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ABSTRACT

The interaction of photons with matter can initiate complex rearrange-
ments of the configuration of bound electrons, which in molecules, in
general, is accompanied by nuclear dynamics. Photoinduced electron
dynamics is much faster than that of the nuclei, and is naturally occur-
ring on the attosecond timescale. Interrogation of these fast dynamics
is possible using attosecond laser pulses. They have become routinely
available a few decades ago establishing the field of attosecond spec-
troscopy, which allowed observation of multiple ultrafast phenomena
in atoms and molecules.

Since the spectrum of an attosecond pulse is inevitably broadband,
its interaction with the target induces a large number of transitions si-
multaneously. In order to access individual photoionization channels
in molecules it is advantageous to detect all charged products in co-
incidence. Since coincidence detection limits the data acquisition rate
down to no more than one event per five laser pulses, a high repeti-
tion rate laser pulse source is required in order to collect significant
statistics.

The present thesis reports on experiments conducted at a beamline
combining a high-order harmonic generation-based attosecond pulse
source operating at 100 kHz with a Reaction Microscope. The beam-
line is driven by a noncollinear optical parametric chirped pulse am-
plification system, in which few-cycle near infrared pulses generated
by a titanium sapphire oscillator are amplified using the picosec-
ond laser pulses delivered by a ytterbium-YAG pump laser. The re-
ported beamline is designed for extreme ultraviolet-near infrared
pump-probe experiments either with attosecond pulse trains or iso-
lated attosecond pulses.

A series of time-resolved measurements with attosecond pulse
trains were performed in molecular nitrogen focusing on the pre-
dissociative ionic C state. The corresponding ultrafast photoelectron
dynamics was accessed with vibrational resolution. The performed
investigation revealed a non-trivial energy dependence of extracted
photoionization delays with respect to a noble gas reference. The ob-
served effect could be a consequence of the multi-electron character
of the photoinduced process under investigation. The reported results
are manifesting one more step towards the attosecond spectroscopy
of large complex molecules with coincidence detection.
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KURZFASSUNG

Die Wechselwirkung von Photonen mit Materie kann komplexe Um-
ordnungen der Konfiguration gebundener Elektronen initiieren, die
in Molekiilen im Allgemeinen von nuklearer Dynamik begleitet ist.
Die photoinduzierte Elektronendynamik ist viel schneller als die Kern-
bewegung und tritt natiirlicherweise auf der Attosekundenzeit-
skala auf. Zur zeitaufgelosten Untersuchung dieser Dynamik konnen
Attosekunden-Laserpulse dienen. Sie sind seit ca. zwei Jahrzehnten
routinemaflig verfiigbar und begriinden das Gebiet der Attosekun-
denspektroskopie, das die Beobachtung einer Vielzahl von ultra-
schnellen Phanomenen in Atomen und Molekiilen ermoglicht.

Da das Spektrum eines Attosekundenpulses zwangsldufig breit-
bandig ist, induziert seine Wechselwirkung mit Atomen oder Mole-
kiilen viele Ubergénge gleichzeitig. Um die verschiedenen Photoin-
isierungskandle zu unterscheiden, ist es vorteilhaft, alle geladenen
Produkte in Koinzidenz zu detektieren. Hierzu sollte die Datenrate
nicht grofer als ein Ereignis pro fiinf Laserpulse sein. Um Daten mit
aussagekraftiger Statistik in realisierbaren Messzeiten zu erhalten, ist
ein Laserpulsquelle mit hoher Wiederholrate erforderlich.

Die vorliegende Dissertation berichtet tiber Experimente, die an
einem Aufbau durchgefiihrt wurden, der eine Attosekundenpuls-
quelle, die auf der Erzeugung hoher Harmonischer basiert und bei
100 kHz arbeitet, mit einem Reaktionsmikroskop kombiniert. Die At-
tosekundenpulsquelle wird von einem nicht-kollinearen optisch-para-
metrischen Verstarkersystem fiir gechirpte Pulse angetrieben, in dem
von einem Titan-Saphir-Oszillator erzeugte Nahinfrarotpulse mit
wenigen Zyklen durch Pikosekundenlaserpulse eines Ytterbium-YAG
Pumplasers verstiarkt werden. Der beschriebene Aufbau ist fiir Pump-
Probe-Experimente mit nahinfraroten und extrem-ultravioletten Laser-
pulsen — entweder Attosekunden-Pulsziige oder isolierte Attosekun-
den-Pulse — ausgelegt.

Eine Reihe von zeitaufgelosten Messungen mit Attosekunden-Puls-
ziigen wurde an molekularem Stickstoff durchgefiihrt, wobei der
Fokus auf dem prédissoziativen ionischen C-Zustand lag. Die Auswer-
tung der entsprechenden ultraschnellen Photoelektronendynamik fiir
verschiedene Schwingungszustiande ergab eine nicht triviale Energie-
abhéngigkeit der extrahierten Photoionisationsverzogerungen in
Bezug auf eine Edelgasreferenz. Der beobachtete Effekt konnte eine
Folge des Mehrelektronencharakters des untersuchten photoinduzier-
ten Prozesses sein. Die berichteten Ergebnisse zeigen einen weiteren
Schritt in Richtung Attosekundenspektroskopie grofser komplexer
Molekiile mit Koinzidenzdetektion.
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Part1

INTRODUCTION AND THEORETICAL BASIS

In the first part of the present thesis, a brief discussion of
physical processes experimentally studied in the present
work together with theoretical models describing them is
given. Chapter 1 is an introductory chapter containing an
overview of recent studies of ultrafast photoinduced dy-
namics in small molecules. The chapter provides a context
to the experiments performed as part of the present work.
Chapter 2 covers theoretical concepts necessary for the de-
scription of the investigated physical processes.






INTRODUCTION

The interaction of light with matter resulting in electron emission has
attracted researcher’s attention for more than a hundred years. Origi-
nally, the electron emission from a bulk metal surface induced by in-
cident light — the photoelectric effect was studied. Starting from the
pioneering experiments on electric discharge performed by H. Hertz
[1], understanding of the underlying mechanisms of the photoelectric
effect raised a challenge to the scientific community. For the physicists
of that time it was hard to understand why the energy of the emitted
electron is depending not on the intensity of the incident light, but
on the photon wavelength. The conceptual argument was so strong,
that it took almost 15 years for the community to accept the quan-
tum mechanical explanation suggested by A. Einstein [2], for which
he was awarded with a Nobel Prize in Physics in 1921. This discov-
ery revealed the quantum nature of electromagnetic radiation, which
lays at the basis of our modern understanding of light-matter interac-
tions. For a detailed overview of the history of the photoelectric effect
discovery please refer to Refs. [3, 4].

The invention of the laser by T. Maiman [5] opened the era of laser
photoionization spectroscopy [6, 7]. Continuous wave (cw) lasers al-
lowed studying the photoionization of single atoms or molecules with
high energy resolution, while pulsed lasers gave access to the corre-
sponding photoinduced dynamics in the temporal domain, establish-
ing the field of femtosecond spectroscopy [8, 9]. Allowing access to
nuclear motion, the corresponding laser pulse duration was still too
long for direct probing of the photoelectron dynamics.

High-order harmonic generation (HHG) with femtosecond laser
pulses, first experimentally demonstrated in the end of 80’s [10, 11]
resulted in the generation of extreme ultraviolet (XUV) photons. The
measured spectrum of the generated XUV radiation was sufficiently
broad to allow an ultrashort duration in the temporal domain. In the
beginning of the millennium the first temporal characterization of
the generated XUV pulses was performed [12, 13]. It revealed that
the typical duration of the XUV pulses achieved through HHG is on
the order of a few hundreds of attoseconds. In the temporal domain
such pulses can be delivered in the form of a pulse train (APT) or
as an isolated pulse (IAP). The reported ultra-short duration of the
XUV pulses makes them an attractive tool for studying ultrafast dy-
namics in different targets. Thus, approximately one year after the
first reported characterization, attosecond XUV pulses were for the
first time used for an experiment performed in a pump-probe con-
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figuration [14]. In this experiment the lifetime of M-shell vacancies
in Kr was measured. Even though attosecond pulses were used in
this experiment, the studied dynamics occurred on the femtosecond
timescale.

In order to access photoinduced dynamics occurring on the attosec-
ond timescale, interferometric techniques such as RABBIT (Recon-
struction of Attosecond Beating By Interference of two-photon Tran-
sitions) or attosecond streaking, originally used for the XUV pulse
characterization, were applied [15]. In such experiments the photoion-
ization delays corresponding to photoelectron wavepackets resulting
from single XUV photon ionization of different targets were accessed
[16, 17]. These delays result from the photoelectron interaction with
the parent ion potential. The concept of such delays was introduced
and studied by E. P. Wigner [18]. Thus, they are conventionally re-
ferred to as Wigner delays. From that perspective, attosecond pho-
toionization pump-probe experiments are to a certain extent similar
to electron scattering experiments [19, 20]. In both techniques the tar-
get potential is studied by measuring the scattered electron. In that
sense, electron scattering and attosecond pump-probe spectroscopy
are approaching similar problems in the frequency and time domains,
respectively [21].

Here a brief description of a number of attosecond pump-probe
spectroscopy experiments performed on isolated atoms or molecules
reported in the literature is given. The present overview mainly fo-
cuses on results that are of a certain relevance for the experimental
studies performed as a part of the present work.

Relatively large photoionization cross sections in the respective
XUV photon energy range and low reactivity makes noble gases an at-
tractive target for attosecond spectroscopy. Thus, a number of pioneer-
ing time-resolved experiments were focused on them. In these exper-
iments one of the common approaches was to compare the photoion-
ization delays corresponding to photoelectrons emitted from two dif-
ferent atomic orbitals. For example, M. Schultze etal. performed an
experiment comparing the photoionization delays corresponding to
ionization from 2p and 2s orbitals in Ne [22]. The measurement was
performed with isolated attosecond pulses (attosecond streaking tech-
nique) with the spectrum spanning over the 100 to 140 eV range. Due
to the relatively high XUV photon energy the ionization of Ne oc-
curred from both 2p and 2s orbitals. Comparing the phases of the two
oscillating signals in the obtained streaking spectrogram a 20 as delay
difference was observed. A similar method was used by K. Kliinder
etal. for investigation of the difference between the photoionization
delays corresponding to 3s and 3p shells in Ar [23]. It is also possible
to compare the delays corresponding to ionization of two different
atoms. For example, C. Palatchi etal. compared photoionization de-
lays measured in Ne, Ar and Kr with those measured in He [24].
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Another method is to scan the XUV photon energy over a spec-
troscopic feature under investigation, for example a resonance, by
tuning the central wavelength of the near infrared (NIR) pulses used
for HHG. Using this technique M. Swoboda etal. studied resonant
XUV =+ NIR two-photon ionization of He with attosecond pulse trains
(RABBIT technique) [25]. In this experiment a resonance with the
1s3p state was scanned revealing a 71/2 phase jump. A similar princi-
ple was used by M. Kotur etal. and C. Alexandridi etal. for the inves-
tigation of photoionization delays in Ar across a Fano resonance [26]
and in the vicinity of a Cooper minimum [27], respectively.

Attosecond pump-probe spectroscopy experiments performed
with angular resolved photoelectron detection revealed an angular de-
pendence of the measured photoionization delays with respect to the
laser polarization. Employing angle-resolved detection techniques,
photoelectron angular distributions (PADs) were accessed in different
targets. For example, S. Heuser etal. studied angular resolved pho-
toionization delays in He [28]. The dependence of the measured de-
lays on the emission angle observed in this experiment was attributed
to NIR photon-induced continuum transitions. Photoionization de-
lays measured with angular resolution in Ar and Ne are reported in
Refs.[29, 30]. It was shown by D. Busto etal. that the angular depen-
dence of photoionization delays measured in a RABBIT experiment
is a consequence of Fano’s propensity rule [31].

The photoionization dynamics in molecules is richer than that in
atoms due to the existence of a large number of states. Thus, the
experimental study of photoionization delays even in the simplest
possible molecules — diatomic molecules — raise a certain challenge.
Nevertheless, modern attosecond spectroscopy is capable of accessing
ultrafast photoinduced dynamics in relatively large molecules, such
as phenylalanine or tryptophan [32, 33]. Due to a possible overlap
of photoelectron signals corresponding to different molecular states,
the photoionization delays cannot always be accessed state-selectively.
Here a number of pump-probe experiments performed in small mole-
cules with state-selectivity are discussed. A series of pioneering exper-
iments performed using attosecond pulses or pulse trains were focus-
ing on nuclear dynamics occurring on the femtosecond timescale. For
example, F. Kelkensberg etal. performed a vibrational state-resolved
experiment on dissociative ionization of H, with IAPs [34]. The HT
fragment kinetic energy distribution was measured as a function of
the pump-probe delay. The observed delay-dependence was ex-
plained by NIR field induced fragmentation of Hj ions at the outer
turning points of the vibrational motion, revealing the coherence be-
tween the wavepacket vibrational components. M. Lucchini et al. and
M. Eckstein et al. performed studies of the photoionization dynamics
corresponding to highly excited states in N [35-37]. In these exper-
iments the N* fragment spectra were measured as a function of the
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pump-probe delay in a range of a few hundreds of femtoseconds re-
vealing the NIR field induced couplings of highly excited states in
N».

Another series of experiments was investigating the attosecond
photoinduced electron dynamics in small molecules. For example, S.
Haessler etal. studied the vibrational state-resolved photoionization
delays corresponding to the X state of the N3 ion using the RABBIT
technique [38]. In this experiment a 0.9t phase difference between
photoelectrons corresponding to the v = 1 and v = 2 vibrational states
of the X state was observed. This effect was attributed to a resonance
with an autoionizing state in the continuum. G. Sansone et al. investi-
gated electron localisation following the dissociation of autoionizing
states in H, with IAPs [39]. The observed asymmetry in the H* frag-
ment yield along the laser polarization was attributed to the electron—
nuclear coupled dynamics. For more examples of recent ultrafast
time-resolved experiments in small molecules with state-selectivity
please refer to the following works: A. Trabattoni etal. studied dis-
sociative ionization of N, with angular resolved N* fragments de-
tection [40]. M. Huppert et al. measured photoionization delays corre-
sponding to valence shell ionization of N, O and H;0O molecules [41].
A. Kamalov et al. compared the photoionization delays corresponding
to the X, A and B states of the C O}L ion revealing electron correlation
effects [42]. S. Nandi etal. and V. Loriot etal. performed electronic
state-resolved RABBIT measurements in N, comparing the photoion-
ization delays corresponding to the X and A states of the NJ ion
[43, 44]. S. Fukahori et al. studied electron-nuclear coupled dynamics
in dissociative ionization of O, by means of XUV pump-XUV probe
spectroscopy [45].

When performing photoionization spectroscopy experiments in
molecules it is advantageous to measure all the resulting photoelec-
trons and ions or ionic fragments in coincidence. The coincidence
detection allows separation of the photoelectron signals correspond-
ing to different ion species, that could not be resolved in another
way. Also, for the dissociating channels, the recoil-axis can be deter-
mined, allowing access to the photoelectron angular distributions in
the molecular frame. Here a number of photoionization experiments
performed in diatomic molecules with coincidence detection using
synchrotron radiation are briefly discussed, illustrating the wealth
of information on the photoinduced processes under investigation
that can be extracted from the measured molecular frame photoelec-
tron angular distributions (MFPADs). For example, M. Schoffler et al.
studied core hole localization in N3 by measuring the Auger elec-
tron emission in the molecular frame [46]. C. Nicolas etal., T. Aoto
etal. and T. Ayari etal. performed experimental studies of the dis-
sociative ionization of N, around ~ [20,40]eV XUV photon energy
range [47—49]. An angle-resolved study of the XUV photoionization
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of N2 and CO molecules was reported in Ref.[50]. It was recently
shown that with the support of theoretical simulations, time-resolved
information, such as photoionization delays, can be extracted from
the MFPADs. Using this approach J. Rist efal. investigated core elec-
tron photoionization delays in CO in the molecular frame [51]. It is
worth mentioning here a recent experiment on single X-ray photon
double ionization of H;. The coincidence detection of the two re-
sulting H* fragments and both photoelectrons allowed access to the
photoelectron angular distributions in the molecular frame. From the
photoelectron interference pattern in the molecular frame a relative
photoionization delay on the order of 250 zeptoseconds (10~2! s) be-
tween the two photoelectrons was retrieved [52]. This result is a huge
achievement on the way towards establishing the field of zeptosecond
spectroscopy.

In order to study ultrafast photoionization dynamics in mole-
cules it is advantageous to combine attosecond XUV laser pulses with
coincidence detection. A number of experiments employing the com-
bination of these two techniques for studying photoionization dynam-
ics in diatomic molecules were reported. For example, L. Cattaneo
etal. studied the dissociative ionization of H; [53]. The photoelectron
distributions were accessed in the molecular frame revealing the ori-
entation dependence of the photoionization delays together with cou-
pled electron and nuclear dynamics. J. Vos et al. investigated orienta-
tion dependent, or stereo Wigner delays in the molecular frame of the
CO molecule [54], theoretically predicted by P. Hockett et al. [55]. Ap-
proximately 20 as or up to 150 as photoionization delay difference be-
tween the photoelectrons emitted from the carbon and oxygen sides
was measured for perpendicular and parallel alignment of the CO
molecules with respect to the laser polarisation, respectively. Since
in this experiment the photoelectron spectral lines corresponding to
different electronic states were overlapping, a state-selective analysis
was not possible, and the extracted delays were effectively integrated
over several states.

In order to access the photoinduced dynamics with attosecond res-
olution in targets with increasing complexity, a number of experi-
mental beamlines combining a high repetition rate HHG-based table-
top XUV laser pulse source with a coincidence detector have been
recently reported. A 10 kHz system operating at 800 nm central wave-
length and delivering 28 fs pulses was developed at the ETH Zurich,
Switzerland [56, 57]. Another 10 kHz system driven with 30 fs pulses
at 800nm central wavelength is located at the Albert-Ludwigs-
Universitdt Freiburg, Germany [58]. In this setup the pump and probe
beams in the interferometer are collinear, which is advantageous for
long-term stability. A 200 kHz system utilizing 5.8 fs pulses at 850 nm
central wavelength is hosted in Lund, Sweden [59]. A system with
tunable repetition rate operating at 1030 nm central wavelength and
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allowing pulse compression down to < 8fs is located in Heidelberg,
Germany [60, 61]. In order to preserve sufficient pulse energy, a 49 kHz
repetition rate and 40 fs pulse duration were chosen for recently re-
ported experiments in H, performed using this beamline. Also sev-
eral setups with similar characteristics were recently developed in
China [62, 63].

In the present work a high repetition rate beamline combining an
HHG-based attosecond pulse source with a Reaction Microscope de-
veloped at the Max-Born-Institut in Berlin is reported. A 100 kHz rep-
etition rate laser pulse source operating at 800 nm central wavelength
serving as a driver for the beamline is capable of delivering laser
pulses with 7.2fs or 3.3 fs durations [64]. Using these NIR pulses for
HHG, few-pulse attosecond pulse trains (APTs) or isolated attosec-
ond pulses (IAPs) can be generated, respectively. These XUV pulses
can be used for time-resolved pump-probe attosecond spectroscopy
experiments performed with coincidence detection.

Using the reported beamline a RABBIT experiment was performed
in N3. Due to the coincidence detection capabilities photoionization
delays corresponding to the predissociative C 2%, state were mea-
sured with vibrational states resolution. The reported study comple-
ments the existing data on photoionization dynamics in N, covering
the C2X{ state of the NI ion, to the best of our knowledge, never
previously accessed in the time domain.

Over two decades after the first temporal characterization of XUV
pulses, they have proven to be an excellent tool for studying ultrafast
photoinduced dynamics establishing the field of attosecond science.
Modern sophisticated experimental beamlines developed all over the
world allow experiments in different targets with increasing complex-
ity. For an overview of the recent advances in the field of attosecond
science please refer to publications by F. Calegari etal. [65] and by J.
Biegert et al. [66], and for an overview of studies on electron dynamics
in molecules please refer to the publication by M. Nisoli et al. [67]. De-
spite the significant development of experimental tools in the arsenal
of the attosecond community, accessing ultrafast dynamics in com-
plex molecules state-selectively is still extremely challenging from
both an experimental and theoretical perspectives. Hopefully, in the
coming years novel techniques developed by a joint effort of experi-
mentalists and theoreticians would allow approaching such problems
with unprecedented resolution.



THEORETICAL BASIS

Chapter 2 gives a brief overview of theoretical concepts necessary for
understanding not only the ultrafast photoinduced dynamics stud-
ied in the present work, but also the experimental methods allowing
accessing it. The overall complexity of the performed experiments im-
plies that a number of different topics have to be covered. In order to
keep the structure clear, the present chapter is split in sections, each
covering a separate problem. The sections are organized as follows:

Section 2.1 focuses on ultrashort laser pulses and their interaction
with a dispersive medium. A wavepacket representation of ultrashort
laser pulses is introduced in Section 2.1.1. The interaction of ultra-
short laser pulses with a dispersive medium and spectral broadening
by self phase modulation (SPM) are discussed in Section 2.1.2 and
Section 2.1.3, respectively. The section is closed with a description of
the high-order harmonic generation process in a gas medium given
in Section 2.1.4.

Section 2.2 describes photoelectron wavepackets and their inter-
action with a potential. Starting from a classical picture of a parti-
cle travelling through a potential given in Section 2.2.1, the analy-
sis is extended to a quantum mechanical picture of a photoelectron
wavepacket travelling through a potential in Section 2.2.2. In Sec-
tion 2.2.3 the concept of the Eisenbud-Wigner-Smith delay is intro-
duced. The photoelectron wavepacket phase shifts induced by a long
range Coulomb potential and by a short range potential of an ion are
discussed in Section 2.2.4 and Section 2.2.5, respectively.

In Section 2.3 a brief introduction to photoionization of atomic
gases is given. Section 2.3.1 contains an overview of photoionization
selection rules in atoms. Since helium and argon were used as ex-
perimental targets for photoionization experiments reported in the
present thesis, a brief overview of their properties is given in Sec-
tion 2.3.2 and Section 2.3.3, respectively.

Since molecular nitrogen was the main experimental target stud-
ied in the present work, Section 2.4 describes properties of homonu-
clear diatomic molecules and their photoionization. A discussion of
molecular stationary states is given in Section 2.4.1. Section 2.4.2 fo-
cuses on vibrational states in homonuclear diatomic molecules. Sec-
tion 2.4.3 describes the conventional multielectron states notation and
Section 2.4.4 gives an overview of photoionization selection rules in
homonuclear diatomic molecules. Section 2.4.5 contains a brief de-
scription of the Franck-Condon principle. The section is closed with
an overview of the properties of molecular nitrogen given in Sec-
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tion 2.4.6, with an emphasis on the molecular states involved in the
photoinduced transitions under investigation.

Finally, Section 2.5 describes the main principles of ultrafast pump-
probe spectroscopy, which is the experimental method used in the
present work. Starting from basic principles of ultrafast measurements
given in Section 2.5.1, the discussion is extended by a qualitative pic-
ture of a RABBIT experiment and a classical picture of an attosecond
streaking experiment given in Section 2.5.2 and Section 2.5.3, respec-
tively. In order to develop a quantum mechanical picture of an ultra-
fast measurement, in Section 2.5.4 the quantum mechanical problem
of an atom in an external electric field is solved in the framework of
first-order perturbation theory. Using a dipole transition matrix repre-
sentation, briefly introduced in Section 2.5.5, the quantum mechanical
description of ultrafast pump-probe spectroscopy measurements is
derived in Section 2.5.6. Spectrograms acquired from ultrafast pump-
probe spectroscopy measurements contain information on both the
ultrafast photoinduced dynamics in a target and the properties of the
laser pulses used. Thus, the pulse characterization and the phase in-
formation extraction from the measured spectrograms are discussed
in Section 2.5.7 and Section 2.5.8, respectively. The chapter is con-
cluded by Section 2.5.9 containing an analysis of the influence of the
probe NIR intensity on the shape of RABBIT spectrograms and on
the phase information extracted from them.



2.1 ULTRASHORT LASER PULSES

2.1 ULTRASHORT LASER PULSES

Ultrashort laser pulses in the near infrared (NIR) spectral range with
typical durations on the femtosecond timescale have become a power-
ful tool for time-resolved spectroscopy of different photoinduced pro-
cesses [8, 9]. The respective temporal resolution allows studying pho-
toinduced nuclear dynamics, while electronic dynamics with charac-
teristic time scales on the order of tens to hundreds of attoseconds
are not accessible by the femtosecond spectroscopy. The discovery of
the high-order harmonic generation (HHG) process in noble gases al-
lowed the generation of laser pulses in the extreme ultraviolet (XUV)
spectral range with durations on the order of hundreds of attosec-
onds [10-12]. With these attosecond pulses photoinduced electronic
dynamics can be studied by time-resolved pump-probe spectroscopy
involving either one XUV and one NIR pulse, or two XUV pulses.

In the present section a theoretical description of ultrashort laser
pulses together with the conventional physical quantities describing
their properties are discussed. Then the principles of nonlinear op-
tical effects in a dispersive medium and their applications for ma-
nipulating the ultrashort laser pulse properties are briefly described.
Finally, an overview of the physical mechanisms underlying the high-
order harmonic generation process, together with the properties of
the generated XUV attosecond pulses are given.

2.1.1  Wavepacket representation

A wavepacket representation is extremely useful for describing both
ultrashort laser pulses and photoelectron wavepackets resulting from
their interaction with atomic or molecular targets. In the present sec-
tion a brief introduction to important concepts and quantities describ-
ing a wavepacket is given. The section opens with a description of an
ultrashort laser pulse. The discussion given in the present section par-
tially follows the textbook by J.-C. Diels and W. Rudolph [68]. In what
follows real quantities, such as an electric field strength E, are written
without a hat, while complex quantities, such as a complex electric
field E, are written with a tilde hat.

In general, light is an electromagnetic wave, which means that it
has electric and magnetic field components related by the Maxwell
equations. For a laser pulse, the interaction of the electric field with
matter is much stronger than that of the magnetic field. Thus, in
the following discussion the magnetic field is omitted, and the real
electric field strength as a function of time E(t) is chosen as a suit-
able quantity for describing the laser pulse in the time domain. From

11
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Laser pulse complex
spectrum.

Laser pulse in the
time domain.
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E(t) the complex spectrum of the pulse E(w) is defined through the
Fourier Transform (&):

E(w) = F{E()} = [E(w)le" 1) (1)

Here for each angular frequency component w, |E(w)| is the spec-
tral amplitude and ®(w) is the phase. It is convenient to separate
E(w) in two parts: E(w) = E*(w) + £~ (w), spanning over positive
and negative angular frequencies, respectively. The corresponding
E*(t) and E~(t) can be obtained through an inverse Fourier Trans-
form (F~'). Then the real electric field is given by E(t) = E*(t) +
E-(v).

The spectral bandwidth of the laser pulse Aw is defined as the
angular frequency range in which the values of the spectral ampli-
tude |E(w)] are exceeding a certain threshold relative to the maximum
amplitude |Emax|, for example a 10dB level. The central angular fre-
quency wy is conventionally defined as the intensity-weighted mean
of w over that range. In some cases wy is assigned as the carrier an-
gular frequency at the maximum of the pulse envelope. If the spectral
bandwidth of the pulse Aw is much smaller than the central angular
frequency wy, it is convenient to represent the E*(t) as the product
of amplitude and phase terms:

ET(t) = %8(t)eid’°ei¢(t)eiw°t (2)

In such a representation £(t) is the real field envelope and ¢(t)
is the time-dependent phase. The time-independent phase term ¢
is relevant only for ultrashort laser pulses. It is referred to as the
Carrier Envelope Phase or CEP. The CEP becomes extremely impor-
tant when working with few-cycle laser pulses, because in that case
it controls the maximum electric field amplitude. For example, in
Fig. 1 two single-cycle Gaussian shape pulses with different CEPs are
shown. In this Figure the electric field as a function of time was set as
E(t) = e—2In2(t/Trwnm)? cos(27t + ¢g), where the time t is measured
in electric field oscillation periods, and Trwhm is the full width at
half maximum (FWHM) of the intensity envelope (I(t) x E(t)?). In-
serting TrwHm = 1 in the above equation a single cycle laser pulse
is described. In Fig. 1 (a) such pulse with ¢ = 0 is shown. This laser
pulse has a single maximum intensity peak positioned at the envelope
centre. Thus, such a laser pulse is referred to as a cosine pulse. On the
contrary, a pulse with the same envelope but with ¢o = /2, shown
in Fig. 1 (b), has two equivalent intensity peaks position<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>