
. (3.1)

The parameter K= eB0λu
2πmec is the so-called undulator parameter2, which is dependent on

the peak magnetic field and the undulator period. Six fixed gap planar hybrid undulators
are mounted at FLASH. Each undulator has a length of 4.5 m, a period length of λu =
27.3 mm with a fixed gap of 12 mm and a peak magnetic field B0 = 0.47 T 3 corresponding
to a K-value of 1.23 [22]. Since the undulator period is fixed, the FEL wavelength can be
tuned by changing the magnetic field and the electron energy [16].

Figure 3.2: Illustration of the condition for sustained energy transfer from the electron to
the light wave in an undulator. The condition is that the light wave has to advance by λl/2
by per half-period of the electron trajectory [92].

Now, we use the one-dimensional FEL theory to describe the production of coherent
undulator radiation. First of all, let us discuss the energy exchange between the electron
and the light wave. We treat the case of the undulator plane with the linear polarization
as used at FLASH [93]. The direction of the electron beam is called the longitudinal
direction (z-direction, see Fig. 3.2). We use a plane electromagnetic wave to depict the
light-wave which is co-propagating with the relativistic electron:

Ex (z, t) = E0 cos(klz−ωlt +ψ0) with kl = ωl/c = 2π/λl, (3.2)

where E0 is the amplitude of the plane electromagnetic wave, ωl is the frequency, z is the
longitudinal position along the macroscopic undulator beamline, and ψ0 is the pondero-
motive phase. The electric field of the light wave exerts a force F =−eE on the electron

2K= 0.934 ·B0 [T] ·λu [cm] [92]
31 tesla = 104 gauss
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and modifies its energy. Thus, the time derivative of the electron energy can be expressed
as

dWe

dt
=−ev ·E =−evx(t)Ex(t). (3.3)

The light wave gains energy when the electron loses energy, so the term dWe
dt must be

negative for the energy to be transferred from the electron to the light wave. To achieve
a sustained energy transfer from the electron to the light field, the electron transverse
velocity and the electric vector of the light wave must be in the same direction. As shown
in Fig. 3.2, namely, vx and Ex must be oriented in the same direction. From Eq. 3.2, we
obtain the "average" electron speed in z-direction:

v̄z = c ·
(

1− 1
2γ2

(
1+

K2

2

))
. (3.4)

The electron speed v̄z is less than the speed of light as the electron propagates in a sinu-
soidal fashion in the undulators. Then, we calculate the electron and the light wave travel
times for half period of undulator:

te = λu/(2v̄z) with tl = λu/2c. (3.5)

Thus, the difference in travel times between the electron (te) and light (tl) for a half period
of the undulator is expressed as

∆t = te− tl =
[

1
v̄z
− 1

c

]
λu

2
. (3.6)

Because the FEL obtains its special radiation properties from the energy exchange be-
tween the radiation light field and relativistic electron bunches, the energy transfer has to
be maximized between the light field and the electron [92]. Only if ωl(te− tl) = π , the
continuous energy transfer takes place. In this case, Fig. 3.2 demonstrates that the trans-
verse velocity v̄x and the field Ēx stay parallel if the light wave advances by half an optical
wavelength λl/2 in a half period of the electron trajectory. Therefore, we can obtain the
condition for sustained energy transfer and amplified light with wavelength λl as follows:

c∆t = λl/2 ⇔ λl =
λu

2γ2

(
1+K2/2

)
. (3.7)

In the forward direction, the produced wavelength of the light wave is identical with the
undulator radiation wavelength. If ωl(te− tl) = 3π, 5π, 7π, · · · , the odd higher harmon-
ics λl/3, λl/5, λl/7, · · · can be produced. In contrast, the even order harmonics are not
amplified due to there is zero energy transfer from the electron to the light wave.

3.1.2 Microbunching and SASE

As discussed in Sec. 3.1.1, the light field obtains the energy from the electrons in the undu-
lators, which results in the spontaneous undulator radiation can "seed" a Self-Amplified



3.1 FREE-ELECTRON LASERS 31

Figure 3.3: Operation principle of FEL. Electrons entering the undulator are randomly
distributed and emit almost incoherent radiation at the wavelength λl . The electrons after
microbunching caused strongly enhanced coherence and intensity. Figure is taken from
Ref. [96].

Spontaneous Emission (SASE) FEL. The drawback is that only the wave with specific
wavelengths fulfills the continues energy transfer condition.

The energy transfer per unit time from the electron to the light wave can be found in
Ref. [92]

dWe

dt
=−ecKE0

2γ
[cosψ + cosχ], (3.8)

where ψ =(kl + ku)z−ωlt+ψ0 is the ponderomotive phase, and χ =(kl−ku)z−ωlt+ψ0
is the rapidly oscillating phase. As already discussed above, the condition of continuous
energy transfer from electron to light wave happens when ψ is constant. The bunch is
far longer than the light wavelength λl , this results in a phase shift ψ0 between the light
wave and the sinusoidal trajectory of the electron. In order to ensure a continuous energy
transfer from the electron to the light field, cosψ must be positive and remain constant
along the entire undulators. The optimum phase was found to be ψ = 0. However, the
condition ψ = const can only be fulfilled for certain wavelengths.

The ponderomotive phase ψ can be transformed into a longitudinal coordinate insider the
bunch [92]. For ponderomotive phase ψ0 = −π/2, the electron transfers the energy to
the light field, while for ψ0 =−π the energy transfers from the light field to the electron.
In this case, the electrons are concentrated in the vicinity of the positions for which the
energy transfer is maximum. The microbunches are formed near the positions where max-
imum energy transfer from electron to the light wave. Because electron energy repeated
loss and gain throughout the electron beam over many radiation wavelengths, the beam
becomes bunched on the same scale of the radiation wavelength [97]. In this case, the
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electrons can be concentrated in slices by the modulation of the longitudinal velocity. As
shown in Fig. 3.3, the initially unbunched electron beam produces incoherent radiation.
The concentrated electrons radiate just like a single highly charged macro-particle. The
coherently enhanced radiation from the microbunching beam increases the interaction be-
tween the electric field and the electrons, and thus a lasing gain process is expected [97].
Eventually, the microbunching can be further enhanced by the increasing radiation. The
radiation intensity is an exponential growth of energy of radiation pulses as a function of
the length of the undulator [22]. This leads to the production of high-gain FEL radiation.

Figure 3.4: The FEL pulse energy and the electron beam microbunching versus undulator
length z showing exponential growth and saturation [22].

The basic principle for SASE mechanism is that the intrinsic wavelength of the undulator
radiation and the wavelength of the optimum energy transfer are equal. Over the length
of the undulator, the produced light field interacts back with the electron bunch, thus
producing particularly intense radiation. The prime advantage of high-gain FEL radiation
in comparison with undulator radiation is the much higher light intensity as a large number
of electrons radiate coherently. The radiation grows quadratically with the number of
electrons: PN = N2 P1, where PN is the radiation power, N is the number of electrons
and P1 is the input power gain in the first gain length. The power gain length Lg of the
undulator, which depends on the peak current Ipeak, the electron beam emittance ε and the
beta function β , is given by Ref. [22]:

Lg =C(
γεβ

Ipeak
) with C =

1√
3
(
2mecλu

µ0eK2 )
1
3 . (3.9)

Thus, the FEL power grows as:

P(z) =
P0

9
exp(z/Lg) for z≥ 2Lg, (3.10)

where P0 is the power of the incident light wave. In Fig. 3.4, the exponential growth
of the FEL pulse energy versus the length z traveled in the undulators is shown. The
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laser becomes saturated if z ≥ 12. At FLASH, 27 m undulator magnets are long enough
to bring the FEL into saturation. In this section, only a brief introduction of the FEL
operation principle was given. More information can be found in Refs. [22, 32, 92, 96].

3.1.3 Free-Electron-Laser in Hamburg (FLASH)

The Free-electron LASer in Hamburg (FLASH) is a high-gain, single pass FEL that oper-
ates in a SASE mode and produces coherent XUV photon pulses in the XUV regime [93].
It is the first soft X-ray light source is open to the user community since the summer
of 2005, thereby initiating a new chapter of exploring various topics in the fundamen-
tal sciences with unprecedented light intensity and shortness of the X-ray pulses, as well
as their coherence. When compared with the High Harmonics Generation (HHG) based
XUV radiation, the down to 10 fs ultra-short FEL laser pulses delivered at FLASH have a
brilliant light intensity. Since 2016, FLASH has operated two parallel SASE beamlines-
FLASH1 and FLASH2- that share the same electron bunch [98]. In comparison with
FLASH1, FLASH2 has several variable-gap undulators, which ensures maximum flexi-
bility in some parameters such as photon pulse length and wavelength. An overview of the
FLASH facility and the operation principle is provided. A schematic view of the FLASH
facility can be found in Fig. 3.5.

Figure 3.5: Schematic view of the FLASH facility. There are two parallel beamlines,
FLASH 1 and FLASH 2. The THz undulator is installed behind the XUV undulator which
is designed to XUV-THz pump-probe experiments. The total length is about 315 m. Fig-
ure taken from Ref. [22].

In Fig. 3.5, the electron pulses of FLASH come in bursts of several hundred pulses. The
accelerated electrons are shared between the two beamlines delivering FEL radiation for
two experimental halls at the same time with a repetition rate of 10 Hz providing each
beamline with different bunch trains of varying pulse duration and spacing. The accel-
erator provides a range of electron energies between 350 MeV and 1.25 GeV covering a
wavelength range between 52 and 4 nm [22]. The wavelength of the XUV radiation is
tuned by selecting the right electron energy.

Both experiments performed at FLASH 1 use the soft X-ray radiation to ionize molecular
systems and trigger the processes of fragmentation and relaxation and which is probed
by the second pulse from either a near-infrared optical laser (NIR) or a Terahertz (THz)
pulse.
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In Tab. 3.1, the FLASH XUV photon beam parameters are summarized.

Table 3.1: FLASH parameters [22, 96]

Parameters Typical values

Wavelength range (fund.) 4.2 - 51 nm
Average pulse energy 1 - 500 µJ
Pulse duration (FWHM) < 10 - 200 fs
Pulse repetition rates 200 kHz
Spectral width (FWHM) 0.7 - 2 %
Electron bunches per second (typ./max) 10 - 5000
Peak power 1 - 5 GW
Photons per pulse 1011−1014

Peak brilliance 1028−1031

3.1.3.1 FLASH Optical Laser System

Figure 3.6: Schematic setup of the optical pump-probe lasers at FLASH1 [99].

In recent years, the time-resolved experiments in atomic and molecular physics have be-
come an interesting topic for scientists, especially the use of synchronized XUV laser
pulses and optical laser pulses [99–101]. The FEL laser pulses operate within the range
of a few femtoseconds to hundreds of femtoseconds, making it possible to explore ul-
trafast AMO dynamics on the femtosecond timescale, or in the near future, even in the
attosecond time regime at the European XFEL [32]. In order to perform XUV-IR pump-
probe experiments, a NIR optical laser with femtoseconds pulse length and synchronized
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XUV radiation is needed. In this section, a short introduction of the optical pump-probe
laser system at FLASH is given.

In Fig. 3.6, the laser system consists of an ultrashort pulse oscillator which is synchronized
to the FEL facility. Two different amplifiers are seeded by this oscillator. The signals from
the rf-master oscillator at frequencies of 1.3 GHz are utilized to synchronize the optical
laser pulses to the FEL pulses [99]. In this circumstance, a Ti:sapphire oscillator produces
ultrashort pulses that are synchronized to the master clock of the FEL pulses. Since tens or
hundreds of minibunches FEL laser pulses delivered by FLASH facility, a high repetition
rate NIR laser is needed. The second amplifier, which is a Burst-mode optical parametric
amplifier (OPCPA) has been designed to meet the demand for pump-probe experiments.
This amplifier can produce the sub- hundreds of femtosecond laser pulses with a high light
intensity to excite and ionize the atomic, molecular systems, or even big-sized clusters.

In order to perform the XUV-pump/IR-probe experiments, better synchronization and
consistent temporal overlap of the pump-probe pulses are required. Because of the NIR
and XUV laser pulses are generated by different facilities, they are not intrinsically syn-
chronized each other. Therefore, it is difficult to obtain the exact overlap of the two laser
pulses in the temporal region. In the experiments, a streak camera was utilized to monitor
the arrival time of the NIR laser pulse with respect to the XUV laser pulse [101]. As for
the temporal resolution of the pump-probe experiment of N2 can be found in Sec. 6.4.2.

3.1.3.2 Terahertz at FLASH

In this section, the Terahertz (THz) radiation delivered at FLASH is introduced. Similar
to the working principle of the production of the FELs by FLASH facility, THz super-
radiation is an accelerator-based light source. The relativistic electron bunches are passed
through the THz undulators and generate coherent radiation in the far infrared regime.

Figure 3.7: The arrangement of the XUV and THz undulators at FLASH. A dump-magnet
dumps the electrons. Figure adapted from [102].

The wavelength of the THz radiation is given by

λTHz =
λu

2γ2

(
1+

K2

2

)
, (3.11)

where λTHz is the wavelength of the THz radiation and λu is the undulator period. As
shown in Fig. 3.7, the THz undulators are arranged behind the XUV undulators. A spe-
cially designed planar electromagnetic undulator produces THz radiation with nine full



36 LIGHT SOURCES AND EXPERIMENTAL SETUPS

periods and a period length of 40 cm [103]. The gap of the upper and down plane of the
magnets of the undulator is 40 mm. The undulator parameter K = 44 corresponds to the
magnetic strength of the coils is 1.18 T [104]. In Eq. 3.11, the undulator period λu is fixed,
the wavelengths for experiments can be tuned by changing the magnetic field strength and
the electron energy. THz undulators deliver radiation tunable in a broad spectral range
from the mid-infrared (MIR) to the far infrared (FIR) spectral regions [103]. The wave-
length of the THz undulator can be tuned between 10 µm to 230 µm (30 THz to 1.3 THz).
The pulse energies which are delivered reach up to 100 µJ and peak electric fields up to
1 MV/cm. The delivered THz pulse comprises the central wavelength and the other odd
harmonics wavelengths. During the experiment, the high harmonics was suppressed by
one or two filters [105]. The experimental parameters of THz radiation at FLASH are
shown in Table 3.2.

Table 3.2: Parameters of the THz radiation at FLASH [22].

Parameters Typical values

Wavelength 10 - 230 µm
Period 33.3 - 767 fs
Photon energy 5 - 125 meV
Photon frequency < 1.3 - 30 THz
Photon pulse energy (average) 10 - 100 µJ
Synchronized and phase stable to XUV 6 5 fs

Since the XUV laser pulse and THz pulse are generated from the same electron bunch,
the two pulses should be naturally synchronized. The THz undulator beamline has been
designed to provide coherent femtoseconds to picoseconds THz pulses for pump-probe
experiments using the femtoseconds XUV pulses from FLASH [22].

The source producing THz light possesses a very strong electromagnetic field, which
enables us to measure and map the photoemission time delays and relaxation dynamics of
the target after XUV radiation. Moreover, the XUV-pump/THz-probe experiments on the
atoms, molecules, clusters, and even solid materials dynamics have attracted considerable
attention in recent decades [106]. Combined with a synchronized sub-100 fs XUV laser
pulse, the THz pulses are a powerful experimental tool for streaking the ultrafast dynamic
response of matter to an intense laser field. The relaxation process usually takes place in
molecular systems on the timescale from a few tens to hundreds of femtoseconds which
can be probed by a THz pulse with pulse duration few hundreds of femtoseconds. The
THz pulses are also used to control and monitor the fundamental properties of matter
such as magnetization, ferroelectricity, and optical properties [106, 107]. Using the XUV
radiation to trigger the fragmentation and relaxation process of matter, the structural and
electronic dynamics of the matter can be mapped by the THz pulses. Nowadays, THz
streaking is a powerful tool to map and image the electronic dynamics of atomic and
molecular systems after photoionization [42, 105].

In the second experiment, the THz streaking of the autoionization process in O2, the THz
pulses were used to detect the charged particles ionized by XUV radiation. Utilizing a
REMI, the ions can be detected in coincidence with the emerging electrons. By mapping
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the streaking photoelectrons in the THz electric field, we can characterize the THz vector
potential and measure the release times of different types of photoelectrons from different
states.

3.2 Reaction Microscope

Recoil-ion momentum spectroscopy (REMI)4 is a rapidly developing technique that al-
lows one to measure the momentum of several ions and electrons resulting from photon-
matter interaction [8]. In the field of recoil-ion spectroscopy, the supersonic jet has es-
tablished as one standard technique for providing a target with a low thermal spread of a
few Kelvin. In a unique combination, 4π solid angle and superior momentum resolutions
around a few percents of an atomic unit (a.u.) are typically reached in a REMI [23].

A vital element of the two experiments performed at FLASH is the setup REMI, which
allows the coincident detection of the ions and electrons after photoionization. The coin-
cidence measurement is used to track and identify the ions and electrons from the same
photoionization and/or dissociation process. By measuring the time-of-flight (TOF) and
impact position of the charged particle on the detector, we can reconstruct the initial mo-
menta of each charged particle [23]. The XUV laser beam is divided into the pump-
and probe-laser by a multilayer split-and-delay (SD) unit. By adjusting the relative time
delays of the two pulses, we can perform time-resolved experiments. In this case, the
fully kinematically complete measurements are performed to explore the fragmentation
reaction after XUV radiation.

In this section, an introduction to the REMI and its operation principle are given5. The
supersonic gas jet, spectrometer, and multi-hit detector working principle are introduced
in Sec. 3.2.2 and 3.2.3. After that, in Sec. 3.2.4, the momentum reconstruction process is
presented.

3.2.1 Vacuum Requirement

Ultra high vacuum (UHV) is required for a successful FLASH experiment. First, some
of the devices require a good vacuum, e.g. the Micro-Channel Plates (MCPs) need a high
vacuum to avoid sparking. Furthermore, we have to minimize the influence of photon
absorption and scattering on the performance of the REMI [109]. The XUV photons that
interact with atoms and molecules usually leading to the ejection of valence and inner-
shell electrons. The delivered intense XUV laser pulses not only ionize the target but also
ionize the residual background gas in the main interaction chamber. In this case, it will
produce lots of charged particles which are projected on the detectors.

The pump system of FLASH-REMI is divided into two parts: one for the supersonic
gas jet with differential pumping stages, and the other for the main chamber and the beam
dump of the gas jet beam. A variety of pumping techniques can reach an UHV. In practice,

4or, Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS)
5Most of the content and concepts are compiled from Refs. [8, 16, 23, 55, 56, 108].
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the Turbo molecular pumps connected to many pre-pumps are used to ensure the UHV
in the main chamber is down to 10−9−10−10 mbar. In this case, the vacuum is good for
AMO experiments. However, due to the brilliant XUV radiation delivered by FLASH, it
is far from enough to carry out the time-resolved XUV spectroscopy. In order to perform
the coincidence measurement, high efforts are needed to reach such low pressures down
to 10−11 mbar or even better. For this, all the coated materials have to be UHV compatible
ensuring low outgassing rates and clean surfaces of the inner chamber. To maintain UHV
conditions of the reaction chamber, the materials of the inner surface of the chamber
are coated with a non-evaporable getter (NEG) material [110]. Before the beamtime, we
heated the main beamline and chamber for several days, the NEG material is heated above
180◦ for at least 24h and cooled down again. The NEG is then activated [16]. Afterwards,
the vacuum of the main chamber reaches down to 10−11 mbar.

3.2.2 Supersonic Gas Jet

In order to perform a high-resolution momentum spectroscopy measurement, there are
some requirements for target preparation. First, a cold target is required due to a funda-
mental limitation of the momentum resolution of the gas thermal momentum distribution.
The second technical requirement is that the target beam is well-localized and collimated
to suppress molecules with large transversal kinetic energy. In order to perform the co-
incidence measurement with a high momentum resolution, the well-designed supersonic
jet with differential stages and skimmers is introduced.

Figure 3.8: Schematic representation of a supersonic gas jet. Figure taken from [56].

Gas at high pressure (1-20 atm.) is forced through a small nozzle (10-100 µm) into a
reservoir at low pressure and is thereby accelerated to supersonic speed (≥ 1 Mach) [23].
Thus, the gas is effective cooled. A supersonic gas jet starts from the reservoir with
backing pressure P0 and then expands into the expansion chamber with pressure Pexp. If
the ratio of P0/Pexp is larger than two, the gas will expand adiabatically behind the nozzle
to form a supersonic jet [111]. The speed ratio of the expanding gas is given by

S =
vjet

vtherm
=

√
5 T
2 T0

, (3.12)
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where vjet is the velocity of the gas-jet, vtherm is the thermal velocity, T0 is the gas tem-
perature before expansion, and T is the internal temperature after expansion. The corre-
sponding limit on momentum resolution of the target along the jet-axis is

∆P =
√

mkBT =

√
5 ·mkB

T0

S2 , (3.13)

where kB is the Boltzmann constant and m is the mass of the target.

As shown in Fig. 3.8, two-stage with differential pumping are utilized to deal with the
enormous gas-load and to maintain an excellent vacuum in the reaction chamber [112].
Two skimmers are placed behind the nozzle to extract a geometrically well-defined su-
personic beam. A cold and well-localized gas-jet can be clipped out if the sharp edge
of the skimmer immerses into the "zone-of-silence". By using two skimmers and many
slits to suppress the transversal momentum of the particles, the temperature of the jet is
significantly reduced. The initial momentum distribution of the target is determined by
its geometry and the final velocity of the gas jet. In Eq. 3.12, the speed ratio S depends
on the target species and the initial temperature before the expansion. For example, if the
gas helium with a speed ratio of 50 has an initial temperature of T0 = 300 K before the
expansion, then the achievable temperature is equivalent to T = 0.83 K, and the momen-
tum resolution is corresponding to ∆P ≈ 0.24 a.u. [112]. Moreover, to access ever lower
temperatures, the target is pre-cooled in the reservoir before the expansion [56].

3.2.3 Spectrometer and Detectors

In this section, the spectrometer and detectors shown in Fig. 3.9 are described in detail.
Accurate arrange and assembly of the electrodes and coils are implemented to create a
homogeneous field along the axis of the spectrometer. Then, the TOF and impact position
of the charged particles on the ion and electron detector can be recorded.

Spectrometer
The function of a spectrometer is to guide the ions and electrons from the photon-
interaction onto the detectors by a homogeneous electromagnetic field along the spec-
trometer. This is achieved by utilizing 22 ring-like plates with isometric spacing. At the
center of the REMI, there is a double-steel gap for providing a space to let the unfocused
FEL beam go through the spectrometer without hitting the electronics. A constant volt-
age gradient along the spectrometer is formed by adding a voltage to the uppermost and
lowest spectrometer rings via an array of 100 kΩ resistors [16]. The typical strength of
the electric field applied to the spectrometer is 5 - 50 V/cm. The produced electromag-
netic field accelerates the ions and electrons onto ion- and electron-detector according
to their charge. In order to ensure the homogeneous electric field to the very end of the
spectrometer, we use high transmission gratings on the top and the bottom to close the
spectrometer. At the same time, the gratings prevent field distortion originating from the
high voltages (∼ 2700 V) applied to the detectors [16].

As shown in Fig. 3.9, the total length of the spectrometer installed at FLASH is 275 mm.
The accelerating length for ions is 94.5 mm and for electrons is 180.5 mm [55]. The fo-
cused FEL beam and the supersonic gas jet are oriented perpendicular to the spectrometer
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Figure 3.9: REMI setup used for the FLASH experiments. Figure taken from [55].

axis. The propagation direction of the gas jet defines as the x-axis and the FEL beam
along the y-axis with its polarization along the x-axis. Meanwhile, a pair of Helmholtz
coils is mounted to generate a homogeneous magnetic field which used to collect all the
electrons effectively.

Micro-Channel Plate

For REMI, it is essential to install large-area position-sensitive detectors with excellent
position resolution and fast timing signals (typically below 1 ns) [112]. The purpose of
the detector system is to extract the TOF and position information of the charged particles
produced during the photon-matter interaction. To this end, MCPs and delay-line anodes
are adopted. MCPs are widely used to detect ions, electrons, and photons and to carry out
spectroscopy of their impact position and TOF [113].

In Fig. 3.10, the MCPs are lead-glass plates with a metallic coating which are few millime-
ters thick. Capillaries perforate the glass panel with a typical diameter of 10 to 100 µm.
Both sides of the panel are coated with a well-conducting material so that two equipoten-
tial surfaces are formed. A high voltage (HV, typically 1200 V) is applied to both the front
and back side of the plate so that each channel acts as an electron multiplier. The primary
particle impacting on the MCP releases secondary electrons that are subsequently accel-
erated by the field and starts an avalanche amplification process. To enhance the number
of collisions by secondary electrons with the walls of a microchannel, the angle of the
micro-channels with respect to the surface is titled by ∼ 8◦. These secondary electrons
become amplified by a factor of roughly 104 due to many further collisions with the walls
inside the channel [108]. Thus, at the back side of the MCP, an electron cloud is pro-
duced. By means of two- or three layers of MCPs, the signal-to-noise ratio and detection
efficiency improve considerably [55]. Moreover, the electron cloud leaving the capillary
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Figure 3.10: The working principle of MCPs and delay-line anode. (a) An electron cloud
is created after a particle hits the inner wall of the MCP. The electron cloud is projected
onto the delay line anode and produced a timing signal. (b) The impacting particle creates
secondary electrons and starts an avalanche amplification process. (c) The principle of
impacting position determination with the delay-line anode. Signals propagate along the
wire in both directions and are detected at its ends. The time offset ∆t carries the spatial
information of the particle. Figure taken from Ref. [8].

is still spatially and temporarily confined, which gives rise to an excellent temporal and
spatial resolution [56]. As already mentioned above, the homogeneous electric and mag-
netic fields produced by the spectrometer and Helmholtz coils makes sure that the charged
particles can be projected on the MCP. The impact time of a particle that hits on the MCP
is used to calculate the TOF. By combining the timing signal of MCP (tMCP) and the FEL
trigger time ttrigger

6, one can calculate the TOF:

tTOF = tMCP− ttrigger. (3.14)

In FLASH-REMI, the ion detector is combined with a Chevron stack of two MCPs (di-
ameter 120 mm), while the electron detector is equipped with a Z-stack of three MCPs
(diameter 80 mm) [55]. Integrating two (Chevron stack) or three (Z-stack) MCPs allows
for an increase in the amplification factor of up to 107 [108].

Delay-line Anode
To obtain position information of the charged particle impinging on the MCP, we utilize
a delay-line anode equipped with both high count rate capabilities and excellent position

6Provided by FLASH, indicating the arrival time of the FEL pulses.
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resolution [112]. As shown in Fig. 3.10, for this, we use a quad-anode with a quadratic
shape featuring two sets of parallel wires to extract the position information. The wires are
biased with a positive voltage (typically 200 V) with respect to the exit side of the MCP.
t1 and t2 are the propagation times of the electron cloud to each end of the wire. The
time-difference between the two signals is proportional to the position coordinate where
the electron cloud has been recorded. In practice, a pair of wires forming a Lecher-cable
is exploited for each direction. The reference and signal wires are applied. Typically, the
voltage applied on the reference wire is about 50 V lower than that of the signal wire.
The subtraction of the two-wire signals can suppress noise and reduce the charge dis-
persion [114]. Further signal processing and readout are done by fast discriminators and
time-to-digital converters (TDC) [112].

If the timing information along the x- and y-direction are obtained, then two-dimensional
information on the impact position can be calculated by

X ∝ (tx1− tMCP)− (tx2− tMCP) (3.15)
Y ∝ (ty1− tMCP)− (ty2− tMCP)

Here, tx1− tx2 is the time difference between the signals arriving at both ends of the wire
in the x-direction, vice versa, ty1− ty2 for y-direction. For each of the ion and electron
detectors, the sum of timing signals (MCP and position) which reach the end of the wires
is a constant and equals to the transition time from the end of the wire to the other [112].

tSumX = (tx1− tMCP)+(tx2− tMCP) = const (3.16)
tSumY = (ty1− tMCP)+(ty2− tMCP) = const

The above time-sum condition is applied to identify the timing signals from the same
event. With an advanced signal assignment and data recovery procedure, the detector
dead-time is significantly reduced. In this case, we can determine all these signals from
the same hit on the detector. Therefore, out of the five signals for the ions and seven
signals for the electrons, each signal is only used once to prevent the false assignment.
The detailed momentum reconstruction will be discussed in the next section after the
timing information of TOF and impact position of the charged particles on the detector
are measured.

3.2.4 Momentum Reconstruction

As described above in Sec. 3.2.3, in the experiment, we obtain the timing signals of
TOF and impact position of the charged particles. In the following, we use a so-called
GENERiC (General Analysis Code for Reaction Microscopes) program to process the
measured timing signals and to obtain the momentum of the ions and electrons [115].
In the first step, we measured all voltage traces and translated into timing signals by a
peak finding program. In the second step, the timing signals are assigned to TOF and
positions information. In the last step, the momenta of each particle are calculated and
calibrated [16]. Once the momentum reconstruction is complete, the spatial distribution
of the reaction fragments can be obtained.
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3.2.4.1 Data Acquisition

The signal decoupling, amplification, and discrimination of the decoupled signals together
comprise the necessary steps to obtain the digital signals finally [108]. Each particle im-
pact produces several current pulses which are used to retrieve the TOF and impact posi-
tion of the charged particle. However, before these signals are used for further analysis,
they must be decoupled from the channel plates and delay-line anodes to which high volt-
ages are applied. In the case of the MCP, this is achieved by a high-pass filter consisting
of a capacitor and a resistor. The signal can be retrieved from the front and back side of
the MCP. Both sides are connected to a decoupling circuit. If we pick the signal from
the front side, the decoupling circuit from the back is connected to the ground (and vice
versa) [108]. As a result, the timing signal is free of external noise. Then, all signals must
be amplified for further processing. The next step is the conversion of these signals into
standardized NIM logic-signals. In order to obtain a high precision for the time peaking
information, the constant fraction discrimination (CFD) is adopted, which produces an
output that always triggers at a specified relative height of the signal pulse [16].

The repetition rate of the FEL pulses is 10 Hz with tens of minibunches. Due to the
large volume of the timing traces, we used four so-called digitizer (DC282) cards to store
the raw timing signals before the peak finding step. The sampling rate is 2 GHz with a
maximum voltage range of ± 5 V [16]. For the distance of one minibunch of typically
less than 5 µs, this was found to be far faster than the read-out time for a classical TDC.
Thus, the memory of the digitizer card should have the ability to store the total amount of
raw data of each FEL laser pulse.

3.2.4.2 Reconstruction of Ion Momentum

In the experiment, we measured the TOF and the corresponding position (xi , yi) on the
detector of each charged particle. Thus, we can begin to reconstruct the initial momenta
of each particle. The basic procedures to reconstruct the ions and electrons momentum
in the longitudinal (along with the spectrometer axis) and transversal (perpendicular to
the spectrometer axis) direction are presented. The mathematical formulae needed for a
spectrometer without a drift zone are shown in this section7.

Ions Longitudinal

The voltage is applied to the spectrometer and produces an electric field along the spec-
trometer. Due to the accelerating electric field, the charged particles can gain a longitudi-
nal momentum p‖, and the corresponding kinetic energy is E‖ = p2

‖/2m. The acceleration
is given by

z̈ =
qUa

mla
, (3.17)

where q is the charge and m is the mass of the ion, Ua is the accelerating voltage, and la
is the acceleration length over which the voltage is applied. In this case, it allows us to

7Most of the content is compiled from Refs. [8, 16, 55, 56, 112].
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Figure 3.11: Schematic illustration of a recoil-ion time-of-flight distribution [112].

calculate the TOF of ions from the interaction point to the detector:

t±(E‖) = f · √m · 2la√
E‖+qUa±

√
E‖

with f = 719.9
ns
cm

√
eV
a.u.

. (3.18)

Here, the "+" denotes the ions that are flying towards the ions detector after photoioniza-
tion, and the "-" represents the ions that are flying away. The constant f originates from
the transformation of the units [56]. Because the extraction potential qUa is much larger
than the kinetic energy E‖, one can distinguish the ion species and/or charge states of the
different peaks in the TOF spectrum [112]. Therefore, the position of the peak is given by

t0 = t(E‖ = 0) = f
√

m/qUa ·2la. (3.19)

As shown in Fig. 3.11, there is an equal probability of the ion to distribute in the forward
and backward direction. Thus, one can obtain the initial kinetic energy of the ion

E‖ =
1

4m
· (q ·Ua ·∆t

la · f
)2. (3.20)

Here ∆t = t(E‖)− t(E‖ = 0) is the time difference (see Fig. 3.11). According to the
Eq. 3.18 and Eq. 3.20, we can obtain the longitudinal momentum p‖ 8:

p‖ = 8.04 ·10−3 × q ·Ua

la
·∆t. (3.21)

The longitudinal momentum resolution is limited by inhomogeneities of the electric field
and the response of the electronic modules. Besides, considering the thermal motion

8p in a.u., qUa in eV, la in cm and ∆t in ns
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Figure 3.12: Detector image of ions and electrons recorded during the experiments. (a)
The FEL beam is parallel to the y-direction and ionized the residual gas of the chamber. A
purple ring-like ions distribution is shown due to the Coulomb explosion of the repulsive
charged fragments of N2. (b) Spatial spectrum of electrons ionized from O2 at a photon
energy of 60 eV.

of the gas-jet, one can obtain the quadratic-error in the longitudinal directions using the
following equation:

∆p2
‖ = (8.04 ·10−3 · q ·Ua

la
)2

∆t ′2 +∆p2
therm, (3.22)

where ∆t ′ denotes the uncertainty of TOF measurement, and ∆ptherm is the thermal mo-
mentum spread which is related to the temperature of the target.

Ions Transversal
Since there is no acceleration of the ion in the transversal direction, the transversal dis-
tance only depends on the initial transversal kinetic energy E⊥ and the TOF. Due to the
spatial symmetry distribution of the ions after the photon interaction. In this case, we can
calculate the displacement r (see Fig. 3.12 (a)) with respect to the reaction area, using the
given formula:

r =
1
f
·
√

E⊥√
m
· tE‖, (3.23)

where m is given in amu, E⊥ and E‖ in eV, and t in ns, r in cm. The ion gains significant
energy from the extraction compared to its initial recoil-ion kinetic energy:

r = 2 · la ·
√

E⊥
q ·Ua

. (3.24)

Therefore, the momentum in the transversal direction9 is

p⊥ = 11.6 · r
2la
·
√

q ·Ua ·m. (3.25)

9p being in a.u., qUa in eV, r in cm and m in amu
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In Fig. 3.12, the ions and electrons spectra are shown. A stray line along the center of
the ion detector is evident due to the unfocused FEL beam ionizing the residual gas of the
interaction chamber. Once the target N2 is ionized by the FEL beam, the ionization rate
increases around the center of the detector. Due to the repulsion of the charged fragments
from Coulomb explosion and afterwards, the ring-like spatial distribution of the ions can
be observed (see the purple-ring in Fig. 3.12 (a)). In Fig. 3.12 (b), the spatial spectrum of
electrons from photoionization of O2 by a 60 eV XUV radiation is given.

The momentum resolution is determined by the initial target temperature and the uncer-
tainty of the spatial measurement. These uncertainties originate from the data acquisition
and the processing of the timing signals. The other factor is also related to the design and
arrangement of the experiment, e.g., the electromagnetic field applied and installation of
detectors. We can obtain the quadratic-error in the transversal direction by the following
equation:

∆p2
⊥ = (11.6 ·

√
q ·Ua ·m

2la
∆r)2 +∆p2

therm, (3.26)

where ∆r presents the uncertainty of the position measurement.

Hence, the recoil-ion momentum components in the plane of the ion detector are ob-
tained. The azimuthal angle ϕ in the detector plane can be determined using the two
independent x and y coordinates on the detector (see Fig. 3.15). With this angle and
transversal momentum p⊥, the momentum in the detector XY-plane can be displayed in
polar coordinates [56].

3.2.4.3 Coincidences

Figure 3.13: Photo-Ion-Photo-Ion Coincidence (PIPICO) spectrum for photoionization
of N2 by 28.3 eV XUV photons. Three coincident channels can be observed from the
spectrum.
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A principal advantage of a REMI is the ability to perform coincidence measurements
and multi-hit detection, by applying the momentum conservation. In the experiment,
a PIPICO spectrum was used to generate the coincidences which originated from the
same photoionization event. Since the first ion and the second ion come from the same
photoionization process, the sum of the TOFs is constant. Therefore, a diagonal line in
the spectrum is visible. Even without the calculation of vectors momenta, as shown in
Fig. 3.13, coincident channels are identified by plotting the TOF of the first ion (TOF1)
against that of the second ion (TOF2) [16]. Three coincidence channels are observed
in the figure, namely, the coincidence channel N+ + N+, N+ + N2+, and N2+ + N2+.
Moreover, with the condition of TOFs sum, most of the random false coincidences are
reduced.
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Figure 3.14: Momentum sum conditions for all three spatial directions for coincidence N+

+ N+. The unit of momentum is in a.u.

In Fig. 3.14, the momentum sum of coincidence N+ + N+ in three spatial coordinates
are shown. As already discussed above, the momentum resolution in the longitudinal
direction only related to the uncertainty of time measurement and the thermal motion
of the target, thus Pz sum is the smallest one compared to the other two directions. In
contrast, Px sum is the largest one because of the intrinsic jet-temperature dictates the
momentum spread.

3.2.4.4 Reconstruction of Electron Momentum

Electron Transversal

The mass of an electron is 1836 times smaller than the mass of a proton, so the electrons
are much easier deflected by the electromagnetic field compare to the ions. In order
to reconstruct the transverse momentum components from the TOF and impact position
of the electron, the influence of the magnetic field has to be considered. As shown in
Fig.3.9, the magnetic field is parallel to the spectrometer axis. An electron has a velocity
component which is perpendicular to the magnetic field and travels along a circle with the
radius R = P⊥/qB and the cyclotron frequency ω = qB/me = 2π/TC. TC is the cyclotron
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Figure 3.15: Projection of electron trajectory on the detector plane. Figure adapted
from [8].

period. me and q denote the mass and charge of the electron. In Fig. 3.15, the chord
geometry and the projection of electron trajectory on the detector plane are shown. The
cyclotron frequency ω and radius R is given by [112]

ω = 9.65×10−6×qB/me and R = 12.39×P⊥/(qB), (3.27)

where ω in ns−1, q and P in atomic units, B in Gauss, and me in amu.

The magnetic field does not influence the absolute value of the particle momentum but
continuously changes its direction. This leads to a cyclotron motion of the particle while it
is accelerated in the electric field along the spectrometer to the detector. In the experiment,
we cannot directly observe the cyclotron radius from the spatial spectrum of electrons.

In Fig. 3.15, the electron is emitted with a transverse momentum p⊥ under a certain angle
ϕ with respect to the~ex axis. The electrons start to undergo a cyclotron motion from the
interaction point with the transversal momentum p⊥. From the geometrical considerations
in Fig. 3.15, one can obtain R = r

2|sin(ωte
2 )| . Thus, the transverse momentum p⊥ can be

calculated:
p⊥ =

meω

2|sin(ωte
2 )|r, (3.28)

where te stands for the time-of-flight of the electron.

By measuring the angle ϑ , one can obtain the emission angle ϕ by the following equation:

ϕ = ϑ − ωte−2πN
2

, (3.29)

where N = te
TC

denotes the number of complete turns moved by the electron [8]. As shown
in Fig. 3.16, independent of the initial momentum, the electrons with TOF corresponding
to N·TC are mapped on the same point on the detector. If we plot the spectrum of dis-
placement r versus TOF, as shown in Fig. 3.16, the "wiggles" structure can be observed.
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Tc

Figure 3.16: Cyclotron motion of the electrons. TC is the cyclotron period.

If we know the magnitude of magnetic field B and the frequency ω , we can calculate the
initial transversal momentum p⊥:

p⊥ = 8.04 ·10−3 · r B
2|sin(ω te

2 )| . (3.30)

The uncertainty in the position and time measurement are the two factors which determine
the resolution of the electron spectrometer. The influence of the target temperature is
almost negligible for the energy transferred during the reaction since it is significantly
greater than the thermal energy of the target. In contrast to ions, it is tough to show the
resolution for all three directions. As visible in the above expressions, the momentum
resolution depends on the initial momentum and the measurement of TOF [56].

Electron Longitudinal
As described in the calculation of longitudinal momentum of the ions, the longitudinal
momentum of the electrons is only related to the TOF. Similar to the Eq. 3.18, we can
calculate the electron momentum in the longitudinal direction:

p‖ = 0.457 · La

te
−80.4 ·10−3 q ·Ue

La
te, (3.31)

where La is the acceleration length, and Ue is the acceleration voltage.

The longitudinal electron momentum resolution increases with larger TOF. In this case,
the momentum resolution in transversal and longitudinal direction can be obtained.

∆p‖ = (0.457 · La

t2
e
−80.4 ·10−3 q ·Ue

La
) ·∆te, (3.32)

where ∆te denotes the uncertainty of the time measurement.
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To summarize, from the above discussion, we can obtain the full three-dimensional mo-
mentum vector of the ion and electron. Therefore, the kinematically complete measure-
ment allows us to map and track the fragmentation after XUV radiation.

3.3 Split and Delay Setup

Figure 3.17: Left: the CAD technical drawing of the split-mirror. Right: the SD combined
with REMI at FLASH. Figure taken from [45].

In this section, the split and delay (SD) setup installed at FLASH-REMI is introduced.
With a pump-probe experimental scheme, we used a REMI in combination with the SD
unit to detect the ions in coincidence with the electrons to map the spatial and temporal
distribution of fragments after the XUV radiation. In Fig. 3.17, the CAD drawing of SD
and a real picture of the mirror chamber is shown [45]. The main function of this set-up is
to produce the XUV pulse pairs and adjust the time delay of the pump- and probe-pulse.
The back-reflection of this mirror is designed in such a way that the unfocussed FEL
light beam passing through the main interaction chamber hits the two split-mirrors, and
both of the divided XUV beams can be focused to cross the molecular jet at the center of
REMI [56]. In Fig. 3.17 (a), the upper mirror can be easily tipped and tilted with a preci-
sion of 0.5 µm to ensure the separated FEL beams overlap in the spatial regime. Within
a small distance, we can ensure that two XUV beams spatially and temporally overlap.
Meanwhile, the lower mirror is fixed on a delay stage to achieve the time delays scan-
ning up to ± 2.6 ps with an accuracy of 4 as [56]. In both of two experiments performed
at FLASH, this SD unit was used to achieve the scanning of the fragmentation and the
relaxation processes that took place in molecular systems.



Chapter 4

The Principle of Streaking

The prime advantage of the streaking technique is the ability to transform the tempo-
ral information of a light pulse into spatial information. In recent decades, Attosecond
metrology has become a well-established technique to measure the attosecond timescale
atomic photoemission and sub-fs decay dynamics [116–121]. In the present THz streak-
ing experiment, we extended this technique by using a long wavelength Terahertz radia-
tion delivered at FLASH combined with a synchronized XUV radiation to perform XUV-
pump/THz-probe experiments. Such experiments enable us to investigate photon-matter
dynamics with the timescale of up to a few hundreds of femtoseconds.

In this chapter, the principle of streaking and experimental results are presented. The
background of streaking photoelectrons with a Terahertz field is introduced in Sec. 4.1.
This section will provide a basis for the understanding of the streaking spectroscopy.
In Sec. 4.2, the characterization of the THz pulses delivered by the FLASH facility is
introduced. Sec. 4.3 gives a short theoretical description of photoemission time delays.
In Sec. 4.3.2, the Coulomb-laser-coupling time shifts of the low-energetic photoelectrons
from the O2 photoionization process by 60 eV XUV radiation are given. Finally, the
chapter ends with a conclusion in Sec. 4.4.

4.1 Streaking Photoelectrons with a Terahertz Field

The basic principle of THz streaking of photoelectron will be discussed1. In a classical
picture, the electron ejected via photoionization by XUV radiation, is treated as a charged
particle instead of a wave-packet.

The photoelectron jumps into a THz electric field with the initial momentum pi:

pi =
√

2meEkin,i =
√

2me(h̄ωXUV −Ebind) , (4.1)

where Ekin,i is the initial kinetic energy, h̄ωXUV is the XUV photon energy, and Ebind is
the binding energy of the electron.

1Most of the content is compiled from [122, 123].
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Figure 4.1: Principle of the THz streaking with a linearly polarized pulse. The solid
red and blue lines represent the electric field and vector potential of the streaking field, re-
spectively. The photoelectrons are emitted via ionization by XUV photon. Photoelectrons
obtain a momentum shift, depending on the vector potential of the streaking field at the
moment of ionization. (a) An electron is released at the time τ1 and gains the momentum
shift ∆px(τ1). (b) The secondary electron is released at time τ2 with the momentum shift
∆px(τ2). Since the momentum shift is proportional to the magnitude of the vector poten-
tial, thus ∆px(τ2) < ∆px(τ1). The time delay ∆τ between the first emitted photoelectron
and the secondary photoelectron carries the information on photoemission time delays
of the two photoelectrons and the relaxation of the system after XUV radiation. Figure
adapted from [124].

For simplicity, we use the following equation to describe the THz electric field:

ET Hz(t) = E0(t) cos(ωT Hzt +ϕ), (4.2)

where E0 is the amplitude, ωT Hz is the frequency, and ϕ is the initial phase of the electric
field. In the presence of the THz electric field, the freed electron can be streaked by
gaining or losing energy in the electric field. THz streaking field is linearly polarized
along the x-axis at FLASH. Therefore, the momentum shift of an electron is given by

∆px(τ) =−e
∫

∞

τ

E0(t) cos(ωT Hzt +ϕ)dt =−eAT Hz(τ), (4.3)

where τ is the initial release time of the electron into the electric field. AT Hz(t) =∫
∞

t ET Hz(t ′)dt ′ is the corresponding vector potential. In Fig. 4.1, the THz streaking prin-
ciple is presented. The momentum shift experienced by the secondary electron ∆px(τ2)
is smaller than the first released electron momentum shift ∆px(τ1). The time delay ∆τ

between the first released electron and secondary electron can be used to interpret time
delays in photoemission steps and lifetimes of relaxation.

According to the adiabatic approximation which is dE0(t)/dt� E0ωT Hz, this means that
the temporal deviation of the envelope of the THz pulse is far less than the frequency of
its carrier wave [122]. The analytical expression of the time-dependent streaked photo-
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electron can be expressed as

∆px(τ)≈
eE0(τ)

ωT Hz
sin(ωT Hzτ +ϕ) =

√
4Up(τ)mesin(ωT Hzτ +ϕ). (4.4)

In this case, the final momentum of the electron is given by

p2
f = p2

i +2pi pxcos(θ)+∆p2
x , (4.5)

where detection angle θ is the angle between the polarization axis and the final momen-
tum emission direction (see Fig. 4.2).

y

x

x

y

x

y

Figure 4.2: Illustration of the angle-dependent effect of a THz electric field on the pho-
toelectrons ionized by XUV radiation. The polarization of the THz pulse is along the px
direction. (a) Due to the streaking field, the initial momentum pi is shifted to p f along
the THz polarization direction. (b) The un-streaked momentum is an isotropic distribu-
tion in either parallel detection or perpendicular detection. (c) Schematic of the streaked
momentum distribution in perpendicular and parallel direction. Adapted from [122].

In our case, after the oxygen molecule was ionized by XUV radiation, the photoelectrons
have altered their momentum component in the direction of the THz electric field. Thus,
the final kinetic energy of the freed electron with a final drift velocity parallel to the
electric field can be described as

Ekin, f (τ) =
p2

f

2me
= Ekin,i +2Up(τ)cos(2θ)sin2(ωT Hzτ +ϕ)

+
√

8Ekin,iUp(τ)cos(θ)sin(ωT Hzτ +ϕ)

(4.6)



54 THE PRINCIPLE OF STREAKING

with Up =
e2E2

0 (t)
4meω2

T Hz
being the ponderomotive potential of the THz electric field. For a

wavelength of the THz pulse at 150 µm, the corresponding ponderomotive potential Up
is on the order of a few tens meV which is far less than the initial kinetic energy of the
photoelectron2. Hereby, the second term in the Eq. 4.6 can be ignored. Thus, the final
kinetic energy is obtained which depends on the moment τ of the freed electron released
into the THz electric field. Moreover, the final kinetic energy is also related to the de-
tection angle θ . The influence of the instant ionization on the electron momentum is
expected to be isotropic (un-streaked momentum distribution, see Fig. 4.2). In a parallel
orientation which means the detection angle θ = 0 between detector axis and the polariza-
tion axis of the THz electric field, the time-dependent kinetic energy shift of the streaked
photoelectron can be expressed as

∆Ekin(τ) = Ekin, f −Ekin,i ≈
√

8Ekin,iUp(τ)sin(ωT Hzτ +ϕ). (4.7)

Hence, by adjusting the time delay of the XUV laser pulse and THz pulse, the vector
potential AT Hz(t) is mapped to the momentum or energy shifts of the photoelectron.

In recent decades, with the development of light sources and techniques, the THz streak-
ing technique has become a powerful experimental tool in experiments on the diagnostics
of the X-ray pulses, AMO dynamics, and solid material properties [22,101,103,105,106].
Ulrike Frühling et al. has examined the single-shot characterization of soft X-ray pulses
from FLASH [105]. By monitoring the fluctuation of the streaking kinetic energy of
photoelectrons of Krypton, the arrival time jitter of two FEL pulses was measured. The
second vital application of the THz streaking technique relates to the use of the external
optical laser-driving THz light source that allows characterizing the temporal profile of
individual FEL pulses with sub-10 fs accuracy [125].

Using the XUV radiation and super-radiation THz light source at FLASH, allows us to
extend the attosecond streaking technique to explore the relaxation dynamics of AMO
systems with up to a few 100 femtoseconds of time resolution in experiments [106, 126].
If the time scale of the relaxation processes is shorter than half of the optical cycle of the
THz field, the temporal evolution process can be streaked by the THz field. A wavelength
of 154.2 µm THz radiation has a period of 514 fs. It can be used to trace relaxation
processes in atomic and molecular systems which taking place within a 257 fs. Utilizing
the THz-streaking technique, we can trace the ICD process in Neon dimer, Auger decay
in the Xenon atom, and the autoionization process of O2.

4.2 Characterization of THz Vector Potential

As discussed in Sec. 3.1.3.2, the FEL pulse and the THz pulse are generated by the same
electron bunch at FLASH [103], therefore, the jitter and long-term drift of the two pulses
are small, and a good synchronization is expected [22, 127]. In the THz streaking exper-
iment, the FEL beam and THz beam was overlapped in the spatial and temporal regime,
making it possible to perform XUV-pump/THz-probe experiment.

2In the present experiment, the estimated ponderomotive energy Up is 1.3 meV.
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Figure 4.3: (a) The electron momentum distribution (momentum condition −0.35 < pz <
+0.35a.u.). (b) Time-dependent photoelectrons momentum trace (momentum slice con-
ditions: −0.35 < py/z < +0.35a.u.). The selected photoelectrons along the polarization
of the THz electric field. The polarization of the XUV laser pulse and the THz electric
field are both parallel to the px axis. The red and the purple arrows mark the THz and
XUV polarization, respectively.

In order to resolve the timing information on photoemission or relaxation processes, in
the first place, we have to characterize the THz pulse. As already described in Sec. 4.1,
the momentum shift ∆p(τ) =−eA(τ) transferred to the photoelectrons in the THz vector
potential A(t) is mapped on the photoelectron momentum in addition to its initial momen-
tum pi [124]. As already introduced in Sec. 3.2, the kinematically complete experiments
ensure a solid angle acceptance of 4π for ions and electrons by using the REMI [23]. By
measuring the time-dependent momentum traces of photoelectrons along the polarization
of the THz vector potential, we can characterize the basic parameters of the THz vector
potential, e.g., the wavelength, the oscillation period and the initial phase.

As shown in Fig. 4.2 and described in Eq. 4.6, there are two detection methods, a per-
pendicular orientation with a detection angle of θ = 90◦ between the detector axis and
the polarization axis of the THz pulse. In this circumstance, we can observe only an
asymmetrical broadening in energy and a periodic shift by two THz frequencies to lower
energies in the photoelectron spectra [122, 128, 129]. However, in the case of parallel
detection where θ = 0◦, one can observe a periodic up- and down-shift in the energy of
the photoelectron traces is detected in the spectra [130]. The photoelectrons obtain the
maximum momentum shift along the polarization of the THz electric field.

Thus, we select the photoelectrons emitted along the polarization within a small emis-
sion angle for the photoelectrons gain more in momentum shift along the polarization
of the THz pulse. In Fig. 4.3 (a), the electron momentum distribution in polarization
plane is shown with the condition on pz from -0.35 a.u. to +0.35 a.u. In order to sub-
tract the "background", we select the photoelectrons with a further condition on py from
-0.35 a.u. to +0.35 a.u., then we get the electron momentum traces as a function of the
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Figure 4.4: The momenta shift ∆px as a function of the time delay between the XUV
laser pulse and the THz pulse. Only the electrons emitted along the THz polarization are
selected. The purple dots from experimental data are fitting by a Fourier series of triangle
functions. The red line is the fit.

time delay between the XUV laser pulse and the THz pulse. In Fig. 4.3 (b), the plot of the
time-dependent momentum of all the photoelectrons is shown. From the photoelectron
momentum traces, we can directly map the THz vector potential.

In the time-resolved experiments on autoionization process of molecular oxygen, we
merely focus on the time delays or phase shifts information. Thus, in the course of data
analysis, we adopted an "Averaging Method" to get the momentum center of the photo-
electrons trace by calculating the average of the momenta for each delay range:

px =
Σn

i=1 pxi(t) ·Ni

N
, (4.8)

where px is the average momenta of the selected photoelectron, Ni is the statistical number
of the electron at each pxi(t), and N is the total number of each delay t. In the following,
we intend to obtain detailed THz pulse parameters. As shown in Fig. 4.4, using the tem-
poral profile of photoelectrons (momenta peaked at -1.73 a.u. in Fig. 4.3 (b)) to obtain the
time-dependent average momenta trace. The THz vector potential can be well-described
by the Fourier series of triangle functions with up to fourth order of harmonics:

AT Hz(t) = A0 Σ
n
i=1

(−1)(n−1)/2

n2 sin(nπ ·ωT Hz t +ϕ), (4.9)

where A0 is the amplitude, ωT Hz is the frequency and ϕ is the initial phase of the THz vec-
tor potential. From the fit results, we find that the maximum momentum shift A0 is 0.044
± 0.002 a.u., the oscillation period T0 is 514 ± 3.6 fs (the corresponding wavelength is
154.2 ± 1.1 µm), and the initial phase of the vector potential is -96.4 ± 3.9 fs. In Eq. 4.4,
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the induced momentum shift by the streaking field is proportional to the amplitude of
the vector potential AT Hz(t) of which the maximum electric field strength Emax =

2π ∆pmax
eT0

reaches up to 6.7 MV/m.

As mentioned above, the momentum shift ∆pi of emitted electrons (and ions) depends
on the release time τ into the THz field. A relative phase shift between the momentum
traces of two different photoelectron species indicates a temporal time delay existing in
their photoemission steps or the lifetimes of the relaxation processes [124]. The typical
pulse length of the XUV laser pulse τXUV is roughly 100 fs and the present period of the
THz pulse is near 514 fs which fulfill the streaking condition: τXUV ≤ TT Hz/2, where
TT Hz is the period of one cycle of the THz electric field [131]. In the case, we can use
this technique to resolve the relaxation processes of the molecular systems that take place
within 257 fs time scales. As mentioned by Ref. [12], the lifetime order of magnitude
of autoionization in molecular oxygen is within 300 fs, in this case, the autoionization
and its electronic relaxation process in molecular oxygen can be properly traced in the
XUV-pump/THz-probe experiment.

From the above discussion, the experimental parameters of the THz pulse are listed in
Table. 4.1.

Characterization of THz Pulse

Frequency ωT Hz 1.946±0.014 THz
Wavelength λ 154.2±1.1 µm
Period T0 514±3.6 fs
Max. amplitude pmax 0.044±0.002 a.u.
Max. field strength 6.7 MV/m
Intensity Ipulse ≈ 107W/cm2

Table 4.1: Experimental parameters of THz pulse.

4.3 Photoionization Time Delays

How long does the photoionization process take [132]? What is the precise physics be-
hind the time delays measured in our experiments? These questions touch upon funda-
mental issues of quantum mechanics and have been a subject of long-standing contro-
versy [133, 134]. In the following, the photoemission time delay principle and Coulomb
laser coupling induced time delays in atomic and molecular systems are discussed3.

The characterization of the dynamics of a photoelectron wavepacket commonly refers
to the notion of "Scattering time delay" developed in the context of quantum collision
theory [138,139]. A scattered wave packet experiences a phase shift when compared with
free motion. In the 1950s, Eisenbud, Wigner, and Smith [138–140] pointed out that the
delay can be characterized through the spectral derivative of the phase shift δ . The time
delay is called Eisenbud-Wigner-Smith (EWS) time delay.

3The content is compiled from Refs. [124, 132, 135–137]
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We treat an incident electron wave packet Ψin(x, t) which is expressed as a superposition
of plane waves ψk(x, t) with amplitudes Ak, momenta k, and energies Ek [141]:

Ψin(x, t) =
∫

dkψk(x, t) =
∫

dkAk ei(kx−Ekt). (4.10)

The wavefunction propagates an attractive short-range potential V0(x) in one spatial di-
mension. By passing the attractive potential, the individual traveling plane waves ψk(x, t)
will accumulate scattering phases δk. Depending on the values of the phase δk, wavefronts
of the scattering wave are shifted relative to the incident wave. In Fig. 4.5, the outgoing
electron wavefunction acquires a phase δ compared to the free case during it propagates
through a short-range potential [137].
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Figure 4.5: The photoelectrons at three different energies E = 1, 2, 3 a.u. passing through
an attractive potential V0(x) accumulate a phase shift δ compared to a free case (thick
grey curve). Figure is taken from [137].

Thus, the outgoing electron wave packet is given by the equation provided in Ref. [141]:

Ψout(x, t) =
∫

dkAk eiδk ei(kx−Ekt). (4.11)

δk is the phase shift of each spectral component relative to the initial phase of the incident
wave. Therefore, the phase shifts of the outgoing electron wavepacket of a partial wave
with angular momentum quantum number l with respect to a free partial wave is defined
as

tEWS(E, l) =
dδl(E)

dE
. (4.12)

In the above equation, tEWS can be interpreted as the ejected electron "situated" in the
quasi-bound state [142]. Moreover, the equation indicates that photoionization is a half-
scattering process [143].
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An electron ejected via photoionization by XUV radiation. Thus, tEWS has to be con-
structed regarding the transition matrix element of the dipole operator d =

〈
ψ f |r|ψi

〉
between the bound initial state ψi and the continuum final state ψ f for emission in every
solid angle [142]:

tEWS =
d

dE
arg
[〈

ψ f |d|ψi
〉]
. (4.13)

tEWS is typically on the order of tens or hundreds of attoseconds and the absolute time
delay in photoemission is not available in the experiment. Most of the experiments per-
formed to measure photoemission time delays so far has only measured relative time
delays. For atomic ionization, we can often use two partial-wave channels to describe the
scattering potential results. However, for molecular ionization, the anisotropic character
of the potential means that more partial waves are required to depict the photoelectron
wavepacket due to the nature of the complexity of the molecules [136]. The phase shift is
also related to the spatial properties and energy-based geometry of the molecular system.

4.3.1 The Coulombic Time Delays

The detailed introduction of the Coulomb time delays can be found in Refs. [142,143]. As
discussed above, the EWS time delay is the energy variation of the partial-wave scattering
phase shift at short-range potential. However, during the photoemission, the outgoing
electron is exposed to the long-range Coulomb interaction4. Now, let us consider the
long-range Coulomb interaction on the phase distortion. As shown in Refs. [142–144],
the energy and position dependent phase of the whole Coulomb wave is given by

φ(E, l,r) = σl(E)+
Ze f f

p
ln[2pr], (4.14)

where l is the partial wave, Ze f f is the effective core charge, p =
√

2E is the asymptotic
momentum and σl(E) = argΓ[1 + l − iZe f f /p] is the r-independent term which is the
Coulomb analogue to the phase shift in scattering theory. Then, the time delay to the
Coulomb-phase by the energy derivative:

tc(E, l,r) =
∂

∂E
φ(E, l,r) = tEWS(E, l)+∆tc(E,r). (4.15)

The r-independent term tEWS(E, l) = ∂

∂E σl(E) is the Coulomb time shift analogue of the
EWS time delay which depends on the initial state [132]. While the r-dependent term is
expressed as

∆tc(E,r) =
Ze f f

(2E)
3
2

(
1− ln

[
2
√

2Er
])

. (4.16)

The term ∆tc(E,r) is a Coulomb distortion which depends only on the energy E of the
electron and the strength of the Coulomb field. However, it is independent of the partial
wave l or the initial state. The Coulomb-induced time shift ∆tc is a crucial parameter in
atomic photoemission. And the lucky thing is that we can use the analytical expressions
to describe this time shift.

4Most of the following content from Ref. [132] supplemental material.
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4.3.2 Measurement-Induced Time Shift

The EWS time delay is not directly accessible in streaking measurements. At some point,
the influence of the probe electric field should be taken into consideration of the time shifts
we measure. In the present section, the measurement induced time-shift is discussed5.

The final momentum p f (τ) of an electron with the initial momentum pi(τ) in the vicinity
of the core and which reaches the continuum at position r(τ)≈ 0, is given by

p f (τ) = pi(τ)+
∫

∞

τ

F [Ec(r(t)),Ep(t)]dt. (4.17)

F [Ec(r(t)),Ep(t)] is the force that results from the interaction between Coulomb field
Ec(r(t)) and probe field Ep(t). If the momentum of the electron is only perturbed by the
probe field, namely, the term Ec(r(t)) = 0, then the Eq. 4.17 reduces to the Eq. 4.3. Now,
let us consider the final momentum at the time τ including the influence the probe electric
field Ep(t):

p f (τ) = p0− eA(τ)+
∫

∞

τ

{
F [Ec(r(t)),Ep(t)]−Fc [Ec(r(t)),0]−Fp [0,Ep(t)]

}
dt,

(4.18)

where p0 is the asymptotic momentum of the photoelectron.

From the above discussion, we get the final measurement time shift which includes the
Coulomb-laser coupling (CLC). If we Taylor expand the integral term in Eq. 4.18:∫

∞

τ

{
F [Ec(r(t)),Ep(t)]−Fc [Ec(r(t)),0]−Fp [0,Ep(t)]

}
dt ≈ ξ (E,Z,ωp)Ep(τ), (4.19)

where ξ (E,Z,ωp) is constant that depends on the kinetic energy E of the emitted elec-
tron, the ionic charge Z, the frequency ωp of the probe field. However, ξ (E,Z,ωp) is
independent of the field strength of the probe field. Consequently, in the absence of any
intrinsic delay, we obtain the final momentum of the emitted electron by including the
Coulomb-laser coupling:

p f (τ) = p0−αA(τ + tclc) (4.20)

with a field strength independent time shift tclc

tclc =
1

ωp
tan−1

ξ (E,Z,ωp) (4.21)

and a field strength parameter α

α =
eEp

ωp

√
1+ξ (E,Z,ωp)2. (4.22)

Up to now, the total time delays of the photoemission include two parts: one is the intrinsic
EWS time delay, and the other is the CLC time delay:

ttot = tEWS + tclc. (4.23)
5Most of the content is compiled from [124, 131, 142]
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According to the analytical expressions given by [142] and Eq. 4.16, the measurement-
induced time shifts that arise from Coulomb-laser coupling is

tclc(E,ωp) =
Z

(2E)3/2

(
1− ln[2k2t0]

)
≈ Z

(2E)3/2

(
1− ln

[
0.37E
2πωp

])
, (4.24)

where ωp is the frequency of the probe laser field, t0 is a fit parameter which is related to
the numerical simulation of classical trajectory [145].

If the effective core charge Z = 1 and the probe laser is the THz pulse, then we obtain

tclc(E)≈−
1

E3/2

(
ln
[

0.37
2πE
ωTHz

]
−1
)
. (4.25)

In order to understand the measurement induced time shift, many analytical formulas are
proposed. For instance, the analytical expression proposed in Ref. [146]:

tclc(E) =−
1

E3/2

(
ln
[

4E
ωTHz

]
− γE +

πωTHz

6E

)
, (4.26)

where γE is the Euler parameter6. Or, the other analytical expression given by Ref. [147]

tclc(E) =−
1

E3/2

(
ln
[

4E
ωTHz

]
− γE−1+

3πωTHz

4(2E)3/2

)
. (4.27)

From the above discussion, the formulas of Eq. 4.25, 4.26 and 4.27 have all similar ex-
pression like:

tclc(E,ωT Hz) ∝− 1
E3/2 (ln

E
ωT Hz

+ const.). (4.28)

The only difference in the above three formulas is that the factors are different. The
Coulomb-laser coupling time shift tclc depends on the energy of the ejected electron and
the wavelength of the probe field λ .

In the past, the Attosecond metrology is used to measure time delays in atomic photoe-
mission. The difference of the present experiment compared with the past experiments
is that we used a long wavelength probe field instead of a NIR laser field. In the follow-
ing, the measurement induced time delay is studied in the present THz electric field. The
discussion below will focus on the analytic formulas proposed in Ref. [131] for the mea-
surement induced time shift. Within the temporal resolution of the present experiment
(∼1 fs), in the presence of time shift tclc, the streaked momentum is given by

p f (t + tclc(E)) = pi− eA(t + tclc(E)), (4.29)

where tclc(E) is the measurement induced time shift.

In the Fig. 4.6 (a), the time-dependent low-energetic electron momentum is shown.
Fig. 4.6 (b) shows the time-dependent momenta shifts of the high kinetic energy photo-
electrons (fast photoelectrons) and low kinetic energy photoelectrons (slow photoelec-
trons). The purple dots and violet triangles are from the experimental measurement.

6Euler constant γE = 0.57721
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Since we adopted an average momenta method to calculate the center position of each
traces, thus the amplitude of the temporal profile of the low energetic photoelectrons mo-
menta is smaller than the high kinetic energy photoelectrons. If we zoom in the delay of
Fig. 4.6 (b), a time shift between the purple-arrow and violet-arrow can be observed. By
tracing all the low-energetic electrons (px ≤ ± 0.4 a.u. and −0.35 < py/z < +0.35a.u
momentum slice) after the XUV radiation, the relative time shift is 23.9± 6.4 fs, it means
the collective release times of the low-energetic electrons are late with respect to the first
emitted photoelectrons. The low-energetic electrons with the maximum kinetic energy
of 4 eV. The time shift can be best described as coming from the THz probing field in-
duced time delay as for the EWS time delay is far less than the temporal resolution of the
experiment (∼ 1 fs).
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Figure 4.6: (a) Time-dependent momentum distribution of the low-energetic photoelec-
trons. We only selected the photoelectrons under the condition−0.35< py/z <+0.35a.u.
(b) The momentum shift ∆px as a function of time delay for the high kinetic energy (High
KE) photoelectrons (purple dots) and low kinetic energy (Low KE) photoelectrons (violet
triangles). For the fitting, the frequency of the THz pulse is fixed. (c) Zoom in the delay of
(b) ranging from 300 fs to 400 fs. The time shift between the low-energetic photoelectrons
and fast photoelectrons is τ = 23.9±6.4 fs.

In Eq. 4.28, the probe field induced time shift is related to its energy of the electron and
the frequency of the electric field. As reported in Ref. [143], the photoionization time
delay induced by an NIR laser field (λIR = 800 nm, ωIR = 0.057 a.u.) tclc = 30 as at the
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energy of 30 eV. In our experiment, the wavelength of the THz pulse is 154 µm, and the
frequency is ωT Hz = 2.96× 10−4 a.u. In this case, with the scale rule described in the
above equations (Eq. 4.28), we obtain the time shift of low-energetic photoelectrons at
the energy of 0.4 eV of 26 fs, which is in good agreement with the present experiment.
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Figure 4.7: Time shift of the low energetic electrons with respect to the first emitted
photoelectrons as a function of the mean energy of streaked photoelectrons. The time
shifts are fitted by Eq. 4.30.

Moreover, as mentioned above, the time shift tclc is pronounced for low-energetic photo-
electrons. In the present experiment, due to the limitation of our spectrometer, it is tough
to resolve the low-energetic photoelectrons. However, we can use the kinetic energy of
the photoelectrons to select the photoelectrons with specific kinetic energy by adding a
condition on its momentum selection. In this way, we can "tune" the mean energy of
the streaked photoelectrons by selecting electrons that are less or more energetic [131].
In Fig. 4.7, the energy-dependent time shifts are shown. The lower energetic electrons
gained more time shifts compared with the first emitted photoelectron.

As mentioned above, this time shift can be described by using the Eq. 4.28. Thus, we
use the following equation to fit the measured energy-dependent time shifts of the low-
energetic photoelectrons:

t f it
clc(E,λ ) =−

a

2E3/2 [ ln(b ·E)+ c], (4.30)

where a, b, and c are the fit parameters. The additional Coulomb laser coupling time de-
lays ∆tclc is an essential parameter in atomic and molecular photoemission. The absolute
CLC time shift depends on the energy of the ejected electron and frequency of the probe
field, therefore, the smaller the energy of the electron, the more significant the time shift.
We measured this energy-dependent time shift up to 60 fs in the photoemission of the
low-energetic photoelectrons and the first emitted photoelectrons.

For the more complex molecular O2 compared to Neon [124], the production of the low-
energetic electrons may come from shake-up and autoionization processes [12]. Since a
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single 60 eV XUV photon is sufficient to populate O2 to highly excited states and at the
same time excited the other electron to an excited state. Besides, the autoionization pro-
cesses in this molecular system resulted in the production of the low-energetic electrons
(typically less than 3 eV) [48]. Therefore, it is a challenge to separate all those electrons
by kinetic energies. In this section, we only focus on the energy-dependent time shifts
without further discussion. For more details, please read the discussion in Chapter 5.

4.4 Conclusion

In summary, in the first place, we introduced the THz streaking working principle. In
the experiment, employing the REMI and SD setup, the momentum distribution of the
photoelectrons as a function of the time delay of the XUV laser pulse and the THz pulse
was obtained. From the selected momentum traces of the "fast" photoelectrons emitted
along the polarization of the THz pulse, we characterized the basic experimental parame-
ters of the THz pulse. The essential aspect of THz streaking is that from the time shift of
temporal profiles of momenta traces of two different photoelectrons, the information can
be interpreted regarding photoemission steps or the lifetimes of autoionization processes
in O2. Second, the theoretical descriptions of photoemission and Coulomb-laser coupling
time delays are given. Considering the long wavelength of the THz radiation delivered at
FLASH, the Coulomb-laser-coupling time shift τ = 23.9±6.4 fs is an essential parame-
ter for us to treat and analyze the phase shifts between the low-energetic photoelectrons
and the first emitted photoelectrons. In the end, from the energy-dependent time shifts of
the low-energetic photoelectrons, we can extend the present THz streaking technique to
explore the field-induced time shifts up to 60 fs. In the future, the present experimental
results can be used to disentangle the EWS and CLC time shift in Attosecond streaking
experiments.



Chapter 5

XUV-Pump/THz-Probe Experiments on
Oxygen

The interaction of XUV radiation with small molecules leading to the population of highly
excited states that evolves on femtosecond time scales has attracted considerable theoret-
ical and experimental interest in the past [12, 126, 148]. For molecules, autoionization
of the highly excited states is an important electronic many-body problem. The under-
standing of the formation and relaxation of inner-valence excited states is essential for the
theory of the ultrafast correlated electronic dynamics with X-rays.

With an XUV-pump/THz-probe experimental scheme, the dissociation and relaxation dy-
namics of highly excited states in O2 created by exposure to 60 eV XUV photons has
been investigated using a REMI at FLASH. The subsequent autoionization process of a
highly excited cation state has been traced and mapped using the so-called THz streaking
technique [106]. The THz streaking principle has been introduced in Sec. 4.1. By tracing
the emission of different types of photoelectrons, the ultrafast relaxation dynamics is di-
rectly recorded by the coherent intense THz electric field. The relative time shift between
different types of photoelectrons was analyzed with respect to photoemission time delays
or lifetimes of autoionization. The photoemission time delays can be found in Sec. 4.3.

In this chapter, the photoionization and autoionization processes in O2 are discussed.
First, the experimental setup of the XUV-pump/THz-probe experiment is introduced in
Sec. 5.1. With a kinematically complete measurement, the emitted photoelectrons are
streaked by the simultaneously acting THz electric field and they are detected in coinci-
dence with the emerging ion(s). The detailed characterization of the THz pulse delivered
by the FLASH facility can be found in Sec. 4.2. The long-wavelength THz pulse is prop-
erly adopted to trace the release times of the first emitted photoelectron and the secondary
autoionization photoelectron. Second, in Sec. 5.2, the single XUV-photon ionization of
O2 is presented. Several dissociation channels are traced which is helpful to disentangle
the direct ionization process and autoionization process. In Sec. 5.3, the atomic autoion-
ization in molecular oxygen is discussed. Atomic autoionization is the dominant process
in dissociative ionization of O2. As already mentioned before, the autoionization process
in the molecular system can be found in Sec. 2.6. In the end, in Sec. 5.4, the experimental
result of THz streaking of the autoionizing excited cation state 4Σ−g is given.
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5.1 XUV-Pump/THz-Probe Setup

The THz streaking experiment was performed at FLASH using the FEL beamline BL3 in
combination with synchronized Terahertz (THz) radiation [103]. Since the XUV and THz
pulses are produced by the same electron bunch, they are intrinsically synchronized. FEL
pulses with 60 ± 0.5 eV photons were delivered at a pulse repetition rate of 10 Hz with
80 minibuches and the intensity was 1010 W/cm2. As shown in Fig. 5.1, the FEL beam
utilized a back-reflection split-mirror focused onto the supersonic gas jet containing O2
molecules. Meanwhile, the THz beam from the experimental hutch was focused by mul-
tiple lenses and deflected by 90◦ with a perforated mirror and overlapped collinearly with
the focused FEL beam at the center of the interaction chamber. The produced ions and
electrons were guided by a homogenous electric and magnetic field (E = 15.8 V/cm and
B = 14.8 Gauss, respectively) towards the time- and position-sensitive MCPs (diameter
120 mm for ions and 80 mm for electrons) with delay-line readout [23]. A triple coin-
cidence condition requiring detection of two ions and one electron was used during data
acquisition in order to disentangle different channels. The focused THz light beam peak
intensity was estimated up to 107 W/cm2. The relative arrival time of the XUV pulse to
the THz pulse can be adjusted by changing the split-mirror optics position. By adjusting
the time delays of the XUV and THz pulses, we can perform the XUV-pump/THz-probe
experiment. In the experiment, the total time delay is about 1 ps, roughly equal to two
cycles of the THz pulse.

Figure 5.1: Schematic display of the experimental setup of the THz streaking experiments.
The unfocused XUV beam from BL3 is guided through the interaction chamber onto a
multilayer mirror of the SD optics, that focuses the beam into the O2 target. The long
focal length of the XUV beam is required to account for the additional path of ∼7 m
the THz is traveling with respect to the XUV pulse [131]. The THz beam is collinearly
overlapped with the XUV beam using a 3.0◦ polished copper mirror with a hole in the
center through which the back reflection focused XUV beam can pass. Figure is taken
from Ref. [124].

5.2 Single XUV Photon Ionization of O2

The photoionization of O2 has been explored in utmost detail in the past by using different
light sources, e.g., synchrotron radiation, FELs, HHG, and NIR optical lasers [11, 48,
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49, 149–151]. Dissociative photoionization of this molecule can result in the creation
of fragments with various kinetic energies. By tracing the kinetic energies of the ionic
fragments, the mechanisms of the dissociation processes can be understood.

The purpose of this experiment is to measure the time delays of different types of photo-
electrons. We intend to measure the relative time delay between the first emitted photo-
electron and the secondary autoionization electron. In this case, we attenuated the FEL
light intensity to ensure the single XUV-photon absorption is the dominant process. We
focus on how the molecular response after absorption of one XUV photon. In the first
place, we have to distinguish the photoelectrons coming from either the direct ionization
process or the autoionization process. Thus, the simultaneously acting THz-electric-field
was used to monitor and disentangle the "fast" photoelectron and the "slow" autoioniza-
tion photoelectron.

The photon energy is 60 eV which means that a single photon can singly or doubly ionize
the molecule. Thus, first of all, we have to identify each dissociation channel. The single
ionization O2+ h̄ω(XUV )→ O2

++e− and double ionization O2+ h̄ω(XUV )→ O2
2++

2e− are style. In the following, the assignment of each dissociation process is presented.

5.2.1 Single Ionization

The ionization threshold of single ionization of O2 is 12.07 eV [152]. Single ionization of
O2 is observed in the experiment. In the following, the single ionization process is studied
by tracing kinetic energies of the ions, thus the final dissociative states can be identified.

0 1 2 3 4 5 6 7 8 9 1 0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5

4 0 0 0

5 0 0 0

Int
en

sity
 (c

ou
nts

)

K i n e t i c  e n e r g y  ( e V )
Figure 5.2: Kinetic energy distribution of non-coincident O+ fragments observed with
photon energy at 60 eV.



68 XUV-PUMP/THZ-PROBE EXPERIMENTS ON OXYGEN

In Fig. 5.2, the kinetic energy spectrum for O+ ions is shown. The zero-kinetic energy
ionic fragments (6 0.5 eV) indicate that the dissociation takes place near the dissocia-
tion limit. Thus, the zero-kinetic energy O+ ions could come from the predissociation of
the b4Σ−g via f 4Πg and d4Σ+

u ionic states to the first dissociation limit O+(4S) + O(3P)
at 18.73 eV. Alternatively, the zero-kinetic energy ions may come from the direct ion-
ization of a4Πu and A2Πu states. According to and in excellent agreement with previ-
ous works [46], two main dissociative states 32Πu and B2Σ−g can be attributed to the
kinetic energy spectrum of O+ peaked at about 0.4 eV and 0.8 eV, respectively. The re-
lated potential energy curves of O+

2 ion are shown in Fig. 5.3 (a). The kinetic energy of
O+ ions peaked at 1.96 eV and 2.93 eV are identified from the predissociation of state
O+

2 (C
4
Σ−u ) which dissociated into the limits O+(4S) + O(1D) (20.70 eV) and O+(4S) +

O(3P) (18.73 eV), respectively [46, 151]. Meanwhile, a single XUV photon also pumped
O2 to the highly excited states, e.g. 32Σ−g and 52Σ−g which dissociated into different dis-
sociation limits with higher kinetic energy of about 4-6 eV [150, 153].
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Figure 5.3: Potential energy curves of (a) O+
2 and of (b) O2+

2 molecular ion. The Frank-
Condon regime centered at 1.21 Å (vertical shaded band) is sketched. Potential energy
curves are adapted from Refs. [46, 154].

5.2.2 Double Ionization

Since the XUV photon energy is higher than the double ionization threshold (36.13 eV)
[48], so the double ionization has to be taken into account. The assignment of double
ionization is discussed as follows. Here, we only focus on the final states which resulted



5.2 SINGLE XUV PHOTON IONIZATION OF O2 69

in the production of the singly charged ion pairs. In the Frank-Condon region, the neu-
tral molecule is pumped to many dication states and these states underwent dissociation
rapidly to different dissociation limits. KER peaks above ca. 7 eV are indicative of the
direct population of O2+

2 states. The arrows in Fig. 5.4 labeled a-e can be assigned to
the direct population of the O2+

2 W3∆u, B3Σ−u , 11Σ−u , B3Πg and 11Πg states [51, 154].
The electronic states and final states are listed in Table 5.1. The dissociative states have
the feature that two outer-valence electrons are kicked out during photoionization. We
assume there is no time delay between the two emitted photoelectrons from direct double
ionization at least within the temporal resolution of the present experiment.
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Figure 5.4: Kinetic energy release spectrum for O+ - O+.

Table 5.1: Electronic states and KER of the dissociative states O2+
2 molecular ion. The

ground state configuration of the neutral O2 is 1σ2
g 1σ2

u 2σ2
g 2σ2

u 3σ2
g 1π4

u 1π2
g . Adapted

from [51, 154].

Figure 5.4 State Major configuration KER (eV) Final state

a W3∆u (1πu)
−1(1πg)

−1 7.2 O+(4S) + O+(2D)
b B3Σ−u (1πu)

−1(1πg)
−1 8.5 O+(4S) + O+(2D)

c 11Σ−u (1πu)
−1(1πg)

−1 9.6 O+(4S) + O+(2D)
d B3Πg (3σg)

−1(1πg)
−1 11.1 O+(4S) + O+(4S)

e 11Πg (3σg)
−1(1πg)

−1 12.5 O+(4S) + O+(4S)

In summary, the single- and double-ionization processes of O2 after absorption of an
XUV-photon are presented. The detailed dissociation processes are not covered in this
chapter. By tracing the direct single and double ionization of O2 is helpful to identify and
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disentangle the direct ionization and autoionization process. Furthermore, the molecular
ions at low kinetic energy may come from the autoionization processes.

5.3 Atomic Autoionization in Molecular Oxygen

A 60 eV XUV-photon ionizes the molecule O2 and creating an inner-valence vacancy.
Autoionization of these states with an inner-valence vacancy is commonly energetically
forbidden in the case of individual atoms. However, the molecular environment plays a
role which enable the autoionization energetically allowed in molecules [14]. Feifel et
al. performed a high-resolution photoelectron-photoelectron coincidence study of inner-
valence ionized O2 and pointed out that the autoionization in molecular oxygen is ener-
getically forbidden at a short nuclear distance and only takes place at large internuclear
separations [48].

Figure 5.5: Secondary electron kinetic energy spectrum in high-resolution coincident elec-
tron studies of the O+∗

2 autoionization mechanism. The peaks labeled "A1"-"A11" corre-
spond to different atomic autoionization processes. Figure is taken from [48].

The basic two-step reaction pathway can be assigned to this autoionization process: O2
+ h̄ωXUV → O+∗

2 + e−1 , subsequently, the autoionization of excited atomic oxygen hap-
pened, namely, O+∗

2 → O++O++ e−2 . e−1 and e−2 are the first emitted photoelectron and
secondary autoionization electron, respectively. It is an indirect double ionization process
in molecular oxygen. The main feature of this decay is that the atomic-like autoionization
exists in the autoionizing process of the molecular ions. During the nuclear motion, the
excited molecular ion O+∗

2 would decay to O2+
2 dissociation limits. Because it takes some

time for the excited molecular ion to reach the stable state, thus, in temporal properties
of the two photoelectrons were recorded by THz streaking technique. From the release
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times of the first emitted photoelectron and the secondary photoelectron, the lifetimes of
the autoionization can be extracted by mapping the temporal profiles of momentum or
energies of the photoelectrons in the THz electric field.

In previous studies on photoionization of O2, the atomic autoionization process is fre-
quently observed [11,48,155,156]. The atomic-like autoionization process can be treated
as O∗ → O++ e−. Therefore, the kinetic energy of the secondary photoelectron has a
fixed value. At large internuclear distance, the coupling between the excited atomic oxy-
gen and the atomic ion is small, at some point, we can treat the molecular ion just like
an individual atom or ion. As mentioned by Feifel, the indirect-double ionization is the
main relaxation process in molecular oxygen. Specifically, the producing O+∗

2 state will
undergo an autoionization some time later. The assignment of the low-energetic autoion-
ization electrons can be found in Fig. 5.5, and the final dissociation states are listed in
Table. 5.2.

Table 5.2: Energies and assignments of the atomic autoionization lines shown in Fig. 5.5.
Table adapted from [48].

Label Electron energy (eV) Excited states→ O+(4S) Excited states→ O+(2D)

A1 0.425 3p′(3D)
A2 0.495 3p′(3F), 3s′′(3P)
A3 0.754 3s′′(1P) 5s′′(3,1P)
A4 0.840 3p′(1D) 4d′′(3,1P, 3,1D)
A5 1.685 3d′(3P)
A6 1.785 3d′(3,1G, 3,1F, 3S)
A7 1.977 4p′(3D)
A8 2.13 3p′′(3P)
A9 2.33 3p′′(1D)
A10 2.48 4d′(3,1G, 3,1F, 3D, 3P)
A11 2.78 5d′(3,1G, 3,1F, 3D, 3P)

Due to the limited resolution of our spectrometer, it is difficult to resolve the subtle excited
states from our kinetic energy spectrum of the photoelectron. However, the atomic-like
electron spectra provided by Feifel are helpful for us to trace the autoionizing states and
final dissociation states.

5.4 THz Streaking the Dynamics of Autoionizing State of
O+∗

2

With a kinematically complete measurement, the emitted photoelectrons are streaked by
the simultaneously acting THz-electric-field and they are detected in coincidence with the
emerging ion(s) [126]. Both, the photoelectron as well as the secondary electron from the
autoionization process, are exposed to the streaking field [105]. This leads to a momen-
tum or energy shift that allows determining the moment of autoionization. Thus, the time
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shift between the streaking traces of the photoelectron and the secondary electron carries
information about the autoionization lifetime [126]. In this section, we experimentally in-
vestigated an autoionization process of the highly excited cation state 4Σ−g (2sσ−1

g ) which
is populated after the absorption of one XUV-photon. By tracing the kinetic energy of
ions and photoelectrons, we identified the formation of the excited cation state 4Σ−g and
its relaxation pathway. Besides, we have measured the lifetime of this autoionizing cation
state.

5.4.1 Assignment of Cation States

As discussed above, the single XUV-photon ionization is the dominant process in this
experiment. The ionic fragments with higher KERs have already been summarized in
Sec. 5.2. However, the low-energetic ionic fragments and photoelectrons have not been
discussed. As discussed above, atomic autoionization is the primary relaxation process
for molecular oxygen. It means that the autoionization can be found by tracing the kinetic
energy of the ions or photoelectrons. In the present section, we focus on the autoionization
process associated with the production of 2 eV O+ ions as depicted in Fig. 5.2 1.

First of all, we have to identify and disentangle which channel can produce the 2 eV O+

ions. There are two approaches to identify detailed channels. One is to trace the kinetic
energy of the ions, and the other is to trace the kinetic energy of photoelectrons. Now, let
us talk about the first approach. By tracing the kinetic energy of the ions, according to
previous works [151, 155], there are two cation states fragmentation processes can result
in the production of the 2 eV kinetic energy ions. In Fig. 5.6 (a), the relative intensities of
cation states C4Σ−u and 4Σ−g are shown. The ions mainly come from the excited state 4Σ−g .

As the second approach, in Fig. 5.6 (c), the double coincidence correlation plot is shown.
The ions kinetic energy versus the electrons kinetic energy correlation is presented. Both
the single ionization and indirect double ionization are included. If we project the kinetic
energy of photoelectron on the y-axis, then we obtain the photoelectron kinetic energy
spectrum in Fig. 5.6 (b). Both cation states are labeled. The binding energy of C4Σ−u
state is 24.6 eV [150], so the first emitted photoelectron kinetic energy is 35.4 eV. The
kinetic energy of electrons below 27.65 eV come from the double ionization process. As
reported in Refs. [48, 49], the binding energy of state 4Σ−g is 38.7 eV and corresponding
the first emitted photoelectron kinetic energy is 21.3 eV. In Fig. 5.6 (b), the second peak
is centered at 21.3 ± 0.2 eV. Therefore, we confirmed the second peak photoelectron
mainly comes from the state 4Σ−g . After the removal of an inner-valence 2σg electron
which producing several excited states with varying amounts of valence character [49].
For instance, according to Ref. [153], the highly excited state 54Σ−g binding energy in the
range 36.25 - 42 eV corresponds to the kinetic energy of the first photoelectron is 18 -
23.75 eV. For simplicity, in the chapter, we still use 4Σ−g to represent the highly excited
states which were measured in our experiment.

After the assignment of the cation states, we intend to find the creation of the excited
cation states and its relaxation pathways. In Fig. 5.7, the potential energy curves of O+

2

1We have already checked there is no time shift of the photoelectrons from the rest dissociative channels,
at least within the error bar.
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Figure 5.6: (a) The ion spectrum for cation states C4Σ−u and 4Σ−g , respectively. The data
was taken from [155]. (b) The photoelectron energy spectrum is associated with the
production of the 2 eV ions. The electrons within 3 eV mainly come from autoionization
processes [48]. (c) O+ recoil kinetic energy vs electron kinetic energy when illuminated
by XUV radiation. We only selected the photoelectrons emitted along the polarization of
XUV pulse within a small angle (see Chapter 4).

and O2+
2 molecular ions are shown for both, short and large internuclear distances. The

state C4Σ−u dissociates into O+(4S) + O(1D) at 20.7 eV. It is a direct single ionization
process and we will not go into detail in this section.

In contrast, a 60 eV XUV photon also pumps the molecule to the inner-valence excited
state O+∗

2 (4Σ−g ), then the first photoelectron e1 emitted, subsequently, this excited state
undergoes an autoionization by emitting the secondary low-energetic electron e2. Within
the Franck-Condon region around 1.2 Å, the highly excited state 4Σ−g is above the ground
state X1Σ+

g of O2+
2 . Around 39 eV excited states involve a 2σg vacancy which will further

autoionize to the different dissociation limits. The highly excited states exhibit strong
configuration mixing and numerous potential energy curves crossing [49]. As shown
in Fig. 5.7, the excited state 4Σ−g crosses the ground dication state X1Σ+

g twice. One
is at a short internuclear distance, and the other is at large internuclear distance. The
main electronic configuration of the excited state is O∗(. . .2s22p3[2D0]3p1,3 D)/O+(4S).
Within a short internuclear distance, autoionization is closed because of the decay from
the 2s22p3[2D0]3p1 3D state of O∗ to the excited state 2s22p3[2D0] of O+ is energetically
forbidden [12]. Only the autoionization will take place at large internuclear separation.
Thus, the potential energy curve of 4Σ−g will cross the potential energy curve of the lowest
dication state at the critical distance Rc. At the crossing point, the excited state 4Σ−g can
autoionize into the O+(4S)/O+(4S) limit by ejecting the secondary photoelectron [49].
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To summarize, we have identified and disentangled the production of 2 eV ions mainly
come from the autoionizing excited cation state 4Σ−g .
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Figure 5.7: (a) The black potential energy curves of O2+
2 and the magenta solid line is

the excited cation state C4Σ−u potential energy curve. The red-solid line is the calculated
potential energy curve corresponding to the state O+∗

2 (4Σ−g ) [49]. The violet arrow stands
for a 60 eV XUV photon. (b) Potential energy curves of each dissociation limits and
the excited state 4Σ−g are shown for large internuclear distances. The crossing point of au-
toionizing state O+∗

2 (4Σ−g ) with the dissociation limit O+(4S) + O+(4S) is at Rc. Potential
energy curves are adapted from Refs. [49, 154].

5.4.2 Lifetime of Autoionizing Cation State 4Σ−g

The lifetime of the autoionizing cation states is predicted to be within 300 fs [12]. Thus,
THz-streaking with a temporal resolution of 1 fs can be used to measure the lifetime of
autoionization. In the following, the determination of the lifetime of the excited state 4Σ−g
by THz streaking technique is discussed. We can directly measure the relative time shift
between the streaking traces of the "fast" photoelectron and autoionization electron in the
time axis. The extraction of the lifetime of the highly excited state 4Σ−g is discussed as
follows.

In the previous section, the assignment of cation states which resulted in the production of
2 eV ions (or KER = 4 eV) was presented, and we only discussed the high kinetic energy
photoelectrons. Here, we begin to discuss the low energetic autoionization electrons from
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the excited state 4Σ−g . At large internuclear distances, because of the coupling between
the separated O+ and O∗ is small, the atomic autoionization process takes place.
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Figure 5.8: The autoionizing excited state 4Σ−g relaxation process streaked by the THz
electric field. (a) Time-dependent momentum distribution with the condition of ions with
kinetic energy at 2 eV. (b, c) The time-dependent momentum shifts for the "fast" photo-
electrons and the "slow" low-energetic autoionization electron, respectively. A Fourier
series of triangle function is used to fit both streaking traces. The relative time shift be-
tween the fast photoelectrons and slow electrons is τ = 102 ± 30 fs.

In Fig. 5.6 (c), the low-energetic electrons kinetic energy is centered at 0.5 eV, thus the
beginning of autoionization of the state 4Σ−g is about 0.5 eV above the dissociation limit
O+(4S)/O+(4S) at 32.352 eV. Therefore, the crossing point Rc is at the internuclear dis-
tance where the excited state potential energy curve crosses the ground state dissociation
limit at 32.852 eV. In Fig. 5.7, the critical distance Rc is around 30 Å. The value of the
critical nuclear distance Rc is related to the kinetic energy of the secondary autoionization
electron. A simple estimation is Rc = 27.2112/Ekin(e2), where Ekin(e2) is the kinetic en-
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ergy of the electron. The secondary electron from the atomic-like autoionization kinetic
energy spectrum is shown in Fig. 5.5. Since the center of low-energetic autoionization
electrons in Fig. 5.6 (c) is about 0.5 eV, therefore, their autoionization electrons mainly
come from the "A1" and "A2" process described in Fig. 5.5 [49,149]. The corresponding
autoionization pathways can be found in Table 5.2.

Now, let us discuss the THz streaking experimental results of the autoionizing cation state
4Σ−g . In Fig. 5.8 (a), the time-dependent momentum distribution of the photoelectrons
with the condition of the ions at 2 eV is shown. We selected the low-energetic photo-
electrons with a small emission angle with respect to the polarization of the THz pulse
(momentum slice conditions: −0.35 < py/z <+0.35a.u.). The Fourier series of triangle
functions were used to fit the streaking traces of the "fast" photoelectrons and the "slow"
autoionization electrons with the same frequency. Fig. 5.8 (b) is the time-dependent mo-
mentum shift of the "fast" photoelectrons (correspond to the THz vector potential, see
Sec.4.2). Fig. 5.8 (c) is the time-dependent momentum shift of the "slow" photoelectrons
which are labeled by red-rectangle in Fig. 5.8 (a). What we measured is the relative shift
of the two momentum traces of photoelectrons. Two arrows are used to show there is a
time shift between the first emitted photoelectron and the secondary autoionization elec-
tron. It is experimental evidence that we identify the first emitted photoelectrons and the
secondary autoionization electrons. And those autoionization electrons mainly come from
the autoionizing cation state 4Σ−g . From the fit results, we obtain the relative time shift τ

is 102± 30 fs. It means that the lifetime of autoionizing cation state 4Σ−g is determined.
In our case, with low KER of 4 eV the autoionizing cation state 4Σ−g molecular ion needs
about 102 fs to reach the crossing point Rc before the autoionization takes place. Since
we have not considered the fragmentation of the ionic fragments, what we measured is
the start point of the autoionization. From the measured kinetic energies of autoionizing
electrons2, the maximum kinetic energy is about 3 eV which corresponds to the critical
nuclear distance is 4.8 Å. Thus, the measured lifetime of 102± 30 fs is quantitatively
agreed with previous measurements by W. Cao and A.S. Sandhu [12, 49].

5.5 Conclusion

To summarize, the XUV laser pulse in combination with intrinsically synchronized THz
pulse delivered at FLASH was used to perform the XUV-pump/THz-probe experiments.
Employing a REMI and SD optics, we performed the time-resolved coincident ion and
electron spectroscopy. In this chapter, we experimentally investigated the single XUV-
photon ionization and autoionization processes of O2.

First, according to and in good agreement with previous works, the dissociation channels
were identified by tracing the kinetic energy of ionic fragments or KER distributions of the
ion pairs. Second, the basis of atomic-like autoionization dynamics in molecular oxygen
was introduced. The atomic autoionization only takes place in O2 at large internuclear
distances. Third, the dynamics of an autoionizing cation state 4Σ−g with KER of 4 eV

2As reported by W. Cao [49], the secondary autoionization electron kinetic energy E = 0.4, 0.7, and
1.6 eV which correspond to the critical distance Rc = 36, 20.6, and 9 Å, respectively.
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to the lowest dissociation limit O+(4S)/O+(4S) was studied. This highly excited cation
state was populated after an inner-vacancy was created by absorption of single 60 eV
XUV-photon. The binding energy of 4Σ−g is 38.7 eV, thus the first emitted photoelectron
has the kinetic energy of 21.3 eV which is in excellent agreement with our experimental
result. Additionally, the opening of autoionization of the state 4Σ−g to the dissociation
limit O+(4S)/O+(4S) is at the critical point Rc ≈ 30 Å. Furthermore, we have measured
the lifetime of this autoionizing cation state to be 102±30 fs by THz streaking technique.
The present work is excellent in agreement with previous works [12, 49].

To fully understand the experimental results, an advanced theoretical description and re-
fined explanation are needed due to the states mixing and coupling between electronic and
nuclear during fragmentation. In the future, we will propose to use a shorter XUV laser
pulse to resolve the electronic and nuclear motion at a very short internuclear distance
(e.g. less than 3 Å). Moreover, we will propose to use a longer wavelength and high-
intensity THz pulse to explore the complex multistep autoionization process in O2 or the
similar molecular systems to exact the detailed relaxation path. Such an experiment could
be carried out at European XFEL or upgraded FLASH 2 [22, 32]. Furthermore, high-
resolution electron spectroscopy is called to resolve the peaks of low-energetic electrons,
which is used to determine the lifetimes of each autoionization processes.
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Chapter 6

IR-assisted XUV Multiphoton
Ionization of Nitrogen

Experiments on ultrafast photoionization and fragmentation of atoms and molecules
which are irradiated by XUV and NIR radiation are essential to understanding ionization
mechanisms and the process of dissociation [25, 83, 157, 158]. Moreover, the develop-
ment of FELs and pump-probe techniques allow us to directly map the fragmentation and
subsequent reaction in real time and space [53, 159]. The molecular dynamics which is
induced by different light sources are essential not only for understanding the light-matter
interaction but also for practical application in astrophysics and plasma physics [160,161].

A simple molecule such as N2 is one of the most important atmospheric gas species with a
diatomic structure which has been studied considerably in recent years [162–165]. Few-
photon multiple ionization (MPI) of N2 by XUV radiation (44 eV photons) at FLASH
was reported [86], and the sequential ionization was pointed out as the dominant process
for molecules in the XUV regime. IR-assisted XUV ionization experiments of atoms and
molecules were performed and the ultrafast fragmentation and electron shake-up process
were observed [28, 100, 166, 167]. The multielectron dissociation ionization of molecu-
lar systems in intense laser pulses is a fundamental subject of interest as it allows us to
understand the laser-driven molecular dynamics better.

In Chapter 2, the basic theoretical description of molecular photoionization, and mecha-
nisms of sequential-ionization and non-sequential-ionization were introduced. Addition-
ally, the fragment ion angular distribution (FIAD) method is introduced to analyze the
emission of fragments after photoionization. In this chapter, the IR-assisted XUV multi-
photon ionization experiments on N2 will be presented. In order to understand the exper-
imental results comprehensibly, the chapter is divided into four parts. First, the XUV-IR
pump-probe experimental setup is introduced in Sec. 6.1. Second, the multiple ionization
and dissociation of N2 in NIR laser field (Sec. 6.2) and XUV laser field (Sec. 6.3) are
presented. After that, the XUV-IR pump-probe results are presented in Sec. 6.4. For the
aligned Nn+

2 ions created by sequential absorption of XUV photons and further excited or
ionized them by a delayed NIR laser pulse. The transition pathways can be traced via the
KER and angular distribution of ionic fragments. In the end, a summary is given.
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6.1 XUV-IR Pump-Probe Setup

In Fig. 6.1, the experimental setup of IR-assisted XUV multiphoton ionization of N2 at
FLASH is shown. A fluorescence screen (1×1 cm2) was used to find the spatial overlap
of the FEL and NIR laser beams [55]. A CCD camera images the fluorescence induced
by the XUV or the NIR light, and the shift and shape of focused beams can be observed
by a Ce:YAG crystal. For the temporal overlap of the FEL pulse and NIR laser pulse, we
used the ionization signal of molecular Hydrogen to find the zero point of the two pulses.
In order to receive the shot-to-shot FEL pulse energy, a copper plate was installed at the
dump side of the beamline to record the FEL light intensity. Differential pumping stages
were installed to make sure ultrahigh vacuum conditions in the interaction chamber [16].
More information on XUV-IR pump-probe experiments at FLASH can be found in Refs.
[53, 55, 99, 100].

ca . 2  m

Gas je t

Ce :YAG

Coppe r
plate

Photo-
diode

XUV

NIR

f= 4 0  cm
Fluore sce nce
scre e n

CCD
came ra Holey

mirror

Ape rature

UHV <  1 0 -1 1 mbar

Figure 6.1: Schematic illustration of the experimental setup of the experiments on N2.
Figure is taken from [55].

The FEL pulses with 28.3 ± 0.5 eV photons were delivered at a repetition rate of 10 Hz,
and a pulse length of approximately 100 fs (FWHM). The FEL beam was focused into a
supersonic gas jet containing N2 molecules. The gas was expanded through a 30 µm di-
ameter nozzle to generate a cold supersonic jet with a density of up to 1010 molecules/cm3.
The NIR laser beam with a pulse length of 350 fs was focused by lens beside the main
experimental chamber, being deflected by 90◦ with a perforated mirror and overlapping
collinearly with the FEL beam [53]. In this case, both the FEL and the NIR laser beams
overlapped in the spatial and temporal region. By means of a REMI, we detected in co-
incidence ionic fragments due to ionization by the intense FEL and NIR laser radiation.
The ionic fragments were guided by a parallel uniform electric field (47 V/cm) towards a
position- and time-sensitive MCP (diameter 120 mm) with delay-line readout [23]. With
a pump-probe experimental scheme, the time-dependent ionic fragments spectra were ob-
tained by adjusting the arrival time of the NIR laser pulse with respect to the XUV laser
pulse. The polarization direction of the NIR laser field is parallel to the spectrometer. In
contrast, the polarization direction of the XUV pulse is perpendicular to the polarization
of the NIR laser pulse.
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6.2 Molecular Nitrogen in NIR Laser Field

In this section, the photoionization and dissociation of the N2 molecule in the NIR laser
field are discussed. First, the NIR laser intensity is estimated by two approaches which are
used to explain the formation of multiply charged molecular ions. Second, the potential
energy curves (PECs) are used to depict the multielectron dissociative ionization of N2.
Finally, the angular distribution of ionic fragments is shown to illustrate the relationship
between the emission of ionic fragments and the polarization of the NIR laser field.

6.2.1 Estimation of NIR Laser Intensity

Since the photoionization process strongly depends on the field strength, the estimation
of the laser intensity in the experiment is critical in order to discriminate the different
ionization mechanisms.
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Figure 6.2: (a) Ion time-of-flight mass spectra of N2 measured at 1.55 eV NIR radiation.
The pulse duration of the NIR laser pulse is 350 fs. (b) The ratio of N2+

2 /N+
2 as a function

of the laser intensity. The data (wine circles and red stars) is taken from [168]. In low laser
intensities, the non-sequential double ionization (NSDI) is the dominant process, while in
high laser intensities, the sequential double ionization (SDI) is the dominant process.

Ratio of N2+
2 /N+

2 Ions

In Fig. 6.2, (a) the ions TOF spectra in the NIR laser field and (b) the ratio of double
ionization yield and single ionization yield as a function of NIR laser light intensity are
shown. In the course of data processing, we observed the coincident channel N+ + N+

in PiPiCo spectrum. Therefore, the NIR laser is intense enough to doubly ionize the
molecule. The counts of N2+

2 and N+
2 ions can be found in Fig. 6.2 (a), the measured

ratio of N2+
2 /N+

2 is 0.8%. According to Ref. [168], the light intensity of the NIR laser is
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estimated in the range of 5×1013 - 3×1014 W/cm2. In Fig. 6.2 (b), for the laser intensities
below 1014 W/cm2, the ratio of N2+

2 /N+
2 does not show a significant change with the

laser intensities. Therefore, the non-sequential mechanism can be used to interpret the
double ionization of N2. For laser intensities above 7×1014 W/cm2, the sequential model
is commonly be used to describe the double ionization process [168].

ADK Theory
In order to precisely estimate the NIR laser intensity, the second approach is proposed.
Similar to the Eq. 2.6 in Chapter 2, the following equation is used to describe the width
of recoil-ion momentum parallel the polarization of the NIR laser pulse:

ΓADK(p||) = A · exp

(
−(p||− p0)

2 ω2(2Ip)
3/2

3I3/2

)
, (6.1)

where A is amplitude, p|| momentum along laser polarization, p0 central momentum, ω

laser frequency, ionization potential Ip and laser intensity I.

Considering the single ionization of the molecule N2:

N2
IR−→ N2

++ e−. (6.2)

The NIR laser pulse is center wavelength at 800 nm with a pulse length of 350 fs, and the
corresponding laser frequency ω = 0.057a.u. The ionization energy Ip of N2 is 0.5728
a.u. Using the Eq. 6.1 to fit the momentum of N+

2 ions along the polarization. The fit
result is shown in Fig. 6.3.
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Figure 6.3: Momentum distribution p|| of N+

2 ions. The polarization of the NIR laser is
along the horizontal axis.

From the fit results, the NIR laser intensity is estimated to be (2.56±0.50)×1014 W/cm2.
We compared our present estimation with the experimental results analyzed by Georg
Schmid [55] from the same beam-time at FLASH, and he estimated the intensity of the
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NIR laser was 2.5×1014 W/cm2 by measuring the ratio of Ar2+/Ar+ ions. Our estimation
is in good agreement with his result. For the intensity of the NIR laser pulse (λ = 800 nm,
350 fs) is about 2.56×1014 W/cm2 with an uncertainty of 0.5×1014 W/cm2. Therefore,
we calculate the corresponding Keldysh parameter γ = 0.7 and Up � 15.3 eV. In this case,
both multiphoton ionization and tunneling ionization contribute to the photoionization
process of the molecule.

6.2.2 Ionization and Dissociation Channels

The single ionization potential of N2 is 15.58 eV and double ionization threshold is
42.88 eV [169]. As introduced in previous Chapter 5, we can determine the final dis-
sociative states by the tracing kinetic energy of the ions or KER of ion pairs. Throughout
this chapter N(A,B) designates the dissociation channel N(A+B)+

2 → NA+ + NB+.

In Fig. 6.4, the single- and double ionization processes of N2 are shown. The KER of non-
coincident N+ ions centred at 1.31 eV corresponds to the dissociative ionization pathway:
N+

2 (C2
Σ+

u , D2Πg)→ N+(3P) + N(4S)(L1) [159]. The dissociative state 32Σ+
g dissociated

into N+(3P) + N(2D)(L3) with a KER of 6.7 eV. The dissociation of 52Σ+
g state into

N+(1D) + N(2P)(L7), N+(1D) + N(2D)(L6), and N+(3P) + N(2D)(L3) limits resulted in
KERs of 7-12 eV [86]. For the dissociation limits of the N+

2 molecular ions can be found
in Table. 6.1.

According to previous works [86, 170, 171], five main dissociative states A1Πu, D3Πg,
c1∆g, d1Σ+

g , and D1Σ+
u of N2+

2 can be attributed to the KER spectra which peaked at 6.7,
8.0, 8.1, 8.4, and 10.4 eV for N(1,1) in Fig. 6.4.

Table 6.1: Dissociation energies for the lowest ten dissociation limits of N+
2 ions [172].

Limit label Configuration N+ + N∗ Energy (eV)

L1 3P + 4S0 24.293
L2 1D + 4S0 26.192
L3 3P + 2D0 26.676
L4 3P + 2P0 27.869
L5 1S + 4S0 28.345
L6 1D + 2D0 28.575
L7 1D + 2P0 29.768
L8 1S + 2D0 30.728
L9 1S + 2P0 31.921
L10 3P + (3s)4S 34.629
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In Fig. 6.5, two ionization pictures are used to explain the creation of N+
2 and N2+

2 ions.
First, as described in Ref. [173], at laser intensity approximately 2×1014 W/cm2, the au-
thors assumed to be a non-sequential regime of excitation. In this case, the tunneling
ionization plays a role. As discussed in Sec. 2.1, the tunneling electron can rescatter with
parent ion to high lying dissociative states. If the NIR laser intensity of the present exper-
iment is assumed to be INIR = 2.56×1014 W/cm2 and the corresponding ponderomotive
energy Up is about 15.3 eV. Thus, the maximum collision electron energy is 3.2 Up =
48.9 eV. Therefore, two electrons in N2 are removed in a non-sequential way. Therefore,
the rescattering process is sufficient to explain the double ionization of the molecule. In
Refs. [51, 52], for double ionization, the first step is the removal of the outmost electron
from the molecule through tunneling ionization. The second step is the rescattering ex-
citation of the singly charged molecular ion. The final step is the removal of the other
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outermost electron from the singly charged molecule and reaching an excited dication
state.
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Figure 6.5: Schematic diagrams for (a) rescattering process and (b) sequential MPI pro-
cess. PECs are adapted from [159, 170, 172].

Second, the sequential multiphoton picture is utilized to explain the formation of each
molecular ions. In the first step, the neutral molecule is ionized by tunneling ionization.
The singly charged molecular ion is further excited by absorbing more IR photons to a
highly excited state. After some time, the singly charged molecular ion is populated to
doubly charged molecular ion states by tunneling ionization. As reported in Ref. [51]
and shown in Fig. 6.2 (b), if the NIR laser intensity is higher than 5×1014 W/cm2, the
sequential multiphoton ionization is the dominant process. Thus, the rescattering picture
is sufficient to explain the double ionization of N2 in the NIR laser field.

6.2.3 FIAD in NIR Laser Field

In the present experiment, the polarization of the NIR laser field is parallel to the axis
of the spectrometer (TOF-direction, see Sec. 3.2). The ionic fragments due to photoion-
ization by NIR radiation are more likely to dissociate along the polarization of the laser
field.

According to the molecular ADK (Ammosov-Delone-Krainov) model [174], the angu-
lar distribution of the ionic fragments will be strongly parallel to the polarization of the
NIR laser field. As can be seen from the angular distribution in Fig. 6.6, the dissociative
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to the polarization axis of the linearly polarized NIR laser. (b) Angular distribution of
non-coincident N+ ionic fragments with 0< KER < 10 eV.

ionic fragments of non-coincident N+ ions emitted along the polarization of the NIR laser
field. It’s a "back-to-back" emission pattern. As mentioned in Sec. 2.7, the dissociated
fragments carry the symmetry information about the initial and final states. From the an-
gular distribution of the ionic fragments, the "parallel transition" way is expected. For the
molecular symmetry of N2 ground state is Σg, thus the final dissociative states should also
with Σ symmetry property which agrees well with the above assignment of each disso-
ciative channel. On the other hand, the angular distribution shows the behavior expected
from the symmetry of the 3σg outer orbital for N2, which is in excellent agreement with
the previous works [51, 173].

6.3 Multiple Ionization of N2 by XUV Radiation

In the section, the multiphoton absorption steps of the formation of Nn+
2 ions by a single

XUV laser pulse are discussed. First, the calibration of the FEL light intensity is given. In
the following, the few-photon multiple ionization of N2 by XUV radiation is presented.

6.3.1 Estimation of FEL Intensity

As mentioned in Sec. 6.1, the FEL light intensity was obtained by measuring the current
induced by the FEL pulse on a copper plate. Thus, we can estimate the real light intensity
by measuring the pulse energy, the pulse duration and its focal spot size [55]. The FEL
light intensity IFEL is estimated by taking the pulse energy Epulse ≈ 9.9 µJ as measured by
a Gas-Monitor Detector (GMD) [101], the focal spot size Afocus with diameter d ≈ 20 µm
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and the pulse duration τFEL ≈ 100 fs:

IFEL =
Epulse

Afocus τFEL
= 3×1013 W

cm2 . (6.3)

6.3.2 Calibration of FEL Light Intensity
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Figure 6.7: (a) Time-of-flight spectrum of ions of the residual gas induced by XUV radia-
tion. (b) Ion yields as a function of the FEL light intensity. The units of the two figures are
in arbitrary units. Solid lines are fit by Y = σn In for the four background ions. The slops
of fitting solid line denote the number of absorbed photons. Error bars are statistical.

According to perturbation theory, the ionization yields (Y) should increase with light in-
tensity (I) as Y= σn In, where σn is the generalized n-photon cross section and n is the
number of photons [86]. By measuring the ion yields as a function of the light intensity,
the number of absorbed photons can be obtained. In Fig. 6.7 (a), the time-of-flight spec-
trum of the ions of the residual gas induced by XUV radiation is shown. For the ion yield
of H+, the slope of the fitting line is n = 1.3 ± 0.2, for H2O+ is n= 1.2 ± 0.1, and for
HO+ is n = 1.5 ± 0.2, respectively. The single XUV-photon absorption is the dominant
process for the residual gas in the interaction chamber. In case of XUV-only, H2 as the
residual gas of the interaction chamber was ionized by a single 28.3 eV XUV photon, for
which the slope of the fitting solid line n = 1.0 ± 0.1 provides further evidence for the
light intensity calibration [175]. In the following, the determination of the few-photon
multiple XUV ionization of N2 is based on the present light intensity calibration.

6.3.3 Few Photon Multiple Ionization of N2

In Chapter 2, sequential ionization (SI) and non-sequential ionization (NSI) are two basic
ionization pictures of the multiphoton ionization process for atoms and molecules. In the
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past, SI and NSI of Neon and Argon atoms have already been reported in Ref. [175]. In
this section, few-photon multiple ionization (MPI) of N2 by 28.3 eV XUV radiation is
discussed. We can identify the transition pathways for the formation of various molecular
ions by inspecting the photon absorption steps. Here, we only focus on how many XUV
photons involved in the formation of different charge molecular ions. As the detailed
molecular states involving will be discussed in Sec. 6.4.
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Figure 6.8: Ion time-of-flight mass spectrum of N2 measured at photon energy 28.3 eV
XUV radiation and FEL light intensity IFEL = 3×1013 W/cm2.

In Fig. 6.8, the TOF spectrum of the ions induced by XUV radiation is shown. As al-
ready mentioned in Sec. 3.13, three coincident channels are observed in our experiment,
namely, the coincidence channel N(1,1), N(2,1), and N(2,2). Selecting the TOF of each
ion, the light intensity dependence of ion yields for various molecular ions and coincident
channels are obtained.

In Fig. 6.9 (a-d), the ion yields as a function of FEL light intensities are shown. The
unit of the FEL light intensity is in arbitrary units. The integer number of photons n is
marked for various dissociation channels. A single 28.3 eV XUV-photon is sufficient to
singly ionize the molecule. At the low FEL intensity, the production of non-coincident
N+ ions is a single XUV-photon absorption process. As discussed in Sec. 6.2.2, the single
ionization of N2 with a higher KERs (KER≥ 4 eV) main come from the highly states e.g.
32Σ+

g (EB ∼ 32 eV) and 52Σ+
g (EB ∼ 38 eV). Thus, a single XUV photon is insufficient to

create higher kinetic energies N+ ions. In this case, the two XUV photons absorption is
needed. With the increase of light intensity, the ion yields reach the saturation region. For
the low KERs of the N2+

2 ions, it is a two XUV-photon process except for some of higher
excited states, e.g. D1Σ+

u is a three XUV-photon process. A three-XUV-photon process
dominates the production of non-coincident N2+ ions. Surprisingly, we find up to five
XUV-photons absorbed for the creation of N3+

2 ions while already three photons would
be enough via vertical transition.
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Figure 6.9: Ion yields of coincident channel (a) N(2,1), (b) N(2,0), (c) N(1,1), and (d)
N(1,0) as a function of the FEL light intensity IFEL. Solid lines are fit by Y = σn In for
various dissociation channels. Red-solid lines with slope n = 5, 3, 2 are shown. The
uncertainty of the FEL certainty is expected to be ±10%. (e) The transition pathways
for the creation of various molecular ions. The violet arrow represents a 28.3 eV XUV
photon. Two possible population ways 1 and 2 are labeled for the formation of N3+

2 ions.
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For the atomic Nitrogen, the ionization threshold for N+ and N2+ is 14.53 eV and 29.6 eV,
respectively [176]. The molecule needs two-photon for double ionization. The appear-
ance energy for the creation of N2+ ions is 53.9 eV, thus at least three XUV photons are
required to create the dissociation channel N(2,0) [177]. The population of the N3+

2 may
come from the further ionization of N2+

2 ions by another two or three XUV photons. Alter-
natively, it may come from the excited N2+∗

2 ions absorption the other two XUV photons.
The two population ways are shown in Fig. 6.9 (e) is based on the molecular system is
still frozen at a short internuclear distance. The photon absorption ways (see Fig. 6.9 (e))
are listed as follows:

N2
1-XUV−−−−→ N2

++ e− (6.4)

N2
+ 1-XUV−−−−→ N2

2++ e− (6.5)

N2
2+ 1-XUV−−−−→ N2

2+∗ (6.6)

N2
2+∗ 2-XUV−−−−→ N2

3++ e−, (6.7)

or, the formation of the N3+
2 molecular ions may by the following pathway:

N2
2+ 3-XUV−−−−→ N2

3++ e−. (6.8)

The absorption processes are finished within an ultrashort time (∼25 fs) [178]. In our
experiment, using a 100 fs FEL pulse to ionize the molecule, we found as much as five
XUV photons are absorbed for the creation of channel N(2,1). In Jiang’s experiment, in
which they used 44 eV XUV photons, it was also observed that the molecule absorbed
up to five photons to create the N3+

2 ions. It means there are several bound states which
always play a role in the photon absorption process. We assume these bound states are
deeply bounded with longer dissociation times [159]. To summarize, since the molecule
prefers to absorb more photons than the minimum number needed, thus sequential ion-
ization is determined to be the dominant and most efficient process for photoionization of
molecules in the X-ray regime.

6.4 XUV-IR Pump-Probe Results

In this section, the XUV-IR pump-probe experimental results are presented. First, the
time-of-flight mass spectra of the molecular ions in different laser fields are shown. The
ion yields increased once the NIR laser overlapped with the XUV laser pulse in the tem-
poral domain. In the following, the temporal resolution of the experiment is given. The
time-dependent KERs spectra for Nn+

2 ions were obtained. Finally, the detailed dissocia-
tive pathways by inspecting the KERs and angular distribution of the ionic fragments are
discussed. In the end, the angular dependence of molecular ions is presented to explain
the enhanced ionization of N2 in two-color laser fields.
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6.4.1 Time of Flight Spectrum with XUV and IR Laser

The FEL pulses were delivered with 28.3± 0.5 eV photons and the pulse length is roughly
100 fs. As discussed in Sec. 6.3.1, the light intensity of the FEL beam up to 3×1013

W/cm2 was reached. Besides, the estimated maximum NIR intensity is 2.56×1014 W/cm2

(see Sec. 6.2.1). With a pump-probe experimental scheme, the time-dependent ionic frag-
ments spectra were obtained by adjusting the arrival time of the NIR laser pulse with
respect to the XUV laser pulse in a range up to 10 ps. IR-early denotes the NIR laser
pulse arrived on the target before the XUV laser pulse, and vice versa IR-late means that
the NIR laser pulse arrived on the target late of the XUV laser pulse. XUV-only stands
for the molecule was ionized by XUV radiation only. The detailed pump-probe method
is explained in Sec. 6.1. Utilizing a REMI and SD optics (see Sec. 3.2), the spatial and
temporal distribution of the ionic fragments were obtained.
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Figure 6.10: Ion time-of-flight mass spectra of N2 measured at 28.3 eV in three different
laser fields.

In Fig. 6.10, the TOF spectra show that the yields of the ions created in the case of IR-late
are enhanced compared to IR-early, in particular, the N+ and N2+ molecular ions. The
relative enhancement of the doubly charged N2+ ions is higher than that of the singly
charged N+ ions. In contrast, in the case of IR-early and XUV-only, the ion yields are
almost identical.

6.4.2 Temporal Resolution

Since the NIR and XUV laser pulses are generated by different facilities, they are not
intrinsically synchronized. The jitter and long-term drift of the two pulses are crucial pa-
rameters for the temporal resolution. In Fig. 6.11 (a, b), the time-dependent KER spectra
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for non-coincident N+ and N2+ ions are shown. Negative delays denote the case that the
NIR pulse arrives at the target before the XUV pulse (IR-early), positive delays present
the case that the NIR pulse arrives after the XUV laser pulse (IR-late) [53]. A clear sig-
nature is that the ion yields increase once the two laser pulses overlapped in the temporal
region.
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Figure 6.11: (a, b) Time-dependent KER spectra for non-coincident N+ and N2+ ions,
respectively. (c, d) The ion yields of N+ (6 eV< KER < 10 eV) and N2+ (7 eV< KER
< 15.6 eV) as a function of the time delay between the NIR and XUV laser pulse, respec-
tively. The solid red lines are the fit with an error function (see Eq. 6.9). The energy
of N+ ions with KER at 6-10 eV does not change with pump-probe delay. However, the
N2+ ions with KER at 15 eV around time-zero is converging for a long time delays to a
different final KER with 10 eV.

By using the following error function (Erf)

f (t) = A · erf[(t−T0)/
√

2σ ]+C, (6.9)

with A being the amplitude, T0 delay offset, σ standard deviation, and C offset [55], to
estimate the temporal resolution of the pump-probe experiments. In Fig. 6.11 (c, d), we
use the above error function to fit the enhanced parts of the non-coincident ions. From the
fit results, the temporal resolution is determined to be 545 ± 133 fs. The pulse-to-pulse
intrinsic timing jitter, as well as long-time drift between the XUV and NIR laser pulses,
are the limiting factors for this large temporal resolution [53]. Most of the lifetimes of
the highly excited states of the Nn+

2 ions are typically below 100 fs, except for some
intermediate states [86]. Since the temporal resolution is roughly on the order of half
picosecond, it is impossible to resolve the sub-100 fs ultrafast fragmentation process of
molecular ions Nn+

2 .
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6.4.3 Channel N(1,0)

In this section, the single-ionization process N(1,0) is discussed.

N2
XUV−−−→ N2

++ e− diss.−−→ N++N+ e−, (6.10)

where diss. stands for dissociation. In order to easily understand the measured exper-
imental results, we interpret the following results are based on multiphoton ionization
picture.
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Figure 6.12: (a) Time-dependent KER spectrum for non-coincident N+ ions. (b) KERs
distribution of N(1,0) ions in different laser fields. All the coincident ion pairs statistics
is normalized to the counts in a 10 ps delay range. (c) Time-dependent ion yield of N+

(6 eV< KER < 10 eV) fit with error function. The solid pink line is the fit with error
function (see Eq. 6.9). (d) The light intensity dependence of N+ ions with KER at 6-
10 eV in IR-early (black-solid line) and IR-late (red-solid line) are shown. The numbers
of photons absorbed are shown. Error bars are statistical.

In Fig. 6.12 (a), the KER of the N(1,0) ions as a function of time delay between the
XUV and NIR laser pulses is shown. We can observe the N+ ions with 6 eV< KER
< 10 eV increase. The ion yield of N+ suddenly increases when the NIR laser pulse
overlapped with the XUV laser pulse in the temporal domain. We plot the KERs of N(1,0)
in different laser fields. The two red arrows (a and b) shown in Fig. 6.12 (b) denote the
ion yields enhanced in case of IR-late compared with the XUV-only or IR-early case.
In Fig. 6.12 (c), the projection of Fig. 6.12 (a) with the condition 6 eV< KER < 10 eV.
The ratio of Y(IR-late)/Y(IR-early) is used to calculate the enhancement factor of the
production of ions in IR-late and IR-early, where Y(IR-late) stands for the statics of ions
in the presence of the NIR laser and Y(IR-late) stands for the statics of ions without the
NIR laser. We find Y(IR-late)/Y(IR-early) = 1.24 for the non-coincident N+ ions.
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Figure 6.13: Schematic illustration of the dominant dissociative multiple ionization
pathways for the formation of N+

2 ions. Potential energy curves are adapted from
Refs. [159, 170]. The violet-arrows and red-arrows stand for XUV and IR photons. Two
transition pathways a and b are shown.

In the following, the discussion on the formation of the dissociative channel N(1,0) in
XUV and IR laser fields is given. The photoionization can be investigated via state-
resolved manner. By tracing the KER distribution and the number of XUV photons ab-
sorption, the dissociative states of each peak in Fig. 6.12 (b) can be assigned properly.
As mentioned previous, we have already identified the final dissociative states for various
channels (see Sec. 6.2.2). As the zero-kinetic energy N+ ions, it may come from the first
three excited states A2Πu, B2Σ+

g and D2Πg of N+
2 . Considering the angular distribution of

fragments from state 32Σ+
g , the intermediate state could be A2Πu at 16.93 eV and D2Πg

at around 22 eV [77]. The dissociative states C2Σ+
u and D2Πg are assigned to the peak

centered at ∼ 1.3 eV. The ionic fragments originated from these states are not enhanced
in the presence of the NIR laser field. Comparing the KERs distribution in different laser



6.4 XUV-IR PUMP-PROBE RESULTS 95

fields, we find two peaks in Fig. 6.12 (b) are obtained enhancement when the NIR laser
pulse arrived late of the first coming XUV laser pulse. As discussed in Sec. 6.2.2, the
dissociative state 32Σ+

g and 52Σ+
g can be assigned to red-arrows a and b in Fig. 6.12 (b).

If we look in the details of the Fig. 6.12 (a), we find there is a "hole" of the KER spec-
trum peaked at 6.7 eV when the XUV laser pulse and the NIR laser pulse overlapped in
the temporal domain. Moreover, at the same time, the fragments with KER at 8.4 eV are
enhanced. By increasing the time delays, the state 52Σ+

g are converging onto 32Σ+
g .

In the following discussion, the excitation picture is used to explain the enhancement
ionization. Since the XUV photon energy at 28.3 eV just below 22Σg (F-band,∼ 28.8 eV),
thus single XUV-photon cannot reach those excited states above 22Σ+

g , e.g. 32Σ+
g , 52Σ+

g ,
62Σ+

g . In this circumstance, the population to those excited states two XUV photons are
required (see Fig. 6.12 (d)). Figure. 6.13 shows the transition pathways for the creation of
N+

2 ions in the XUV with NIR laser field. The sequential absorption of one or two XUV
photons are shown (violet arrows).

The IR-assisted excitation pathways a and b are labeled to explain the enhancement ion-
ization. The sequential ionization can be assigned to explain the enhancement of the peak
a and b in Fig. 6.12 (b). This transition pathway corresponds to the pump-probe scheme
which is labeled a in Figure. 6.13. Part of the enhancement ionization comes from the
bound states of N+

2 which are further excited to highly excited states in the presence of
the NIR laser. In this scheme, at least 6-IR photons are required to excite the first two
excited states of N+

2 to 32Σ+
g and 52Σ+

g .

Pump : N2
1-XUV−−−−→ N2

+(A2
Πu,D2

Πg)+ e−, (6.11)

Probe : N2
+(A2

Πu,D2
Πg)

6-IR−−→ N2
+∗(32

Σ
+
g ,5

2
Σ
+
g )

diss.−−→ N++N. (6.12)

As the further excitation process b. The pump-probe reaction way:

Pump : N2
2-XUV−−−−→ N2

+∗(32
Σ
+
g )+ e−, (6.13)

Probe : N2
+∗(32

Σ
+
g )

4-IR−−→ N2
+∗(52

Σ
+
g )

diss.−−→ N++N. (6.14)

From the depletion signal of state 32Σ+
g and the enhancement ionization of state 52Σ+

g , the
further excitation happens. The enhancement of the creation of the ions from 52Σ+

g main
come from the further excitation of the low excited states 32Σ+

g . From the potential energy
curve of 32Σ+

g , the excitation from 32Σ+
g to 52Σ+

g could take place at the internuclear
separation reaches of 1.38 Å. At least 4-IR photons are required to populate to the excited
state 52Σ+

g .

6.4.4 Channel N(1,1)

As shown in Fig. 6.14 (a), the coincident ions pair with the KER at 6-9 eV are enhanced
in a delayed NIR laser pulse. The enhancement factor is Y(IR-late)/Y(IR-early) = 2.2 for
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Figure 6.14: (a) Time-dependent KER spectrum for coincident N(1,1) ion pair. (b) KERs
of coincident N(1,1) channel in different laser fields. (c) The time-dependent ion yields of
N(1,1) coincidence (6 eV< KER < 9 eV). The solid pink line is the fit with error function.
(d) The light intensity dependence of N(1,1) ions in IR-early and IR-late is shown.

N(1,1) compared to that without NIR. According to previous works [86, 170, 171], five
main dissociative states A1Πu, D3Πg, c1∆g, d1Σ+

g , and D1Σ+
u of N2+

2 can be attributed to
the KER spectra which peaked at 6.7, 8.0, 8.1, 8.4, and 10.4 eV for N(1,1). The same
treatment as the last channel N(1,0), the further excitation and ionization by the delayed
NIR laser is employed to explain the enhancement ionization. The related excited states
and PECs can be found in Figure. 6.13, the bound molecular dication states can be further
excited to the final dissociative states which resulted in the enhancement ionization1.

Excitation Picture

Pump : N2
2-XUV−−−−→ N2

2+(X1
Σ
+
g ,A

1
Πu,D3

Πg,c1
∆g,d1

Σ
+
g ,D

1
Σ
+
u )+2e−, (6.15)

Probe : N2
2+(X1

Σ
+
g )

4-IR−−→ N2
2+(A1

Πu,D3
Πg,c1

∆g)
diss.−−→ N++N+. (6.16)

Further Ionization Picture

The ion yield of the fragments with a KER of 6-10 eV main come from the further ioniza-
tion of the singly excited molecular states which are below the double ionization potential
by the delayed NIR laser pulse. That’s the reason why the number of XUV photons in-
volved in the two laser fields are different. Such a process is similar to the "shake-up"

1As reported in Ref. [179], the low-lying quasibound states a3Πg and c3Σ+
u whose lifetimes lie in the

0.05-100 µs time scale. In this case, such metastable states could be treated as the intermediate states which
can be further excited to the final dissociative states.
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Figure 6.15: (a) Schematic diagrams for the IR-assisted excitation of the highly excited
cation state to the ground dication state. The black PEC represents the excited states
A1

Πu, D3Πg and c1∆g of N2+
2 . And, the blue-line stands for excited states 32Σ+

g and
52Σ+

g . (b, c) KERs of N(1,0) and N(1,1). The dashed lines shown in the two figures have
the same KER. (d) Time-dependent mean KER spectrum of the N(1,1) ions with KER at
6-10 eV. An exponential function is used to fit the increase and decrease of the ion yield.

process which was described in Ref. [83]. The induced excited states of N+∗
2 can be fur-

ther populated to the final dissociative states A1Πu, D3Πg and c1∆g of N2+
2 by the delayed

NIR laser field. The transition pathways are shown in Fig. 6.15. The transition pathways
are described as:

Pump : N2
2-XUV−−−−→ N2

+∗(32
Σ
+
g ,5

2
Σ
+
g )+ e−, (6.17)

Probe : N2
+∗(32

Σ
+
g ,5

2
Σ
+
g )

n-IR−−→ N2
2+(A1

Πu,D3
Πg,c1

∆g)+ e− diss.−−→ N++N++ e−.
(6.18)

The minimum number of IR photons n can be calculated by measuring the energy dif-
ference between the dissociation limit of N2+

2 ions and the cation dissociation limits (L3,
L7). Thus, the excited state 32Σ+

g has to absorb at least 8-IR photons to reach the disso-
ciative dication states. And, for the excited state 52Σ+

g needs at least 6-IR photons. The
blue potential energy curve stands for the highly excited cation states, e.g., 32Σ+

g , 52Σ+
g ,

or even the higher ones. In the present experiment, the excited state 32Σ+
g and 52Σ+

g
are attributed to enhancement ionization of N(1,1) with the KERs at 6.7 eV and 8.4 eV,
respectively.
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For the further ionization process, the time-dependent mean-KER spectrum of N(1,1)
carries the timing information on the depletion dynamics of 32Σ+

g and the dissociation
process of 52Σ+

g . In Fig. 6.14 (d), the time-dependent of the mean KER of the enhanced
yields is shown. From the fit results, the depletion time of state 32Σ+

g is of τ = 126±
75 fs and the state 52Σ+

g lifetime of τ = 336± 256 fs. Since the temporal resolution of
the present experiment is 545 fs, thus the measured lifetimes are the mean lifetimes of
depletion or dissociation for each state.

6.4.5 Channel N(2,0)
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Figure 6.16: (a) Time-dependent KER spectrum for non-coincident N2+ ions. (b) KERs
of non-coincident N2+ ions in different laser fields. (c) Time-dependent ion yields of N+

(7 eV< KER < 15.6 eV). The solid pink line is the fit with error function. (d) The light
intensity dependence of N2+ ions in IR-early and IR-late are shown.

In Fig. 6.16 (a), the total ion yield of non-coincident N2+ ions increases when the XUV
and NIR laser pulses overlapped around the zero-time delay. A dissociative channel is
observed which corresponds to an excited state created and probed by the delayed NIR
laser pulse. For N2+ ions with KER 7-15.6 eV, the enhancement factor Y(IR-late)/Y(IR-
early) is 2.58 which is higher than that of non-coincident N+ ions.

In the first place, we have to find out from which dissociative states these molecular ions
come. According to previous works, the N2+ ions mainly come from the dissociative ion-
ization of highly excited molecular states 1Σg, 1Σu, and 1Πu of N2+∗

2 [82] (see Fig. 6.18).
The KER spectrum peak at 8.4 eV corresponds to the dissociation channel N2+

2 (1Σg)→
N2+(2P) + N(2D), while the peaks at 10.6 eV and 14.6 eV can be assigned to the dissoci-
ation channel: N2+

2 (1Σu)→ N2+(2P) + N(4S), and the peak at 16.2 eV can be assigned to
N2+

2 (1Πu) dissociating into N2+(2P) + N(2P) limit at 57.5 eV [177] (see Table 6.2). As
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demonstrated in Ref. [180], about 60% of highly excited molecular dications will disso-
ciate into N(1,1) and the rest dissociate into N(2,0).

Table 6.2: Electronic states of the dissociative states of N2+
2 ions. Adapted from Refs. [82,

177].

State Major configuration KER (eV) Final state Energy (eV)
1Σg 2σ−1

g 3σ−1
g 8.4 D2: N2+(2P) + N(2D) 56.3

1Σu 2σ−1
g 3σ−1

u 10.6 D1: N2+(2P) + N(4S) 53.9
1Σu 2σ−1

g 3σ−1
u 14.6 D1: N2+(2P) + N(4S) 53.9

1Πu 2σ−1
g 1π−1 16.2 D3: N2+(2P) + N(2P) 57.5

As mentioned above in Sec. 6.3.3, the molecule has to absorb three XUV photons to
create the N2+ ions. In Fig. 6.16 (d), in the case either IR-early or IR-late, three XUV
photons absorption is the dominant process. The excitation picture is attributed to explain
the enhancement ionization in the delayed NIR laser field. It may come from the bound
states of N2+

2 and further excited to dissociative states 1Σg, 1Σu, and 1Πu of N2+∗
2 . The

related potential energy curves of N2+∗
2 can be found in the next section.

6.4.6 Channel N(2,1)
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Figure 6.17: (a) Time-dependent KER spectrum for coincident N(2,1) ions. The enhance-
ment factor Y(IR-late)/Y(IR-early) is 5.7 for N(2,1) compared to that without NIR. (b)
KERs of coincident N(2,1) in different laser fields. (c) Time-dependent ion yield of
N(2,1). The solid pink line is the fit with error function. (d) The light intensity dependence
of coincident N(2,1) ions in IR-early and IR-late are shown.
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In Sec. 6.3, the molecule absorbed five XUV photons to create the N3+
2 molecular ions.

The sequence of absorption of XUV photons can be found in Fig. 6.9. The lowest dis-
sociative state 2Πu of N3+

2 can be attributed to the KER spectra which peaked at 13.5 eV
of N(2,1) and 20 eV can be assigned to the Coulomb repulsive potential curve 2/R or the
excited state 32Πu [181].

If we compare the KERs of N(2,0) and N(2,1), it is found that the KER produced in
IR-late is roughly in the same energy range as N(2,1). The lower KER of N2+∗

2 ions is
assigned to contribute the enhancement ionization of N(2,1) in a delayed NIR laser field.
At least three XUV photons are required to populate to those highly excited N2+∗

2 states,
and then further ionized by a delayed NIR laser pulse to the lowest excited molecular
states 2Πu. A dissociation process is observed from the time-dependent KER spectrum of
N2+ ions which is accounted for the enhancement ionization of channel N(2,1).
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Figure 6.18: (a) Schematic diagrams for the IR-assisted ionization of the highly excited
dication state to N3+

2 states. The dissociation limits D1-D3 can be found in Table 6.2. D21

stands for the lowest dissociation limit of N3+
2 ions: N2+(2P) + N+(3P). (b, c) KERs

of the non-coincident N2+ ions and coincident N(2,1) ion pairs. The two blue arrows in
Fig. (b, c) have the same KER. (d) The time-dependent KER spectrum of the N2+ ions
with KER at 8-20 eV. An exponential function is used to fit the decrease of the ion yield.

Further Ionization Picture

Pump : N2
3-XUV−−−−→ N2

2+∗(1
Σg,

1
Σu)+2e−, (6.19)
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Probe : N2
2+∗(1

Σg,
1

Σu)
n-IR−−→ N2

3+(2
Πu)+ e− diss.−−→ N2++N++ e−. (6.20)

The detailed pump-probe scheme is shown in Fig. 6.18 and Eq. 6.19 and 6.20. We assume
the further ionization takes place near the dissociation limits, for N2+∗

2 (1Σg)→N3+
2 (2Πu)

and N2+∗
2 (1Σu)→ N3+

2 (2Πu,2/R) can be found in the figure. The dissociation lifetime of
the lower KER of τd = 409 ± 124 fs. To our knowledge, the potential energy curves of
highly excited N2+∗

2 ions are scant. Thus, theoretical work is strongly needed.

6.4.7 Enhanced Ionization of N2 in Two-Color Laser Fields

In this section, the enhanced ionization of N2 in the two-color laser fields is analyzed by
the angular distribution of the ionic fragments. Aligned Nn+

2 ions are created by absorp-
tion of one or more XUV photons and can be further excited or ionized by a delayed NIR
laser field. We find only the "perpendicular transition" ionic fragments in the XUV laser
field which emitted along to the polarization of the NIR laser field can be enhanced in the
delayed NIR laser pulse.

Aligned Nn+
2 Ions

As discussed above, the ion yields and fragmentation for the case of IR-early are roughly
the same as for the XUV-only case. Here, we only focus on the angular distribution of
ionic fragments in the XUV laser field. The ionic fragments dissociated at a small angle
(near 0◦ or 180◦) along the horizontal direction are coming from a "parallel transition".
Moreover, we define a "perpendicular transition" if the fragments are emitted at a large
angle (e.g. near 90◦). In Fig. 6.19, fragment ions angular distribution (FIAD) for three
dissociation channels by the 28.3 eV XUV radiation are shown. The final dissociative
states for various channels are labeled in the figure. In the present experiment, the po-
larization of the NIR laser pulse is perpendicular to the polarization of the XUV laser
pulse.

As discussed in Sec. 2.7, the ionic fragments is a parallel explosion or perpendicular ex-
plosion depends on the symmetry of the initial state and the final state. The symmetry can
also show the signatures of electronic configuration interaction [28]. By tracing the sym-
metry properties of each dissociation channel, the emission pattern can be identified. For
the high KERs N+ fragments with KER near 7 eV prefer to dissociate perpendicular to
the polarization of the XUV laser pulse. The transition pathway could be X1Σ+

g → A2
Πu

or D2Πg → 32Σ+
g . From this transition pathway, the symmetry of molecular states is

Σ→ Π→ Σ, thus a perpendicular transition took place. Moreover, the N(1,1) fragments
with a KER less than 10 eV also favor the perpendicular explosion instead of the parallel
explosion. Taking the state A1Πu of N2+

2 for example, the possible transition pathway is
X1Σ+

g →A2
Πu→A1

Πu. Considering the perpendicular transition of the Coulomb explo-
sion fragments of N(1,1) with KERs of 6-10 eV, the dissociative states D3Πg and c1∆g are
attributed to the KER spectra peaked at 8.0 and 8.1 eV, respectively. The non-coincident
N2+ ionic fragments with the lower KERs (0-10 eV) dissociate in perpendicular direction
while the higher KER (10-20 eV) ionic fragments dissociate parallel to the polarization
direction. Depending on the symmetry property of each transition and photon absorption
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Figure 6.19: FIAD polar density plots differential in the KERs for various dissociation
channels. (a-c) The angular distribution of ionic fragments of N(1,0), N(2,0) and N(1,1),
respectively. θ represents the angle with respect to the polarization of the FEL laser pulse
(horizontal). The radius stands for the KER of each channel. The final dissociative states
with corresponding KERs of each channel are labeled.

steps, the aligned Nn+
2 ions created and characterized by different KERs. The ionic frag-

ments are aligned or oriented by their ionization steps. If we trace the final dissociative
states in the XUV with NIR laser fields, we find that the enhanced fragments mainly come
from the perpendicular explosion. It means that the final ejected ionic fragments which
are emitted along the polarization of the NIR laser are more likely to be further enhanced.

Enhancement of Ionization

Litvinyuk et al. measured the ionization yield of N2 for two molecular alignment dis-
tribution and found that ionization is about 4 times more likely for molecules aligned
parallel to the laser field than for molecules perpendicular to it [182, 183]. In Ref. [184],
the significance of alignment in molecular ionization was reported. The probability of
ionization is related to the alignment of the molecular axis with respect to the polarization
of the probe laser field. The polarized laser pulse influenced the following dissociation
process and aligned the molecule [53, 182]. From the ionization yield spectra shown in
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Fig. 6.14 and Fig. 6.17, the enhancement factor is 2.2 for N(1,1) (6 eV< KER < 10 eV),
and the enhancement factor is 5.7 for N(2,1) (KER below 18 eV). The higher charge states
of the molecular ions, the more enhanced they are in the delayed NIR laser field.

According to Coulomb’s law, we estimate the nuclear distance Rc to be 2.15 Å for N(1,1)
with a KER of 6.7 eV and 2.13 Å for N(2,1) with KER of 13.5 eV, respectively. As
shown in Fig. 6.20, the transition possibility of the electron in the molecular system is
proportional to the charge and alignment between the molecular axis and the polarization
of the laser field [185]. At a short nuclear distance (R 6 4.5 Å), the A3+

2 and A7+
2 ions

show strongly enhanced ionization in the same regime of internuclear distances. For
higher charge molecular states the enhancement is more significant.

Figure 6.20: Ionization rate Γion as a function of the internuclear distance R for A3+
2 and

A7+
2 ions. Figure is taken from Ref. [185].

As mentioned in Sec. 2.7, for few-XUV-photon absorption, the FIADs can be character-
ized by a multiple expansion regarding Legendre polynomial:

dσ

dΩ
(h̄ω,θ) =

σ

4π

[
1+

n

∑
i···n

β2i P2i(cosθ)

]
, (6.21)

where n is the number of absorbed photons, θ is the angle between the polarization axis
of the laser field and the molecular axis, and βi are anisotropy parameters [86]. Since
we identified that two XUV photons are required to create the higher KER N+ ions, and
three XUV photons are needed to produce the higher KER N2+ ions. Therefore, we use
Eq. 6.21 to fit the angular distribution of the ionic fragments from different dissociation
processes by considering the photon absorption steps.
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Figure 6.21: Angular distribution of (a) non-coincident N+ with a KER of 6-8 eV, (b) the
lower KERs non-coincident N2+ ions, (c) the coincident N(1,1) with a KER of 6.7 eV,
and (d) the large KERs non-coincident N2+ ions. The polarization of the XUV laser pulse
is along the horizontal direction. The angular distributions of ionic fragments are fitted
by Eq. 6.21. The red lines are the fit results.

The corresponding fit results are shown in Fig. 6.21. We identified that only the perpen-
dicular explosion fragments instead of the parallel explosion fragments are enhanced in
the delayed NIR laser field. Moreover, we find that the enhancement factor can be char-
acterized by the relative distribution of the perpendicular direction over parallel direction.
Here, we define the enhancement factor: A = Y(⊥)/Y(‖) to find the perpendicular align-
ment to parallel alignment ratio, where Y(⊥) stands for the statistics of the emitted ionic
fragments perpendicular to the polarization of the XUV laser pulse and Y(‖) stands for
the statistics of the emitted ionic fragments parallel to the polarization of the XUV laser
pulse. For the non-coincident N+ ions (KER 6-10 eV), at the FEL light intensities I≈ 1013

W/cm2, the measured factor A is 1.38± 0.01. For the non-coincident N2+ ions, A is 1.28
± 0.01, this factor is little smaller than the total enhancement for N2+ of 1.72. We in-
terpret that other channels also have a contribution to the perpendicular alignment. For
the coincident channel N(1,1), the ionization ratio A is 2.3 ± 0.1 in the XUV laser field.

2This comes from the calculation of Y(IR-late)/Y(IR-early) of the total ion yield of N2+.



6.5 CONCLUSION 105

However, we find the high KER (10-20 eV) N2+ ions belong to a parallel alignment which
cannot be further ionized by a delayed NIR laser pulse. Therefore, the alignment ratio can
be used to characterize how much the dissociated fragments enhanced in the presence of
the NIR laser field. In summary, in this section, we have identified that the molecule
aligned parallel to the polarization of the NIR laser field are more likely to ionized than
those aligned perpendicularly. As the detailed theoretical explanation, we assume that
the molecular ADK theory may be applied to calculate the enhancement of ionization in
N2 [174].

6.5 Conclusion

In this chapter, the detailed dissociative channels in N2 after the absorption one or several
XUV photons were studied by employing the time-, energy-, and angular-resolved ion
spectroscopy. With an XUV-pump/IR-probe experimental scheme, the time-dependent
ions spectroscopy were obtained. By tracing the KERs of double ionization and triple
ionization as a function of the time delay, we found the enhancement factor for the dou-
ble ionization to be 2.2 and for triple ionization N(2,1) to be 5.7. Moreover, the higher
charge molecular ions, the more enhanced ionization in the two-color laser fields. Within
a short nuclear separation (R 6 4.5 Å), the aligned higher charge ions have gained more
enhancement compared to the lower charge ions which can be used to explain the differ-
ent enhancement factors for N(1,1) and N(2,1) [182, 185]. The aligned Nn+

2 ions created
by sequential absorption of XUV photons and further excited or ionized them by a de-
layed NIR laser pulse. The transition pathways can be traced via the KERs and angular
distribution of ionic fragments. In addition, the parallel and perpendicular transition for
the formation of various charge molecular ions can be identified and traced. Because the
polarization of the XUV laser pulse was perpendicular to that of the NIR laser pulse, only
the perpendicularly aligned dissociating fragments prepared by the first incoming XUV
laser pulse were ionized with an enhanced ionization yield in the delayed NIR laser field.

The research on multielectron dissociative ionization of diatomic molecules is of impor-
tance to shed more light into the correlated electron dynamics and highly excited states
during the multiphoton ionization process [28]. In order to thoroughly understand the
complex molecular dynamics in two-color laser fields, more advanced theory is required.
In the future, ion-electron coincidence measurement with shorter laser pulses will be able
to provide more information on the intermediate states involved. The electron emission
pattern and the evolution of the electronic configuration interaction after X-ray radiation
can be traced and controlled by adjusting the relative polarization degree of the two laser
pulses [186]. The experiment is proposed to be performed at the updated FLASH2 [22]
to find the detailed steps of sequential photon absorption and the influence of angular
alignment on the ionization of molecular systems.
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Chapter 7

Summary and Outlook

The understanding of how high-intensity FEL radiation interacts with matter is a sub-
ject of fundamental interest which has attracted considerable experimental and theoretical
research in the past. In this dissertation, two-color pump-probe experiments on small
diatomic molecules have been carried out at Free-Electron Laser FLASH to explore the
processes of photoionization, fragmentation, and relaxation in molecular systems. The
delivered sub-100 fs XUV laser pulses with high intensities are used to initiate ultrafast
molecular dynamics. The probe-laser pulse can probe and map the following fragmenta-
tion and relaxation processes.

In order to properly describe and understand the molecular dynamics induced by XUV
radiation, the underlying theoretical description of photon-matter interaction, photoion-
ization mechanisms, and the relaxation dynamics was summarized in Chapter 2. A brief
description of the light sources and the experimental set-ups were given in Chapter 3. In
order to perform the two-color pump-probe experiments, the split-and-delay unit was in-
stalled to adjust the time delay between the pump- and probe-pulse. This setup was com-
bined with a reaction microscope that allowed us to reconstruct the three-dimensional
momentum of ions and electrons from the photon interaction between small molecular
systems and the XUV radiation. Thus, the time-resolved imaging of XUV-induced frag-
mentation and relaxation dynamics in small molecular systems can be obtained. In the
following, the conclusions of the time-resolved experiments are summarized.

7.1 Summary of Oxygen Experiments

Using the synchronized THz light source provided by the FLASH facility in combination
with the XUV radiation, the XUV-pump/THz-probe experiments on O2 were performed.
We have extended the well-established Attosecond metrology to an XUV-pump/THz-
probe approach [126]. The basic idea of the streaking experiment is to monitor the mo-
mentum or energy of photoelectrons as a function of the time delay between the XUV
laser pulse and THz pulse. The phase difference in streaking traces of photoelectrons car-
ried the information about photoemission time delays and lifetimes of autoionization. In
this experiment, the photoionization and relaxation of O2 after the absorption of a single
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XUV photon was investigated.

First, in Chapter 4, the principle of THz streaking and photoionization time delays were
introduced. The Fourier series of triangle functions were used to fit the temporal profile
of the momenta trace of the first emitted photoelectrons. Therefore, the basic experimen-
tal parameters of the THz pulse were characterized. The wavelength of the THz pulse is
154.2 ±1.1 µm, and the period of one cycle of the THz pulse is 514±3.6 fs. The maxi-
mum momentum shift of a photoelectron is 0.044±0.002 a.u. We used the THz streaking
technique to trace the photoemission time delays and found all the low-energetic photo-
electrons (kinetic energies less than 4 eV) have a time shift of 23.9±6.4 fs compared with
the fast photoelectrons. The reason for this shift comes from the THz probing field in-
duced time shift. Furthermore, we obtained the energy-dependent time shifts up to 60 fs
in the emission of photoelectrons from autoionization and direct ionization.

Second, in Chapter 5, the photoionization and autoionization processes of O2 were in-
vestigated. In the first place, by tracing kinetic energies of the ions and KER distribu-
tion of the ion pairs, the direct single and double ionization were determined. In the
following, an autoionizing excited cationic state has been identified and traced. The fun-
damental two-step reaction pathway can be assigned to the autoionization process: O2
+ h̄ω(XUV )→ O+∗

2 + e−1 , subsequently, the autoionization of excited cation state took
place: O+∗

2 →O++O++e−2 . e−1 and e−2 are the first emitted photoelectron and secondary
autoionization electron, respectively. By comparing the relative time shift between the
"fast" photoelectron e−1 and "slow" secondary autoionization electron e−2 from their mo-
mentum traces, we can obtain the lifetime of autoionization process. Two dissociative
states C4Σ−u and 4Σ−g can be assigned to explain the production of the ions with KER
of 4 eV. The formation of state C4Σ−u is a single ionization process and thereby the first
emitted photoelectron has no time shift. However, we observed a time shift of 102±30 fs
between the low-energetic electrons and the first emitted photoelectrons. Therefore, those
electrons must be from an autoionization process, namely, from the autoionizing molecu-
lar cation state O+∗

2 (4Σ−g ). The binding energy of 4Σ−g is 38.7 eV, thus the corresponding
the kinetic energy of the first emitted photoelectron is 21.3 eV which is in good agreement
with the measured kinetic energy of the first emitted photoelectron at 21.3±0.2 eV. In the
end, the relaxation pathways were presented to illustrate the formation and autoioniza-
tion processes of the state 4Σ−g . This excited state autoionized to the dissociation limit
O+(4S)/O+(4S) at large internuclear distance around 30 Å. The measured experimental
results are in excellent agreement with previous works [12, 49].

7.2 Summary of Nitrogen Experiments

We used 28.3 ± 0.5 eV XUV laser pulses with the pulse length of approximately 100 fs
to ionize N2 and the subsequent molecular dynamics was probed by a delayed NIR laser
(λ = 800 nm, pulse length 350 fs). The FEL intensity was estimated to be up to 3×1013

W/cm2 and the NIR laser intensity was reached about 5× 1013− 3× 1014 W/cm2. In
the experiment, the various dissociative channels in N2 after absorption one or several
XUV photons were studied by employing time-, energy-, and angular-resolved ion spec-
troscopy.
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First, the photoionization and dissociation of N2 in the NIR laser field were discussed. The
corresponding Keldysh parameter is 0.7 (INIR ∼ 2.56× 1014 W/cm2). Thus, the rescat-
tering process was used to explain the double ionization of the molecule in the NIR laser
field. The molecule was ionized from the neutral ground state to an excited state and
then the outgoing electron re-scattered with the parent ion, which resulted in the double
ionization of the molecule. From the angular dependence of non-coincident N+ ions, it
is straightforward to expect that ionic fragments dissociated along the polarization of the
NIR laser field.

Second, the FEL light intensity dependence for various dissociation channels of N2 was
investigated. Two XUV photons absorption is the dominant process for the double ioniza-
tion. Besides, three XUV photons are required to create the N2+ ions. Surprisingly, five
XUV photons were absorbed to triply ionize the molecule rather than three XUV photons
via a vertical transition. Thus, the sequential ionization was identified to be the dominant
and effective multiphoton absorption pathway for molecules in the XUV regime.

Third, the experimental results of the XUV-pump/IR-probe experiment were shown. The
yields of multiply charged Nn+

2 ions were measured as a function of the time delays and
the light intensities. The temporal resolution of the present experiment was determined
to be 545± 133 fs by using an error function to fit the time-dependent yields of non-
coincident N+ ions and N2+ ions. By tracing the time-dependent ions spectroscopy, with
the delayed NIR laser pulse, the double ionization was enhanced by a factor of 2.2. For
triple ionization, the enhancement factor was 5.7. Few-photon absorption pathways were
traced by inspecting KERs and ionic fragment angular distributions. By tracing the for-
mation of the various molecular ions, we found the excited states prepared by the first
incoming XUV laser pulse can be further excited or ionized by a delayed NIR laser pulse.
Moreover, only the perpendicular Coulomb explosion fragments induced by the first XUV
laser pulse were more likely to be further enhanced in the delayed NIR laser field. Finally,
we found the enhancement ionization is related to the alignment of the molecule with re-
spect to the polarization of the NIR laser pulse.

7.3 Outlook

In order to fully understand the observed dynamic evolution of highly excited molecular
states, more advanced theory will be required. A reliable quantum chemistry calcula-
tion by taking the strong electron-electron and electron-nuclear couplings into account is
needed. For instance, the calculation of potential energy curves and the simulation of the
subsequent fragmentation of the highly excited states after the molecule absorption of one
or more photons, are welcomed.

A REMI was installed as a permanent endstation at FLASH2. In the future, we will
use a newly updated split-and-delay optics in combination with the REMI to perform the
time-resolved experiments on more complex molecular systems. First, the wavelength
provided by FLASH2 is easily and quickly tuned by the flexible undulator gap [22].
By changing the wavelengths of the XUV radiation, we can perform resonant excita-
tion experiments to trace the autoionization of Rydberg states in molecular or dimer sys-
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tems [151]. Furthermore, the multidimensional transient spectroscopy of molecular sys-
tems can be obtained. Second, a new high repetition (up to 50 kHz) sub-20 femtoseconds
optical laser in combination with XUV radiation which enables us to perform XUV/IR
pump-probe experiments or XUV/UV pump-probe experiments [22]. For instance, the
proposed ion-electron coincidence measurement of N2 is planned to extract the valuable
information about photoelectron emission patterns after the molecule absorbs one or more
photons. Then we can enhance the understanding of the laser-induced electronic rear-
rangement from the angular distribution of electrons. From the angular dependence of
ionization, we can monitor the accurate transition by varying the laser intensity and ro-
tating the NIR polarization by from 0◦ to 90◦ with respect to the XUV laser pulse which
will shed light into control the few-body quantum dynamics in the near future. Third,
in cooperation with a group at Hanover University, an HHG source will be integrated
into the REMI beamline FL26 [55, 187]. A combination of HHG- and FEL-based light
sources exploiting the specific advantages of each will open up additional possibilities to
address the most fundamental dynamics of matter [42]. In this case, we are able to extend
femtosecond spectroscopy to attosecond spectroscopy on electronic dynamics. To this
end, we can understand the attosecond dynamics of electrons in atomic and molecular
systems. Over the coming years, with the development of FELs, an increased repetition
rate, reduced pulse duration, and spectral stability XUV radiation light sources would im-
prove most existing ultrafast X-ray pump-probe schemes [1,42]. The molecular breathing
dynamics [188], hydrogen migration in the ethanol cation and dication [189], the ring for-
mation in hydrocarbonic cations [190], and ICD process in biological molecules [191]
and so on, may be possible carried out at FLASH2.
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Appendix

A.1 Atomic Units

In the course of experiments and data analysis, the units conversion is frequently used.
The conversion factors are listed as follows. Taken from Ref. [7].

Base units and natural constants

h̄ = mevere = 1a.u. Reduced Planck constant
c = e2/(h̄α) = 137a.u. Speed of light
re = 1a.u.= 5.2918 ·10−11 m Bohr radius
me = 1a.u.= 9.1095 ·10−31 kg Rest mass of the electron
qe = e = 1a.u.= 1.6022 ·10−19 As Charge of the electron
e/re

2 = 1a.u.= 5.14 ·109V/cm Electric field

The conversion factors to other common units are:

Time t[s] = 4.134 ·1016 · t[a.u.]
Momentum p[Ns] = 1.995 ·10−24 · p[a.u.]
Energy E[eV ] = 27.21 ·E[a.u.]
Velocity ve = 1a.u.= 2.1877 ·106 m/s
Magnetic field 1a.u.= 2.35 ·105 Tesla
Max. ele. field strength in a laser pulse 1a.u.=̂3.51 ·1016W/cm2
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A.2 Momentum Shift of Photoelectrons
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Figure A.1: Momentum distribution for (a,b) the un-streaked shift, (c) the maximum neg-
ative shift, and (d) the maximum positive shift, respectively. The white dashed lines note
the unstreaked momentum peaked at -1.771 a.u., and the red dash lines note the negative
peaked at -1.814 a.u. and positive shift peaked at -1.725 a.u. along the polarization of the
THz electric field (polarized along Px).

A negative momentum shift (428.4 fs ≤ delay ≤ 488.4 fs) and a positive momentum shift
(218.5 fs≤ delay≤ 278.5 fs) are displayed. For the negative momentum shift, we can ob-
serve a shift towards more negative Px for all the photoelectrons. For the positive momen-
tum shift, accordingly, we observe a shift towards more positive values. The maximum
momentum shifts are marked by using red-dashed lines. The maximum momentum shift
is about 0.04 a.u. The maximum momentum shift is only observed for electrons emitted
at the crest and trough of the THz vector potential.
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A.3 Characterize the THz Pulse by Ions Momentum
Trace

Considering the single XUV-photon ionization of O2:

O2 + h̄ωXUV → O+
2 + e, (A.1)

With momentum conservation, thus ~PO+
2
+~Pe = 0. As already discussed in Chapter 4, the

THz vector potential has been characterized. It is straightforward that the vector potential
can be mapped from the ions momentum trace. We can use the asymmetry distribution of
the ionic fragments along the polarization of the THz pulse to map the vector potential.
Namely, using the asymmetry parameter which is defined as below:

A =
NDown−NUp

NDown +NUp
, (A.2)

where NDown is the number of counted ions with the momenta less than zero, and NUp is
the number of counted ions with the momenta larger than zero. The fit results are shown
in Fig. A.2.
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Figure A.2: Using Fourier series of triangle functions to fit the asymmetry parameter of
O+

2 molecular ion.

Here the maximum asymmetry is 0.01314, and the initial phase with respect to the results
of electron momenta fitting is ∆τ = 16.0± 8.7 fs. We interpret it that the momentum
resolution of the ions is worse than the electrons’.
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A.4 N2 Molecular Orbital

Figure A.3: Molecular orbital diagram for the 1Σg ground state of N2 [176].
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A.5 Dissociative States of Nn+
2 Ions

Table A.1: Electronic states of the dissociative states of Nn+
2 ions. Adapted from

Refs. [82, 170, 172, 177, 181]. The ground state electronic configuration of N2 is known
to be (1σg)

2(1σu)
2(2σg)

2(2σu)
2(1πu)

4(3σg)
2 [176].

Molecular ion State Major configuration KER (eV) Final state

N+
2 C2Σ+

u (3σg)
−1(1πu)

−1(1πg)
1 0.6-1.3 N+(3P) + N(4S)

D2Πg (2σu)
−1(1πu)

−1(1πg)
1 1.7 N+(3P) + N(4S)

32Σ+
u (2σg)

−1 5.3 N+(3P) + N(2D)
32Σ+

g (2σg)
−1 6.7 N+(3P) + N(2D)

52Σ+
g (2σg)

−1 11.4 N+(3P) + N(2D)

52Σ+
g (2σg)

−1 9.4 N+(1D) + N(2D)

52Σ+
g (2σg)

−1 8.2 N+(1D) + N(2P)

N2+
2 A1Πu π−1

u 3σ−1
g 6.7 N+(3P) + N+(3P)

D3Πg π−2
u 3σ0

g π1
g 8.0 N+(3P) + N+(3P)

c1∆g π−2
u 8.1 N+(3P) + N+(3P)

d1Σ+
g π−2

u 3σ0
g 8.4 N+(3P) + N+(3P)

D1Σ+
u π−2

u 3σ0
g π1

g 10.4 N+(3P) + N+(1D)

D1Σ+
u π−2

u 3σ0
g π1

g 12.2 N+(3P) + N+(3P)

N2+∗
2

1Σg 2σ−1
g 3σ−1

g 8.4 N2+(2P) + N(2D)
1Σu 2σ−1

g 3σ−1
u 10.6 N2+(2P) + N(4S)

1Σu 2σ−1
g 3σ−1

u 14.6 N2+(2P) + N(4S)
1Πu 2σ−1

g 1π−1 16.2 N2+(2P) + N(2P)

N3+
2

2Πu 2σ−1
u 1π−1

u 3σ−1
g 13.5 N2+(2P) + N+(3P)

4Σ 2σ−1
u 1π−3

g 1π1
u 19.77 N2+(2P) + N+(3P)
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A.6 Momentum Distribution of the Coulomb Explosion
Fragments
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Figure A.4: For the N+ ion in N(1,1) from Coulomb explosion with the infrared pulse
well before the XUV pulse (a), and with the two pulses temporally overlapped (b). (c,d)
Similar to a and b, but for the N+ ion in N(2,1). The white and the red arrows mark the
XUV and NIR polarization, respectively.
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