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Zusammenfassung
Eine der größten wissenschaftlichen und technischen Herausforderungen der heutigen Zeit ist
es, chemische Reaktionen mit atomarer räumlicher und zeitlicher Auflösung zu messen und
dadurch den sogenannten „Molecular Movie“, den molekularen Film, aufzunehmen. Wichtige
Vorraussetzungen, um diesem ultimativen Ziel näher zu kommen, sind einerseits Methoden,
um kalte, kontrollierte Moleküle zu präparieren, und andererseits Abbildungstechniken, die die
erforderliche räumliche und zeitliche Auflösung vereinen. In den letzten Jahren sind, vor allem
aufgrund der rasanten Entwicklung von Laser- und Elektronenquellen, verschiedene verfeinerte
Abbildungsmethoden zugänglich geworden. Eine Kombination aus Methoden, um Moleküle
in verschiedenen Quantenzuständen zu separieren und diese dann mithilfe von gepulsten
Lasern feldfrei auszurichten, erlaubt es, Moleküle mit hoher Präzision zu manipulieren und
zu präparieren, bevor diese mit Abbildungsmethoden vermessen werden. Der Einsatz von
gepulsten Starkfeldlasern mit extrem kurzen Pulsdauern im mittleren Infrarotbereich hat
Selbstabbildungsmethoden, wie die Methode "Laser-Induced Electron Diffraction (LIED)",
hervorgebracht, die heute soweit ausgereift ist, dass ihr Potential zur Messung von statischen
Strukturen und der Dynamik von Molekülen mit atomarer räumlicher und zeitlicher Auflösung
genutzt werden kann.

Diese Arbeit kann im Wesentlichen in zwei Teile gegliedert werden, die Kontrolle von
Molekülen und deren Abbildung mittels Elektronendiffraktion zur Strukturbestimmung.

Im ersten Teil liegt der Fokus in der Optimierung von Methoden zur feldfreien Ausrichtung
von Molekülen mithilfe von optimal geformten Laserfeldern. Starke feldfreie Ausrichtung wird
für drei Moleküle gezeigt, beginnend mit dem relativ simplen linearen Molekül Carbonylsulfid
(OCS) bis hin zum komplexen, asymmetrischen Kreisel Indol, der keine Rotationssymme-
trien aufweist und keine Markeratome enthält. Verschiedene experimentelle und numerische
Verfahren steigender Komplexität werden vorgestellt, die jeweilig von der Komplexität des
auszurichtenden Moleküls abhängen und eine starke, feldfreie Ausrichtung der Moleküle und
den Zugang zum moleküleigenen Inertialsystem ermöglichen.

Im zweiten Teil wird die "Laser-Induced Electron Diffraction (LIED)" Methode genutzt, um
die statische Struktur von Molekülen mit atomarer Auflösung zu bestimmen, und am Beispiel
von OCS angewendet. Die starke, feldfreie Ausrichtung, die im ersten Teil vorgestellt wird, wird
genutzt, um winkelaufgelöste Impulsverteilungen von Photoelektronen direkt im Molekülsystem
(MF-ARPES) zu messen. Dies wird für verschiedene Ausrichtungen der Molekülachse bezüglich
der Polarisation des ionisierenden Lasers durchgeführt. Die gemessenen MF-ARPES zeigen
große Unterschiede, die auf die Struktur des höchsten populierten Molekülorbitals zurück-
zuführen sind. Die niederenergetischen Elektronen in den winkelaufgelösten Impulsverteilungen
weisen holographische Interferenzmuster auf, deren Struktur von der Ausrichtung der Moleküle
abhängt. Desweiteren werden winkelabhängige Ionisationraten für direkte, niederenergetische,
sowie gestreute, hochenergetische Elektronen präsentiert, die eine klare Abhängigkeit von
der Ausrichtung der Moleküle zeigen. Die oben beschriebenen Beobachtungen erlauben
Schlußflogerungen über den Einfluss des zugrundeliegenden Molekülorbitals auf die Stark-
feldionisation und feldgetriebene Rekollisionen zu ziehen.
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Abstract
One of the big technical and scientific challenges today is to accomplish the ultimate dream
of filming chemical reactions with atomic spatial and temporal resolution and recording the
molecular movie. Important prerequisites toward this goal are, on the one hand, methods
to create cold, controlled molecular samples and, on the other hand, imaging techniques
that combine the required spatial and temporal resolution. In recent years, especially due to
the fast progress in the development of laser and electron sources, more and more refined
imaging techniques have become accessible. The combination of quantum state selection
with laser-induced field-free alignment and orientation, allow to precisely control and prepare
the molecules under study, before being imaged. Using ultrafast, high-intensity laser sources
in the mid-infrared spectral range, self-imaging methods, such as laser-induced electron
diffraction (LIED), have emerged and their full potential can be explored today to image the
structure and dynamics of molecules with atomic spatio-temporal resolution.

This work can be divided into two major parts, the control and the imaging part.
In the control part, the focus lies on the optimization of field-free alignment using tailored

light fields. Strong field-free alignment will be presented for three different molecules, ranging
from the relatively simple linear molecule carbonyl sulfide (OCS) up to the complex asymmetric
top rotor indole, which lacks rotational symmetries and marker atoms. Different experimental
and numerical schemes of increasing complexity will be presented, depending on the complexity
of the molecule under study, that allow to achieve strong field-free alignment and to access
the molecule-fixed frame (MFF).

In the imaging part, the LIED method will be employed to image and to retrieve the
static structure of molecules with atomic resolution, applied on the example of OCS. The
unprecedented degree of field-free alignment of OCS, achieved in the control part, is employed
to record angularly-resolved photoelectron momentum distributions (PEMDs) for different
rotational wavepackets and for different orientations of the molecular axis with respect
to the ionizing laser polarization. These molecular-frame angularly-resolved photoelectron
spectra (MF-ARPES) exhibit large differences, indicating a dependence of the emitted electron
continuum wavepacket and its dynamics on the shape of the highest occupied molecular orbital
(HOMO). In the low-energy region of the PEMDs, strong-field photoelectron holography
(SFPH) is observed, revealing diverse interference patterns for different molecular orientations.
Moreover, measurements of angle-dependent ionization yields of direct, low-energy electrons
and of rescattered, high-energy electrons will be presented, showing clear alignment-dependent
features. From these aforementioned observations, conclusions will be drawn about the impact
of the underlying molecular orbital on strong-field ionization and field-driven recollisions.
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1 Introduction

Scientific knowledge and scientific progress are strongly driven by observation. Most
scientist would agree with this simple but far-reaching statement, which constituted a
central driving force for the development of ever more elaborate observation methods
over the centuries. A major breakthrough in this evolution was the invention of the
photographic camera and photographic plates in the 19th century, as it allowed for the
first time to record images and store them permanently. The information stored in
such images is integrated over the exposure time, defined by the shutter speed, and the
information itself is carried by the light that ultimately blackens the plates. Since in the
early days only low-intensity light sources existed, taking a sharp picture required long
exposure times within which people were requested to stay motionless in order not to
blur the image and decrease its quality. Technological progress enabled the acquisition of
images on ever faster time scales with shorter and shorter exposure times. It soon was
recognized that taking consecutive images could capture motion, which was beautifully
demonstrated by Eadweard Muybridge in 1878 who imaged the motion of a galopping
horse and proved that at certain times none of its four feet was on the ground but all
were simultaneously in the air.

These developments proved to be of major significance for science and were shortly
after their invention used in laboratories around the world to observe physical phenomena.
Later, with the development of pulsed light and electron sources, time-resolved atomic
and molecular imaging became accessible. In particular, the so called pump-probe scheme
emerged as an important tool to probe the structure and dynamics of matter. In a pump-
probe experiment a certain physical or chemical process is initiated by a short pump
pulse, whose arrival time defines time zero, and subsequently the progress of the reaction
is monitored by a second short probe pulse for a sequence of time delays between these
two pulses. The time resolution is limited by the pulse duration and the spatial resolution
is limited by the wavelength of the probe pulse. In order to obtain high-resolution images
with higher temporal and spatial resolution, probe pulses with shorter wavelengths, i. e.,
higher energy, shorter pulse durations and higher peak intensities are required. Again, as
before in the history of science, these requirements triggered vast technological progress
and the development of more and more refined imaging methods continuing to this very
day.

1.1. Imaging Chemical Dynamics
Atoms and molecules are the building blocks of matter, where molecules consist of two
or more atoms bound together through chemical bonding. The molecular equilibrium
structure, i. e., the spatial distribution of its atomic constituents is characterized through
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1. Introduction

the bond lengths, typically on the order of ∼100 pm (1 pm = 10−12 m), the bond angles
and the torsion angles, arranged in such a way as to minimize the total internal energy.
The microscopic structure of a molecule defines its physical and chemical properties,
known as the structure-function relationship [1]. The most conventional methods to
image the structure of molecules are electron and x-ray diffraction. In both methods
diffraction patterns of elastically scattered particles are recorded in momentum space,
which need to be inverted in order to extract the molecular structure in real space. The
spatial resolution in all imaging methods is either limited by the wavelength of the
light or the de Broglie wavelength when matter waves are utilized. In order to reach
a spatial resolution of 100 pm, photons with energies of 12.4 keV or more are needed,
which is already in the hard x-ray range. Electrons can reach such a resolution already
with a kinetic energy of 150 eV, because they possess mass. Furthermore, the scattering
cross sections are typically 5-6 orders higher for electron scattering compared to x-ray
scattering, because electrons possess charge [2]. This difference in the magnitude of the
scattering cross sections makes conventional electron diffraction (CED) methods more
suitable for application to surfaces or small molecules in the gas phase, i. e., gas-phase
electron diffraction (GED), reaching a spatial resolution as high as 0.1 pm [2]. On the
other hand, x-rays are due to their longer mean-free path more suitable for the study
of large macromolecules, proteins and bulk samples, such as crystals, reaching a spatial
resolution on the order of 1 pm [3]. Today there exist many new microscopy methods
that are far superior in terms of spatial resolution compared to optical microscopy,
such as transmission electron microscopy (TEM) [4], allowing to image non-crystallized
samples, and the later developed cryo-TEM [5] in which samples are cryogenically cooled,
thereby allowing to image proteins and viruses with a few hundred picometer spatial
resolution. The Nobel Prize in Chemistry 2017 was awarded jointly to Jacques Dubochet,
Joachim Frank and Richard Henderson "for developing cryo-electron microscopy for the
high-resolution structure determination of biomolecules in solution".

However, the determination of the static equilibrium structure of molecules provides
only a small fraction of the overall framework. Nature is not static and continuously
subject to change. Molecules may interact with each other or with electrons and photons
and far-off-equilibrium dynamics can be initiated. Today we know that chemical bonding
and chemical reactions are mediated by the valence electrons in atoms and molecules.
Atomic motion within molecules takes place in the femtosecond time domain (1 fs =
10−15 s), thus defining the natural timescale for chemical bond making and bond breaking.
Pure electronic motion is even faster, reaching down to the attosecond time domain (1 as
= 10−18 s) [6], which can be understood by considering that the orbit period for the
1s-electron in hydrogen is 152 as according to the Bohr model and the unit of time in
atomic units is 24.2 as, defined as the time an electron in the first Bohr orbit needs to
travel a distance a0 = 52.9 pm, i. e., the Bohr radius, which is the natural unit of length.

One of the biggest scientific and technological challenges today is to record the so
called ’molecular movie’. The main idea is to initiate some physical process or chemical
reaction in a molecule and to follow the reaction in real time. The ability to record such a
movie would lead to a completely new and deeper understanding of how chemical reactions
take place, the possibility to control and steer chemical reactions with an unprecedented
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1.1. Imaging Chemical Dynamics

degree of control and to test physical models with the highest possible accuracy. This
objective poses many requirements on the light and particle sources used for imaging,
such as spatio-temporal atomic resolution, high coherence, high flux and source stability,
but at the same time there are also strong requirements on the targets under study. In
the following we will briefly introduce the most important and state-of-the-art imaging
techniques that are available today, their strengths and disadvantages, and in how far
the recording of the molecular movie is feasible.

Milestones in the development of light sources were the MASER by Gordon et al. in
1954 [7] and the LASER in 1960 by Maiman et al. [8]. Shortly after their development
many different lasing media were discovered, generating light at different wavelengths.
Combined with new techniques such as mode-locking, employing the non-linear Kerr
effect, and pulse compression, ultrashort pulses were routinely produced ranging from ns
down to fs. Today the working horse of laboratory-based research is the Ti:Sapphire laser
with a central wavelength of about 800 nm, routinely delivering pulses in the fs domain.
The Nobel prize in physics in 2018 was jointly awarded to Arthur Ashkin, Gérard Mourou
and Donna Strickland for their groundbreaking contributions in the field of laser physics,
the latter two in particular for methods in generating high-intensity, ultra-short optical
pulses. The technological progress in laser science opened up new research fields, such
as femtochemistry, whose pioneer Ahmed H. Zewail was awarded the Nobel prize in
Chemistry in 1999 for his studies of the transition states of chemical reactions using
femtosecond spectroscopy [9, 10]. Despite their big success and many important insights
that these time-resolved spectroscopies offer, structure determination is only possible in
an indirect way and they lack the spatial resolution required for the molecular movie.

Time-resolved x-ray diffraction has become available with the advent of synchrotron
light sources providing up to 1012 photons per pulse. The time resolution is limited to
typically ∼100 ps, which is not sufficient to resolve electronic and vibrational motion
in molecules and the photon flux is low for gas phase applications. Only with the
development of free-electron lasers (FELs) [11], which deliver high-flux, femtosecond-
short laser pulses with photon energies ranging from the XUV to the hard x-ray range,
time-resolved x-ray diffraction of gas-phase samples became possible. Powerful imaging
approaches, such as coherent diffractive imaging (CDI) [12–15], have emerged with the
ultimate goal to achieve single particle imaging [16, 17] and the filming of the molecular
movie [18–20]. First proof-of-principle experiments have already been carried out, showing
that single-shot diffraction from nanoscale-sized objects is possible [21] and that the
diffraction-before-destruction principle applies [22]. However, these imaging methods
still do not reach atomic resolution on the order of the bond lengths. Furthermore,
since most FELs are based on the self-amplified spontaneous emission (SASE) principle,
they suffer from having random pulse profiles from shot to shot, short coherence times
as well as time jitter in the range of a few to a few hundred femtoseconds. This is
a disadvantage, in particular for pump-probe experiments, because from shot to shot
the synchronization between the pump and the probe pulse changes and a high timing
uncertainty is introduced. A possible resolution of this problem was proposed by using
well stabilized seed lasers to initiate the lasing process using stimulated emission instead
of spontaneous emission [23]. Another drawback is that these light sources are only
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1. Introduction

available in big facilities, which are costly to build and to maintain. In addition, one must
apply for beamtime and access is limited in time. Therefore, parallel to the development
of accelerator-based light sources, huge efforts are undertaken to create laboratory-based
sources, which are cheaper, easier to maintain and accessible on a daily basis.

Through the progress in laser science and the development of ultrafast laser sources
many new time-resolved laboratory-based imaging methods have emerged over the
past decades. In ultrafast electron diffraction (UED), electron pulses are generated by
illuminating a photocathode with a femtosecond-short laser pulse leading to electron
emission through the photoelectric effect. Today, typically electron pulses with pulse
durations of few ps and up to 106 - 107 electrons per pulse can be produced [24]. The
temporal resolution is limited through space charge effects where due to the mutual
Coulomb repulsion between the electrons spatial and temporal broadening of the electron
pulses occurs. In order to increase the temporal resolution and to reach the fs domain
either the number of electrons per pulse must be reduced [25] or electron beams at
relativistic velocities are utilized [26]. The latter method has the disadvantage that
at these kinetic energies cross sections decrease significantly and that these relativistic
electron sources are again operated at big facilities [27].

In laser-induced Coulomb-explosion imaging (CEI), which was extensively used in the
present work, a femtosecond-short high-intensity laser is used to multiply ionize molecules
and subsequently its ionic fragments are recorded. Recording the velocity components of
these fragments allows to reconstruct the molecular structure at the time of ionization
if the dissociation occurs rapidly and the axial recoil approximation holds. Using this
method, the structure and dynamics of nuclear wavepackets in I2 could be imaged with
∼200 pm spatial resolution and 80 fs temporal resolution [28]. Later, even sub-100 pm
spatial resolution and sub-5 fs temporal resolution was achieved with CEI when imaging
vibrating D+

2 ions and dissociating SO2+
2 ions [29].

A promising approach for the creation of ultrashort pulse VUV and XUV radiation is
to utilize high harmonic generation (HHG). In HHG, a laser is focused into an atomic
or molecular target gas. The target, consisting typically of rare-gas atoms in most
experiments, is strong-field ionized and a fraction of the released electrons returns after
some propagation in the laser field, where they are accelerated, to their parent ion. Upon
recombination the electrons emit the kinetic energy they gained in the laser field as
high-energy photons. This is also the mechanism leading to XUV attosecond pulses,
first demonstrated in 2001 by the groups of Pierre Agostini [30] and Ferenc Krausz [31].
Advantages of these light sources are that for both, the pump and the probe pulse,
the same laser can be used such that synchronization between the two is extremely
stable and can be controlled to a high degree. Furthermore, the emitted radiation is
highly coherent. Although HHG and attosecond XUV pulses are promising candidates
for ultrafast imaging experiments, they suffer from low photon flux and it is difficult
and demanding to extend the wavelength of the HHG radiation to the x-ray range.
Since the photon energy depends on the kinetic energy of the returning electron, which
scales as Ekin ∝ Iλ2, it is advantageous to use mid-infrared radiation for the creation of
high-harmonics, which is the subject of current research [32].
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Another class of imaging methods, so-called self-imaging methods, have emerged
in the last 20 years [33]. One of the most appealing and promising method in this
catergory is called laser-induced electron diffraction (LIED), first proposed in 1996 [34].
The principle underlying LIED is similar to HHG. After tunnel ionization, a fraction of
the released electrons can be driven back by the laser field to their parent ion and they
can either recombine and emit HHG or they can elastically or inelastically scatter. It
was shown that high-energy elastically scattered electrons in photoelectron momentum
distributions (PEMDs) contain structural information about the molecule they scatter
off [34]. The LIED method exhibits several advantages compared to other electron
diffraction methods. First of all, the electrons are released and return within a fraction
of the laser cycle, typically a few fs, depending on the wavelength of the driving field.
Their kinetic energy at the instant of rescattering is a function of the exact time of
ionization. This means that in principle subcycle timing information is contained in the
measured electron distributions. Another advantage is that LIED constitutes a complete
pump-probe experiment using only a single pulse because the ionization process triggers
nuclear motion in the molecules, which is probed within a few femtoseconds. Moreover,
the electron current that scatters from the target is higher than in any other electron
diffraction method. Another important advantage over conventional electron diffraction
methods is that much lower electron kinetic energies are employed in LIED. The electron-
atom elastic scattering cross sections at high scattering energies scale as Zn, where Z is
the nuclear charge of the atomic target that is imaged and n ≥ 1 a positive number. Thus,
the overall scattering signal from a molecule in UED is highly dominated by the most
heavy atomic scatterers and scattering from light atoms, such as hydrogen, is difficult
to be observed. With LIED it is possible to measure bond lengths involving hydrogen
as one of the bond partners [35]. Since higher electron kinetic energies at the instant of
rescattering result in higher spatial resolution, it is favourable to use mid-infrared ionizing
fields in LIED. This is also one reason why more than 15 years passed from the first
proposal until the first experimental realization with atomic resolution [36], owing to the
required development of high-intensity laser sources in the mid-IR wavelength range. The
LIED method was successfully tested in atoms [37, 38], diatomic molecules [36, 39, 40],
and recently also in simple poylatomic molecules such as in acetylene [35], ethylene [41],
or benzene [42]. First experiments revealing ultrafast bond breaking in acetylene have
been reported [43]. Although there was quite some progress and success in using LIED
over the last years, it is not clear if the method is suited for atomic-resolution imaging of
the dynamics of large polyatomic molecules and how the experiments and theory have to
be conceived to fulfill this aim. In addition, the potential of the inherent time resolution
of the LIED method has not been routinely utilized so far.

1.2. Cold Controlled Molecules
So far we have only discussed the most promising methods for atomic and molecular
imaging and the requirements that the electron and photon sources have to fulfill to
enable high-resolution time-resolved structural retrieval in pump-probe experiments.
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However, there are also strong requirements on the targets, the atoms and molecules,
such that the aforementioned imaging experiments can provide clean measurements with
a maximum of information content. Experiments in the gas phase are typically conducted
on large ensembles of particles, which are needed to achieve good statistics with a high
signal-to-noise ratio. It is therefore important to be able to prepare the particles in well
defined initial states such that all individual measurements are conducted under the same
conditions, otherwise information is lost. For molecules with many degrees of freedom
this means that amongst other things the initial state distribution must be restricted to
as little initial states as possible.

Isolated gas-phase molecules in molecular beams are ideally suited for imaging experi-
ments since they are not significantly perturbed by their surrounding. Cold molecular
beams can be formed through supersonic expansion [44, 45]. In a supersonic expansion
large part of the internal energy of a molecule is transferred to its translational degree
of freedom when the molecules are expanded from a high pressure region into vacuum.
The rotational, vibrational and electronic degrees of freedom are thereby cooled, allowing
to obtain molecules in their electronic and vibrational ground states with rotational
temperatures below one Kelvin [1, 46]. Using pulsed nozzles, such as the Even-Lavie
valve [44], allows to use higher pressures of the seed gas before the expansion compared to
continuous flow nozzles, and to create pulsed molecular beams with sub-Kelvin rotational
temperatures and higher peak densities [47, 48]. However, depending on the size of the
molecule and the energy spacing between its rotational states, at a rotational temperature
of 1 K typically still tens to several hundreds of states are significantly populated. Hence,
other methods are needed to further confine the initial state distribution.

The manipulation of atomic and molecular beams, exploiting external electric and
magnetic fields to achieve quantum-state selectivity and spatial control, is almost as
old as the field of atomic and molecular beams itself. One of the most famous early
experiments in this context is the Stern-Gerlach experiment, in which an inhomogeneous
magnetic field was used to spatially separate neutral silver atoms in the 5s state into
two distinct beams [49], a controversy at the time, which was later resolved through
the existence of the electron spin. Otto Stern was awarded the Nobel Prize in Physics
in 1943, amongst others for his contributions to the field of molecular beams. Another
famous example is the electrostatic quadrupole focuser, which was used as a selective
lens to focus only ammonia molecules with a population inversion into a microwave
cavity, leading to the discovery of the MASER [7]. Such multipole focuser have been
used in various experiments but they were limited to the manipulation of the transverse
motion of molecules only [50]. The first successful demonstration in which also the
longitudinal motion of neutral polar molecules was manipulated was achieved using the
Stark decelerator [51]. A Stark decelerator consists of a periodic array of electrodes in
which at a given time only the odd or even numbered stages are switched to high voltages,
whereas the other stages are grounded. Molecules experience the inhomogeneous electric
field as a potential hill and loose kinetic energy when climbing the hill. In order to prevent
the molecules from gaining again the lost kinetic energy after the peak of the potential
hill toward smaller field strengths, the fields are switched such that the molecules find
themselves continuously in front of a potential hill and loose continuously kinetic energy.
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1.2. Cold Controlled Molecules

Since the force exerted on a molecule depends on its effective dipole moment, which is a
quantum-state-specific property, the Stark decelerator can be used as a quantum-state-
selective filter [50]. The Stark decelerator method turned out to work only for molecules
in low-field seeking quantum states, a limitation that was overcome with the alternating
gradient focuser [52–54]. Using these methods to slow down molecules allows to control
precisely the relative velocity in molecular collisions in crossed beam experiments [55],
to increase the precision of spectroscopic measurements by increasing the interaction
time of the molecules with the radiation field [56, 57] and to trap slow particles through
additional multipole traps [58, 59], allowing to measure radiative lifetimes of excited
states with high precision [60].

The electrostatic analogue to the inhomogeneous magnetic field, used in the Stern-
Gerlach experiment, is the electrostatic Stark deflector [1], which was used in almost
all experiments presented in this work. In the electrostatic deflector a strong, static
inhomogeneous electric field is used to spatially deflect and, hence, separate neutral polar
molecules in different quantum states with different effective dipole moments. Quantum-
state and conformer selection can be achieved using this method as well as the separation
of different clusters, i. e., separation of the monomer from the dimer, trimer etc. [1].
Furthermore, it was shown that an almost pure ground-state ensemble could be separated
in small molecules [61, 62]. More complete overviews over this large field, describing in
detail the different elaborate methods to control and manipulate atomic and molecular
beams can be found in [1, 50, 63].

Employing the aforementioned methods involving electric and magnetic fields, allows
to manipulate the transverse and longitudinal motion of molecules and to isolate quantum-
state specifically molecules from the initially mixed molecular ensemble. However, this
is still not sufficient, because many chemical and physical processes depend on the
relative orientation of the interacting particles, amongst others steric effects in chemical
reactions [64], molecular scattering [65], the ionization efficiency of molecules [66], x-ray
diffraction [14, 67, 68], and electron diffraction [25, 69]. Molecules in the gas phase rotate
freely and all observables are measured in the laboratory-fixed frame (LFF), i. e., the
measured observables are averaged over all orientations of the molecules. In order to
access the molecule-fixed frame (MFF) one has to fix the molecules with respect to the
LFF, commonly referred to as alignment and orientation of molecules [70].

The first studies to orient molecules using electric fields employed the electrostatic
hexapole, in which a single rotational quantum state was selected and oriented along the
electric field axis [71, 72]. However, the degree of orientation was moderate due to the
weak fields used and the method was only applicable to a single selected rotational state.
In the 1990’s another method using electrostatic fields, dubbed brute-force orientation,
was proposed, in which strong dc fields were used to create oriented molecular samples
through mixing of field-free rotational states [73–77]. Nevertheless, even with such strong
dc fields the achievable degree of orientation was limited. Shortly thereafter the potential
of using non-resonant non-ionizing ac laser fields to align molecules was recognized, which
provided much higher field strengths compared to the static dc fields used hitherto [78, 79].
With this new approach the class of molecules that can be aligned was extended to a
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wider range, where in principle all molecules with an anisotropic polarizability tensor can
be aligned [70]. When linearly polarized laser fields are used, only the most polarizable
axis of a molecule is aligned resulting in 1D alignment. Using elliptically polarized laser
pulses or multiple linearly polarized pulses that are cross polarized one can achieve 3D
alignment, where all 3 molecular axes are confined with respect to the LFF [80–83]. Two
distinct regimes of alignment were recognized, categorized according to the pulse duration
of the laser field compared to the rotational period of the molecule. When long pulses are
used, the field-free rotor eigenstates evolve adiabatically into field-dressed pendular states,
which are angularly confined eigenstates of the optical double-well potential, formed by
the alignment laser field [84]. This regime is called adiabatic alignment and it turned
out to be an efficient and elegant way to achieve a high degree of alignment (DOA)
during the presence of the laser field [85–88]. In the other regime, the so called impulsive
alignment, a short laser pulse creates a rotational wavepacket by coherently populating
excited rotational states [89–91]. The DOA achieved in this regime depends critically
on the laser pulse parameters where the breadth of the rotational wavepacket, i. e., the
number of populated rotational states, and their phase relationship defines the DOA.
The strength of impulsive alignment compared to adiabatic alignment is that molecules
can be aligned under field-free conditions [92, 93] without the permanent presence of the
alignment laser field, which may disturb the actual experiment and its outcome.

The dependence of the DOA on the laser pulse parameters when impulsive alignment
is employed opens up the possibility to manipulate the laser fields and to search for
optimal solutions yielding the highest DOA. Systematic studies have been carried
out and several schemes proposed and tested to optimize the degree of alignment and
orientation, including multiple alignment pulses [94–98], coherent control schemes [99],
the combination of long and short pulses [100, 101], switched wavepackets [102] and
shaped laser pulses [103–106]. Another critical parameter that strongly affects the final
achievable DOA is the rotational temperature of the molecular beam, i. e., the initial
state distribution. It was shown that the DOA could be improved to a large extent when
quantum-state-selected molecular samples with a single or few initial rotational states
were used compared to a thermal distribution [68, 107–109]. By using such state-selected
molecular samples and choosing the pulse duration of the alignment laser pulses to be on
the order of the rotational period of the molecule, wavepackets with only few or even
only two rotational states were formed [110, 111]. Finally, utilizing both, ac laser fields
to align molecules and dc fields to orient molecules, the mixed-field orientation approach
was proposed [112–115], which proved to be a very efficient way to achieve high degrees
of orientation [116, 117].

It should be mentioned that using detection schemes in which particles are measured in
coincidence, such as reaction microscopes, for example Cold Target Recoil Ion Momentum
Spectroscopy (COLTRIMS) [118, 119], the orientation of a molecule with respect to the
LFF can be recovered from the measured data a posteriori [120, 121]. However, there
are several reasons why field-free alignment is still an indispensable tool. The count
rates in reaction microscpes are limited to at most one molecule per shot otherwise the
one-to-one mapping between the detected fragments and their positions and momenta is
lost. Experiments on isotropic molecular samples yield therefore very low count rates
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for any chosen orientation within a differential solid angle. The experimental acquisition
time that is required to get enough statistics for one specific orientation exceeds therefore
by orders of magnitude the stability of the experimental setup [122]. Therefore, even for
such experiments, pre-alignment and orientation is an important prerequisite.

Huge efforts were undertaken and big steps made toward the goal of real-time imaging
of chemical reactions. The most important prerequisites for the recording of such a
molecular movie are imaging methods that provide the required combined atomic spatio-
temporal resolution with probe pulses of high-enough brightness. At the same time the
atomic and molecular targets must be controlled with high precision such that clean
and reproducible initial conditions are prepared that allow to draw definite conclusions
from such imaging experiments. However, besides the requirements on the experimental
side, substantial theoretical support is inevitable, in particular because our current
understanding of far-off-equilibrium dynamics in molecules is very limited. A combination
of the presented state-of-the-art imaging methods with strongly aligned or oriented, cold,
controlled molecules is a promising route toward recording the molecular movie.
But this journey is just starting.

1.3. This Thesis
The main objective of this work is twofold. The first main goal concerns the extension and
optimization of existing methods for laser-induced field-free molecular alignment, ranging
from linear molecules to arbitrarily complex asymmetric top rotors without rotational
symmetries and marker atoms. The second main goal concerns the imaging of molecules
with atomic resolution by employing the laser-induced electron diffraction (LIED) method
and the investigation of the effect of the MFF on such measurements.

The structure of this thesis is the following. In chapter 2, the fundamental theoretical,
experimental and numerical concepts that were used throughout this thesis will be
presented. The fundamental principles underlying quantum-state selection of neutral
molecules, pulse shaping techniques, laser-induced alignment and orientation of molecules,
the different numerical methods and programs used to simulate the rotational dynamics
of molecules, ionization and rescattering of electrons from atoms and molecules, the LIED
method and how to retrieve structural information from it, will be discussed. In chapter 3,
the general experimental setup with an emphasis on the setup built at the Max-Born
Institute (MBI) in Berlin will be presented.

The remaining chapters of the thesis can be divided roughly into two parts. In chap-
ter 4, chapter 5 and chapter 6, field-free alignment of molecules, with successively
increasing complexity will be presented. It will be shown how shaped laser pulses can
be used to optimally align molecules in chapter 4, chapter 5 and chapter 6 via different
shaping methods. In chapter 4, a Mach-Zehnder interferometer was used to create two
time-delayed pulses and successively kick OCS molecules to achieve optimal field-free
alignment. In chapter 5, 1D alignment of OCS and iodobenzene (IB) was achieved using
a spectrally truncated chirped pulse (STCP). This pulse was shaped using a long-pass
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transmission filter which cut out part of the spectrum and lead to an altered pulse shape
in the time domain, characterized by a fast fall-off from its maximum value to almost
zero intensity within a few ps. In chapter 6, a spatial light modulator (SLM) was used to
3D align indole molecules using linearly-chirped elliptically-polarized truncated alignment
pulses. Using the SLM the turn-off time of the truncated pulse could be reduced from
∼8 ps in the transmission filter method to below 3 ps.

The second part, consisting of chapter 7 and chapter 8, concentrates on imaging
using the LIED method. In chapter 7, LIED measurements of the rare gas atoms
argon and krypton and of isotropic OCS at a wavelength of 2 µm are presented. For
OCS the molecular structure could be retrieved with atomic resolution to better than
±5 pm by employing the quantitative rescattering theory (QRS), the independent-atom
model (IAM) and atomic scattering amplitudes computed using a relativistic partial-wave
scattering code. In chapter 8, molecular-frame angularly-resolved photoelectron spectra
(MF-ARPES) are presented that were measured from strongly field-free aligned OCS
molecules, probed at different wavelengths. The effect of different alignment distributions
on the photoelectron momentum distributions (PEMDs) is discussed and the connection to
the MFF, in particular to the highest occupied molecular orbital (HOMO) of OCS. Angle-
dependent ionization yields and strong-field photoelectron holography (SFPH), observed
at different orientations of the molecules with respect to the probe-laser polarization, are
presented and their differences are discussed.

Finally, in chapter 9, a summary of what has been achieved and an outlook over
ongoing work and projects that are planned for the near future and extend the work
presented in this thesis is given. In the Appendix more detailed information about the
calculation of expectation values, that were used for the characterization of molecular
alignment and orientation, molecular data for the three investigated molecules OCS, IB
and indole, and the detector calibration can be found.
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2 Fundamental Concepts

This chapter serves as an overview over the theoretical, experimental and numerical
methods and concepts used throughout this thesis.

2.1. Molecules in Electric Fields
The interaction of light with matter is at the heart of a plethora of physical phenomena
and, in particular, forms the basis of almost all methods to investigate the structure of
matter and chemical reactions. The most complete description of light-matter interactions
is in terms of Quantum Electrodynamics, which constitutes the physical theory tested
with the highest accuracy to date. Nevertheless, many effects can be described in a
semi-classical manner, where the bound atomic or molecular system is described quantum
mechanically and the light fields classically. We will follow this semi-classical approach
throughout this work.

The interaction of molecules with external electric fields ~ε(t) leads to the splitting
of degenerate energy levels and energy shifts, which can be described through a series
expansion about the field-free energy E(t0) at some time t0 before the onset of the
field [123]:

E(t) = E(t0) + (∂iE)|t0εi(t) + 1
2(∂i∂jE)|t0εi(t)εj(t) + 1

6(∂i∂j∂kE)|t0εi(t)εj(t)εk(t) + . . . ,

(2.1)

= −µiεi(t)−
1
2αijε

i(t)εj(t)− 1
6βijkε

i(t)εj(t)εk(t) + . . . , (2.2)

where i, j, k = x, y, z are cartesian coordinates, ∂iE = ∂E
∂εi

, and a sum over repeated
co- and contravariant indices is implied (Einstein summation convention). The partial
derivatives evaluated at time t0 can be identified as

−(∂iE)|t0 = µi, −1
2(∂i∂jE)|t0 = αij, −1

6(∂i∂j∂kE)|t0 = βijk, (2.3)

being the permanent dipole moment, the static polarizability tensor of second order,
and the hyperpolarizability tensor of third order, respectively. Usually only terms up to
the polarizability tensor are included since on the one hand the series in (2.1) typically
converges fast, with higher-order terms being negligibly small, and on the other hand
there do not exist reliable data, neither measured nor computed, for the higher-order
tensors.

Hereafter, we consider the coupling of molecules to static electric fields, as provided
in a velocity map imaging spectrometer (VMIS) [124] or a Stark deflector [1], and to
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alternating electric fields employed for laser-induced alignment [70]. The Hamiltonian for
a polar molecule coupled to a static and alternating electric field can be written as [125]

Ĥ = Ĥr + ĤStark + Ĥlaser . (2.4)

The first term in (2.4) describes the field-free rigid rotor Hamiltonian

Ĥr = BxĴ
2
x +ByĴ

2
y +BzĴ

2
z , (2.5)

with Bi = ~/2Iii being the rotational constants of the molecule, depending on the moments
of inertia Iii in the principal axis system of inertia, and Ĵi being the angular-momentum
operators defined in the molecule-fixed frame (MFF) with i = x, y, z.
The second term in (2.4) describes the coupling of the molecule to a static electric field
εs [126].

ĤStark = −~µ · ~εs = −εs
∑

i

µiΦiZ , (2.6)

where ~µ is the permanent dipole moment of the molecule and εs was chosen to point
along the Z axis in the laboratory-fixed frame (LFF). The transformation from the MFF
with i = x, y, z to the LFF with J = X, Y, Z is given by a rotation around the three
Euler angles (φ, θ, χ), described through the direction cosines ΦiJ , i. e., the entries of the
rotation matrix [127]. The Stark effect will be discussed in more detail in subsection 2.1.1.
The last term Ĥlaser in (2.4) describes the coupling of the molecule to a non-resonant
non-ionizing ac laser field ~ε(t), given by [70]

Ĥlaser = −~µ · ~ε(t)− 1
4
∑

J,K

εJ(t)αJKεK(t) , (2.7)

where the space-fixed components αJK of the polarizability tensor with J,K = X, Y, Z

are related to the molecule-fixed components αmn through [70]:

αJK =
∑

m,n

ΦJmαmnΦnK . (2.8)

The first term in (2.7) describes the coupling of the permanent dipole moment to the
laser field and it is typically neglected, since for lasers in the visible or near infrared part
of the spectrum the oscillations of the field are fast compared to the rotational dynamics
of the molecules, i. e., the dipole moment contribution averages to zero over one optical
cycle [78]. A more detailed discussion of the Hamiltonian in (2.7) will be presented in
the context of molecular alignment in section 2.3.

2.1.1. Stark Effect

A polar molecule has a permanent dipole moment in the MFF, i. e., the centers of positive
and negative charge distributions do not coincide. The interaction of such a molecule
with a static electric field leads to energy shifts and hybridization of the wavefunction
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according to the dc Stark effect [128]. The energy correction W can be calculated by
perturbation theory [126], resulting in the first-order correction for a symmetric top rotor

W (1) = 〈JKM | ĤStark |JKM〉 = −µεs 〈JKM |ΦzZ |JKM〉 = − µεsKM

J(J + 1) , (2.9)

where ĤStark is defined in (2.6), J is the angular-momentum quantum number, M its
projection onto a lab-fixed axis, K its projection onto a molecule-fixed axis and |JKM〉
are the symmetric rotor eigenstates. For linear molecules, as well as symmetric top
molecules in states with K = 0, the first-order correction vanishes and there is no linear
Stark effect. The second-order correction, or quadratic Stark effect, for a linear molecule
is accordingly calculated as [126]

W (2) =
∑

J ′

| 〈JM | ĤStark |J ′M〉 |2

EJ − EJ ′
= µ2ε2s

2hB
J(J + 1)− 3M2

J(J + 1)(2J − 1)(2J + 3) . (2.10)

In general, to second order perturbation theory, the total energy correction can be written
as

W = W (1) +W (2) = −(~µ+ ~µind) · ~εs = −µeffεs , (2.11)

where ~µind = α~εs is the induced dipole moment and µeff the space-fixed effective dipole
moment along the electric field axis in the LFF. The effective dipole moment can be
calculated as the first derivative of the energy correction according to

µeff(εs) = −∂W
∂εs

. (2.12)

In Figure 2.1 a, the Stark effect energy correction as a function of the applied electric
field strength is shown for the linear molecule OCS for its six lowest energy eigenstates
and in Figure 2.1 b the corresponding effective dipole moments. One observes that
for certain states the energy increases with increasing field strength whereas for most
states it decreases. These states are called low-field seeking and high-field seeking states,
respectively. Since molecules interacting with the external electric field tend to minimize
their energy, molecules in low-field seeking states are repelled and high-field seeking states
are attracted to regions of high field strengths.

The field-strength dependence of the energy shift and of the effective dipole moment
in (2.12) can be used to manipulate the motion of molecules. In an inhomogeneous field
a force

~F = −~∇W = µeff · ~∇εs (2.13)

is exerted on the molecules. According to (2.13), molecules with different effective
dipole moments will experience different forces and, hence, follow different trajectories.
This is the basic idea underlying the concept of quantum-state selection using the
electrostatic deflector [1]. Two electrodes at different potentials create a static electric field,
homogeneous in one direction and strongly inhomogeneous in the perpendicular direction.
Molecules in different quantum states are spatially dispersed according to (2.13), with the
rotational ground state |J = 0,M = 0〉 experiencing the strongest shift (see Figure 2.1 a,b).
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Figure 2.1.: Stark curves with energy shifts and effective dipole moments of the six lowest
rotational states of OCS. a Energy shift calculated from dc Stark effect, b effective dipole
moments calculated as first derivative of energy shift with respect to electric field strength. The
curves were calculated using CMIstark [129], the image is taken from [61].

For molecules with large permanent dipole moments and very different magnitudes
of the effective dipole moments for different quantum states, this allows to spatially
separate a part of the molecular beam which contains an almost pure ground-state
contribution [1, 62, 130, 131].

2.2. Pulse Shaping

In subsection 2.3.3, the dependence of the rotational dynamics of molecules on the pulse
parameters of the alignment laser is discussed. Different pulse parameters generally lead
to different dynamics, which defines the problem of finding optimal pulse forms to control
the rotation of molecules. This can be achieved using optimally tailored laser pulses.
The term pulse shaping in general refers to any modification of the electric field of a
laser pulse. However, in particular for ultrashort laser pulses, it is difficult to modify the
electric field by shaping it in the time domain, because the response time of materials
is slower than the duration of the light fields. Therefore, shaping of femtosecond and
picosecond long laser pulses is performed in the frequency domain.

A laser pulse is completely characterized either by its electric field ε(t) or its spectrum
ε(ω). The spectrum is related to the electric field via a Fourier transformation

ε(ω) =
∫ ∞

−∞
ε(t)eiωtdt . (2.14)
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A pulse shaper is a device that modifies the electric field or its spectrum and can be
approximated to first order as a linear system which takes an input pulse and returns an
output pulse. The effect of the linear system can be uniquely described by its impulse
response function h(t) in the time domain, or equivalently, by its transfer function H(ω)
in the frequency domain. Input functions f(t), F (ω) and output functions g(t), G(ω) are
related via

g(t) = (f ∗ h)(t) , (2.15)
G(ω) = F (ω)H(ω) . (2.16)

The effect of the pulse shaper on the input pulse is, therefore, uniquely characterized if
one knows the impulse or transfer function of the pulse-shaping device.

Some of the simplest pulse-shaping devices are for example the Michelson or Mach-
Zehnder interferometers, which split an input pulse into two pulses, delayed with respect
to each other; dispersive media that delay pulses and introduce spatial and temporal
chirps; and grating compressors, used to introduce or remove chirps in the electric
field [132]. Pixelated liquid-crystal pulse shaper, called SLM, contain a large number of
pixels that are used as waveplates and can be controlled individually through an applied
voltage [133, 134]. The phase introduced through each pixel is

φ(ω, U) = ω∆n(ω, U)eCL
c

, (2.17)

where ∆n(ω, U) is the difference between the refractive index of the fast and the slow axis
of the nematic liquid crystals, U is the applied voltage, c is the speed of light and eCL is
the distance the light travels inside the liquid crystal pixel. Using a 4f -setup, also called
zero-dispersion line, one can separate and focus different wavelengths onto different pixels
and, therefore, act individually on different components of the spectrum. Recombining
them afterwards with a changed phase pattern leads to a new waveform [132]. More
details on pulse shaping can be found in the review articles [132, 135] and references
therein.

2.3. Alignment and Orientation of Molecules
Both terms, alignment and orientation, refer to the confinement of molecular axes with
respect to the laboratory-fixed frame (LFF). One speaks of one-dimensional alignment,
if only one molecular axis is confined and of three-dimensional alignment, if all three
molecular axes are confined. Aligned molecules still possess a head-to-tail symmetry,
corresponding to rotations of 180 ◦ around an axis perpendicular to the laser polariza-
tion axis. If this symmetry is broken, one speaks of orientation, in particular 1D/3D
orientation for one axis being oriented or all three axes having preferred directions in
space, respectively. Molecules in the gas phase rotate freely and are randomly aligned
and oriented. Ensemble-averaged measurements do not allow to access the molecule-fixed
frame (MFF) and yield isotropic angular distributions. Alignment and orientation is in
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this sense equivalent to the creation of anisotropic angular distributions where the degree
of anisotropy is a measure of how well-aligned and oriented the molecules are [136]. The
concepts introduced above are illustrated in Figure 2.2 for the asymmetric top rotor
iodobenzene (IB) for both, 1D and 3D.

Isotropica 1D Alignmentb 3D Alignmentc 1D Orientationd 3D Orientatione

Figure 2.2.: Schematic visualization of alignment and orientation of the asymmetric top rotor
iodobenzene. a Isotropic distribution of molecular axes without external field, b one-dimensional
alignment as created using a linearly-polarized laser pulse, c three-dimensional alignment where
all molecular axes are fixed in space as created by using two linearly cross-polarized or an
elliptically-polarized laser pulse, d one-dimensional orientation as created by using a dc field, and
e three-dimensional orientation as created by using mixed-field orientation, i. e., 3D alignment
combined with a static electric field.

We will restrict our discussion to alignment of molecules using non-resonant non-
ionizing laser pulses [70] and mixed-field orientation [112, 113], where in addition to
alignment a static electric field is used to define a preferred direction in space. The
Hamiltonian for this scenario was already introduced in (2.4). In most experiments,
where laser-induced alignment is employed, lasers with wavelengths centered at 800 nm or
1064 nm are used, since they are well detuned from any resonances in most molecules. At
these wavelengths the laser cycle is much faster than the rotational period of the molecules
and the dipole moment term in (2.7) can be neglected [78]. Thus, molecular alignment
can be simply described through the interaction of the laser with the polarizability tensor
of the molecule, and, in particular, with the polarizability anisotropy as we will see in
the following.

The interaction Hamiltonian in (2.7) can be re-expressed for linearly-polarized light
interacting with a linear molecule as [84]

Hind = −ε
2
0
2 (∆α cos2 θ + α⊥) , (2.18)

with the polarizability anisotropy ∆α = α‖−α⊥ and the components of the polarizability
tensor parallel and perpendicular to the internuclear axis α‖, α⊥. The angle θ is the
Euler angle between the laser polarization and the molecular axis. The degree of
alignment (DOA) is usually characterized using the expectation value

〈cos2 θ〉 =
∫ 2π

0

∫ 2π

0

∫ π

0
P (θ, φ, χ) cos2 θ sin θ dθ dφ dχ , (2.19)

where P (θ, φ, χ) = |Ψ(θ, φ, χ)|2 is the angular distribution describing the arrangement
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2.3. Alignment and Orientation of Molecules

of molecular orientations. This measure, however, is proportional to the lowest-order
moment of an expansion of the total angular distribution in terms of Legendre polynomials,
for example. For most experiments 〈cos2 θ〉 is already good enough to characterize the
anisotropy in the angular distribution but, as we will see in chapter 4, higher-order terms
might become important.

For three-dimensional alignment all three molecular axes have to be confined. As
a measure of the DOA, either the three expectation values 〈cos2 θxX〉,〈cos2 θyY 〉 and
〈cos2 θzZ〉 between the principal axes of the polarizability tensor of the molecule and the
LFF coordinate system or the expectation values of the three Euler angles 〈cos2 θ〉,〈cos2 φ〉
and 〈cos2 χ〉 are typically utilized. There exist also other metrics to characterize the
degree of 3D alignment, e. g., using only a single expectation value [137].

In this work molecular alignment is measured through Coulomb-explosion imag-
ing (CEI), in which molecules are fragmented using short, strong laser pulses that
multiply ionize the molecules. Ion-momentum distributions are recorded for different
ionic fragments using a velocity map imaging spectrometer (VMIS) [124] combined with a
2D MCP/Phosphor screen detector, see chapter 3 for details. The measured 2D signal rep-
resents the projected 3D rotational probability density, weighted with the angle-dependent
ionization efficiency and, depending on the fragmentation process, convoluted with a
distribution originating from potential non-axial recoil. If the axial-recoil approximation
holds, the orientation of the molecular axes prior to fragmentation can be reconstructed
in principle, otherwise complete knowledge of the non-axial recoil distribution, i. e., the
fragmentation process is required. In such experiments the observable that can be directly
accessed is 〈cos2θ2D〉, where the angle θ2D is the polar angle in the plane of the detector
with respect to the laser polarization axis. If cylindrical symmetry is preserved one can
employ an inverse Abel transformation to reconstruct the 3D distribution [138], otherwise
usually a complete tomography is required. For an isotropic distribution, the expectation
value is given by 〈cos2 θND〉 = 1/N , where N is the dimensionality, such that in three
dimensions the value is 1/3 and in two dimensions it is 1/2. In both cases the upper bound
of the DOA is 1, corresponding to perfect alignment. The relation 〈cos2θ2D〉 ≥ 〈cos2θ〉
always holds, where the equal sign applies for the case of perfect alignment.

2.3.1. Adiabatic Alignment

The interaction Hamiltonian in (2.18) induces an optical potential Vind, which is illustrated
in Figure 2.3 a for OCS. Depending on the timescale on which the laser field is switched
on or switched off, compared to the rotational period of OCS, the resulting rotational
dynamics behaves quite differently. A necessary but not sufficient condition for adiabacity
is given by

τlaser � max{TA, TB, TC} , (2.20)

with the pulse duration of the alignment laser τlaser and the rotational period TX for
a rotation around the principal axis X = A,B,C. This relation ensures adiabacity, if
there is no conical intersection or avoided crossing involved and the Born-Oppenheimer
approximation is valid. When the adiabatic theorem of quantum mechanics holds [139], the
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Figure 2.3.: Adiabatic laser-induced alignment of OCS with a Gaussian-shaped laser pulse
with 1 ns pulse duration. a Optical double-well potential induced through the polarizability-laser
interaction, plotted for different peak intensities b 3D alignment of OCS for a peak intensity of
8× 1012 W/cm2. After the pulse has passed, the alignment returns to its isotropic value of 1/3.

field-free eigenstates of the rotational Hamiltonian adiabatically evolve into field-dressed
states, which in this case are also called field-induced pendular states [73, 84]. These
pendular states are eigenstates of the optical double-well potential shown in Figure 2.3 a
and are angularly confined. The degree of angular confinement depends amongst others
on the depth of the potential well and rises with increasing intensity, limited by the onset
of ionization. In Figure 2.3 b, the 3D degree of adiabatically aligned OCS is shown. Since
in the adiabatic limit no population transfer takes place, molecules can only be aligned
during the pulse.

2.3.2. Impulsive Alignment

Adiabatic alignment suffers from the disadvantage that alignment only exists as long
as the alignment laser field is present. The presence of this field can result in severe
perturbations of the dynamics under investigation and influence the outcome of the
measurements. If the turn-on or turn-off of the laser field is much faster than the
rotational period of the molecule

τlaser � min{TA, TB, TC} , (2.21)

one speaks of impulsive alignment. In this case the interaction of the polarizability
anisotropy with the laser field leads to the population of excited rotational states and a
coherent rotational wavepacket is formed [89, 92, 140]. This is achieved via non-resonant
two-photon Raman transitions which impose the selection rules ∆J = 0,±1,±2 on
rotational transitions, see Figure 2.4 a. The angular confinement is related to the fact
that angular momentum J and alignment angle θ are canonically conjugate variables,
such that the broader the wavepacket in J-space is, the higher the DOA becomes, if the
rotational states are in phase.

18



2.3. Alignment and Orientation of Molecules

0 50 100
Time (ps)

0.00

0.25

0.50

0.75

1.00

〈c
os

2
θ〉

0

2

4

6

8

In
te

n
si

ty
(T

W
/c

m
2 )

−0.2 −0.1 0.0 0.1 0.2
Time (ps)

0.00

0.25

0.50

0.75

1.00

P
op

u
la

ti
on

|cJ=0|2
|cJ=2|2
|cJ=4|2

|cJ=6|2
|cJ=8|2
|cJ=10|2

|cJ=12|2
|cJ=14|2
|cJ=16|2

0

2

4

6

8

In
te

n
si

ty
(T

W
/c

m
2 )

ba

1/2 revival full revival 3/2 revival

Figure 2.4.: Impulsive laser-induced alignment of OCS with a Gaussian-shaped laser pulse
with 8 TW peak intensity and 100 fs pulse duration. a Population transfer with ∆J = 0,±2
during the laser pulse and creation of coherent rotational wavepacket, b 3D degree of alignment
with its characteristic interference pattern of collapses and revivals. Dashed grey lines indicate
the positions of the half revival, the first full revival and the 3/2 revival.

The resulting rotational wavepacket Ψ can be expressed as coherent superposition

Ψ(θ, φ, χ, t) =
∑

J,K,M

cJKM(t) 〈Ω|JKM〉 , (2.22)

where Ω = (θ, φ, χ), cJKM(t) are the time-dependent complex coefficients, |JKM〉 are
the symmetric rotor eigenstates and

〈Ω|JKM〉 = (−1)M−K
√

2J + 1
8π2 DJ

−M,−K(Ω) (2.23)

are the symmetric rotor eigenfunctions with DJ
−M,−K(Ω) the Wigner D-functions. This

expansion holds not only for symmetric top molecules, but also for linear molecules,
where K = 0 and the eigenfunctions reduce to spherical harmonics. For asymmetric top
rotors, whose eigenfunctions cannot be cast in an analytical form, an expansion in the
symmetric top basis is usually carried out [126]. The DOA can then be expressed in the
symmetric top basis as

〈cos2 θ〉(t) =
∑

J,K,M

∑

J ′,K′,M ′

cJKM(t)c∗J ′K′M ′(t) 〈J ′K ′M ′| cos2 θ |JKM〉 . (2.24)

In the field-free region, after the alignment laser pulse has passed, the time dependence
of each individual term in the DOA is ei/~(EJKM−EJ′K′M′ )t, i. e., oscillating at frequency
ωij = ~−1(Ei − Ej), where Ei is the energy of the rotational eigenstate with quantum
numbers i = {J,K,M}. The wavepacket coefficients are complex and the DOA shows a
characteristic interference pattern with collapses and revivals, as shown in Figure 2.4 b
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for OCS. At the half revival the strongest alignment is observed, i. e., the molecules
are confined within a cone around the laser polarization direction, whereas at the full
revival the molecules are anti-aligned, i. e., localized in a plane perpendicular to the
laser polarization, and the lowest degree of alignment is observed. Since the energy-level
structure of a linear molecule is EJ = hBJ(J + 1), its revival period is given by Trev = 1

2B ,
where B is its rotational constant in Hz. Fractional revivals such as the half revival at
Trev/2 and, depending on the spin statistics of the molecule [62, 141, 142], higher-order
revivals Trev/4, Trev/8, . . ., are observed, too. Symmetric and asymmetric top rotors also
show revival structures which are more complex than for linear molecules due to their
more complex energy-level structure. The most common revivals for a molecule with
rotational constants A,B,C are J-type transients [143] which occur at t = n/4(B + C)
for nearly-perfect or perfectly symmetric top rotors with B ' C and with n an integer
number, A-type transients at t = n/4A, C-type transients at t = n/4C where C is the
rotational axis pointing perpendicular to the molecular plane for planar molecules, and
K-type transients at t = n/4(A−B) for prolate top and t = n/4(|C −B|) for oblate top
molecules. The rotational energies are in general non-commensurable in asymmetric top
rotors and, hence, no true rephasing occurs and the revivals quickly dephase and are only
observed for a short time [81, 82, 127, 144–147].

More complete treatment of alignment and orientation can be found in the literature,
in particular in the review articles [70, 91, 148, 149] and references therein.

2.3.3. Alignment by Shaped Laser Pulses

In laser-induced impulsive alignment the highest degree of angular confinement that
can be achieved depends critically on the structure of the rotational wavepacket that is
created, i. e., populations and relative phases of rotational states, which in turn depend
on the exact parameters of the alignment laser pulse, i. e., pulse shape, peak intensity,
polarization, pulse duration, spatial and temporal chirps. This can be realized if one
considers that the pulse duration of the alignment laser has on the one hand to be
short enough to fulfill quation (2.21), but on the other hand the state with maximum
angular momentum, populated during the pulse, is Jmax ∼ τlaser/Ω−1

R , where ΩR is the
two-photon Rabi frequency. Therefore, if τlaser � Ω−1

R , the pulse is sufficiently long to
coherently excite high-lying J-states and create strong angular confinement [70, 91]. The
two-photon Rabi frequency itself is proportional to the square of the field and, hence,
depends critically on the field parameters.

This observation can be used, in combination with the pulse-shaping methods presented
in section 2.2, to find pulse parameters that optimize the degree of alignment. This was
the major objective of the first part of this thesis.

For linear molecules the structure of the rotational wavepackets is quite simple and it
is possible to achieve very high degrees of alignment using relatively simple pulse-shaping
methods, such as pulse trains [97, 98]. Nevertheless, laser pulses where the pulse shape
itself is optimized can lead to the same optimal DOA with a narrower rotational state
distribution due to stronger rephasing amongst the populated rotational states [150].
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For asymmetric top rotors the rotational wavepackets are more complex and no true
revivals occur anymore. For such molecules, a different strategy is required to achieve
strong field-free alignment. Promising methods include the usage of truncated adiabatic
laser pulses [151] or the combination of long and short laser pulses [101, 103]. The idea
behind this approach is to first utilize adiabatic alignment leading to strong angular
confinement during the pulse. When the pulse is abruptly turned off, the pendular states
are projected onto the field-free eigenbasis and a coherent rotational wavepacket is formed.
Using a short kick pulse before truncation can lead to an even broader wavepacket and
stronger phasing. Due to their inertia the molecules stay aligned for a short time after
turn-off, which, when the truncation is fast enough, leads to field-free alignment.

In real experiments the turn-off time of the laser fields is always finite and the resulting
wavepacket depends critically on it. For turn-off times long enough, such that substantial
population transfer occurs during the truncation, the resulting field-free wavepacket is
considerably modified with respect to the superposition of states at the peak of the
adiabatic alignment field.

2.3.4. Numerical Simulations
In this section we give an overview over the numerical methods and computer programs
used to simulate the rotational dynamics of linear and asymmetric top molecules subject
to external laser fields and static electric fields. These programs were used to calculate
expectation values, simulate VMIS images and to analyze the experiments, presented
in chapter 4, chapter 5 and chapter 6, where the alignment of linear and asymmetric top
rotors was investigated.

First we present the program TDasyrot, which is used to solve the time-dependent
Schrödinger equation (TDSE) for both, linear and asymmetric top rotors, when the
polarizability tensor is diagonal in the principal axis system of inertia and the polarization
of the laser fields remains constant during the pulse. It uses symmetry-adapted basis sets,
depending on the symmetries of the Hamiltonian in the presence of the fields, to block
diagonalize the Hamiltonian. For these cases TDasyrot provides an optimized package.
For general, more complex molecules, with less symmetries and interacting with arbitrary
fields that may change their polarization during the pulse, the code RichMol is used.

TDasyrot

The numerical results presented in chapter 4 and chapter 5 were obtained using the pro-
gram TDasyrot, which stands for time-dependent asymmetric rotor, originally developed
by the group of Rosario González-Férez [115, 152–155].

TDasyrot is used to solve the non-relativistic TDSE for linear and asymmetric top
molecules, coupled to non-resonant ac laser fields and static electric fields for arbitrary
angles β between the laser polarization and the static electric field direction. The code
solves the rotational part of the TDSE for a rigid rotor, assuming the validity of the Born-
Oppenheimer approximation and neglecting couplings to vibrationally and electronically
excited states as well as fine and hyperfine interactions and nuclear spin-statistical effects.
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For an elliptically-polarized laser field, the Hamiltonian (2.7), describing the inter-
action of a molecule with the laser field, is explicitly given within the rotating-wave
approximation [82] as

Ĥlaser = −IZZ(t)
2cε0

(αzx cos2 θzZ + αyx cos2 θyZ)− IXX(t)
2cε0

(αzx cos2 θzX + αyx cos2 θyX) .
(2.25)

In (2.25), IZZ and IXX are the laser intensities along the major and the minor axes of
the polarization ellipse, αij = αii − αjj is the polarizability anisotropy and the angles
θiJ are the angles formed between axis i in the MFF and axis J in the LFF. For linear
polarization, either IZZ = 0 or IXX = 0, such that expression (2.25) simplifies and only
one of the two terms remains. The TDSE is solved using an expansion of the rotational
wavefunction in terms of symmetric rotor eigenfunctions as presented in (2.22). The time
propagation of the Schrödinger equation is carried out using the short iterative Lanczos
propagation method [156, 157].

Exploiting the symmetries of the Hamiltonian allows to block diagonalize the Hamil-
tonian matrix and save computational time, which is particularly important if many time
steps need to be propagated. A unitary transformation, the so-called Wang transforma-
tion [126], yields a block diagonalization of the Hamiltonian into small sub-blocks Hk for
each symmetry species k.

HWang = X̃HX =
∑

k

Hk = E+ + O+ + E− + O− . (2.26)

Applying the Wang transformation results in a new symmetry-adapted eigenbasis, con-
sisting of superpositions of symmetric rotor eigenstates, called Wang states.

|JKMs〉 = 1√
2

(|JKM〉+ (−1)s |J −KM〉) (K > 0) , (2.27)

|J0M0〉 = |J0M〉 , (K = 0) , (2.28)

with s taking the values 0, 1, where the + and − in equation (2.26) correspond to s = 0
and s = 1, respectively. The symmetry operations under which the Hamiltonian remains
invariant, depend on the relative orientation of the fields. For a more complete discussion
of the symmetries and symmetry-adapted eigenfunctions of asymmetric top rotors in
external electric fields see [126, 155], and for further details about molecular symmetries
see [126, 141].

RichMol

For the calculations of the rotational dynamics of indole in chapter 6 the RichMol
code [158] was used. The purpose of the program is to treat time-dependent rovibrational
dynamics of polyatomic molecules in external electric fields based on a variational
approach. It is to some extent an extension of the older program TROVE [159].

The coupling of the electric fields with the molecules is described within the Born-
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Oppenheimer approximation in terms of multipole moments as shown in (2.1). The
rovibrational energies and eigenfunctions can be calculated ab initio, using a variational
code such as TROVE, taking as input the geometry of the molecule under consideration.
Since for the calculations on indole the coupling to excited vibrational states was not
considered, a different approach was followed instead in which the field-free Hamiltonian
in (2.5), using experimentally determined rotational constants, was utilized to compute
the rotational eigenenergies and eigenfunctions. For the time propagation in the external
field, the eigenfunctions are expanded in the field-free eigenbasis of the molecule. The
time-dependent wavepacket coefficients are obtained by numerically solving the TDSE
using the split-operator method with the time evolution operator being computed using
the iterative approximation, based on Krylov subspace methods, as implemented in the
Expokit package [160].

The strength of RichMol is that it can handle arbitrary fields in time and space. The
multipole moments, i. e., the dipole moment and the static polarizability tensor, have to
be taken either from literature, if known, or to be calculated using quantum chemistry
codes.

Evolutionary Algorithms

Throughout this thesis optimization algorithms were used, either to compare how well
simulated data fit to experiments or to optimize the degree of alignment and to predict
optimal experimental parameters.

Evolutionary Algorithms (EAs) are a special class of optimization algorithms, inspired
from biological evolution and the idea of survival of the fittest as coined by Darwin, where
the parameter space is randomly sampled [161]. Evolutionary Algorithms are in many
aspects superior compared to derivative-based optimization methods, in particular when
the dimensionality of the parameter space is large, if many local optima exist or if the
hypersurface is shallow. Methods using derivatives probe the search space only locally
and often one has to provide a good initial guess, close enough to the target solution, in
order to achieve convergence. EAs circumvent this problem and enhance the probability
to find the global optimum by randomly sampling the full parameter space. In Figure 2.5,
the main flow of an EA is illustrated. First, the initial population ~q0,0, ~q1,0 . . . ~qk,0 with a
population size of k individuals is initialized. The first index indicates the name of the
individual and the second index the generation number. Each individual carries n genes,
i. e., the parameters which shall be optimized

~qi,j =




parameter1
parameter2

...
parametern


 . (2.29)

The initial parameters are either randomly chosen within some bounds or given as
initial guess. The objective is to find the fittest individual with its n optimal genes that
optimizes some fitness function f . In the context of molecular alignment the genes can
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Figure 2.5.: Flow diagram illustrating the working principle of Evolutionary Algorithms.

be for example the alignment laser pulse duration and the peak intensity or the spectral
components and their relative phases, and the fitness function the DOA. In the first
step the fitness function is evaluated for all individuals f(~q0,0), f(~q1,0) . . . f(~qk,0). In the
selection step, out of the k individuals, the m fittest individuals are selected whereas
the remaining k − m individuals are dismissed. The selected m individuals are then
subject to a crossover to create a set of l new individuals ~q0,1, ~q1,1 . . . ~ql,1, where l can
be equal to k, larger or smaller. In most problems l = k is chosen, such that the total
size of the population in each generation is kept constant and two individuals out of the
m are randomly chosen and give birth to one descendant. In the next step mutation is
introduced, i. e., genes of individuals in the new generation are randomly chosen and
modified. The probability for mutation to happen is defined by the user. In general a
large probability slows down convergence but leads to sampling of a larger part of the
parameter space, whereas a small probability acts the opposite. The final step consists in
calculating again the fitness function f(~q0,1), f(~q1,1) . . . f(~ql,1) for these new individuals
and to check whether the convergence criterion is met. If it is met, the algorithm ends
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and returns the fittest individual, otherwise the procedure is repeated until convergence
is reached.

In this thesis the Differential Evolution Algorithm [162] and the Distributed Evolu-
tionary Algorithms in Python framework (DEAP) [163] were used. More information on
EAs can be found for example in [161, 164].

2.4. Molecules in Ionizing Fields
One of the most prominent effects in the realm of light-matter interactions is ionization,
in which one or more electrons are released from the system they were initially bound
to. The freed electrons carry information about the physical system they originate from
and their study can provide important insight into quantum mechanical structure and
dynamics. Different ionization mechanisms exist and, depending on the field strength
and the frequency of the external light field, one or the other may dominate. In the
context of ionization one speaks of strong fields when the field strength of the external
light field is comparable to the fields inside matter and typically cannot be treated as a
small perturbation anymore.

2.4.1. Ionization Mechanisms
In this section we will briefly discuss the different ionization mechanisms. They can be
roughly divided into two main categories, namely perturbative and strong-field ionization.
In the first case, the electric fields are relatively weak compared to the field strengths
inside atoms and molecules and the dominant ionization mechanism is photon ionization.
If the energy of a single photon is enough to overcome the ionization potential (IP),
one speaks of single-photon ionization, and if several photons are needed, of multi-
photon ionization, which are schematically illustrated in Figure 2.6 a,b, respectively. The
ionization probability in this case can be written as

wn(t) = σn(ω, ε)I
n(t)
ωn

, (2.30)

with σn(ω, ε) being the generalized n-photon cross section, ω the frequency of the light
field, n ≥ 1 the number of absorbed photons and In(t) the n-th power of the light
intensity. The generalized cross section does not depend on the light intensity and
is completely characterized through the quantum mechanical structure of the bound
system, the polarization of the light field ε and its frequency ω. It can be calculated
through perturbation theory [165], which implies that the more photons are absorbed,
the higher the order of the interaction and the less probable it is, the latter being a
necessary condition for the perturbative power series to converge. A characteristic feature
of electrons, released through photon absorption, is that they emerge with finite kinetic
energy in the continuum, according to

Ekin = n~ω − (Ip + Up) , (2.31)
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with the ionization potential Ip and the ponderomotive potential Up = I
4ω2 , i. e., the

cycle-averaged quiver energy an electron gains when it is accelerated in the ionizing
field. For n ≥ N , where N is the minimum number of photons required for ionization,
one speaks of above-threshold ionization (ATI) [166], which is schematically illustrated
in Figure 2.6 c. In the energy domain, ATI is interpreted as the absorption of an excess
number of photons by the electron. One can consider ATI also in the time domain and
interpret it alternatively as the result of interfering electron wavepackets, emitted at
successive times that differ by one optical cycle of the field. ATI spectra appear in 2D
photoelectron momentum distributions (PEMDs) as concentric rings, spaced by the energy
of one photon, with a characteristic nodal structure in the angular distribution reflecting
the number of absorbed photons, i. e., angular momentum conservation [167, 168].

If the intensity is increased more and more or the frequency of the ionizing field ε is
lowered, one enters a regime where the ionization rate increases exponentially with field
strength [169], as shown in (2.32)

w(t) ∝ e−(2Ip)3/2/3ε , (2.32)

in contrast to the power law in (2.30). Ionization in this regime is called adiabatic ioniza-
tion or tunnel ionization. A qualitative understanding can be obtained by considering
that when the field strength of the external light field is comparable to the fields inside
matter, it cannot be treated as a perturbation anymore, but instead it heavily distorts
the binding potential. If the frequency of the external field is low, compared to typical
response frequencies in the bound system, the distortion is quasi-static from the point of
view of a bound electron. Assuming a static, pure Coulomb field and the light-matter
interaction within the dipole approximation, the Hamiltonian of the combined bound
system and light field can be written as

Hatom – field = −Z
r
− qεr . (2.33)

The resulting potential is schematically illustrated in Figure 2.6 d. It is distorted and bent
on one side and the barrier height is significantly lowered, such that tunneling becomes
probable, with the tunneling probability increasing exponentially with decreasing barrier
height, i. e., higher field strength.
At even higher field strengths, one finally reaches a regime, where the distortion of the
binding potential is so strong, that the formerly bound state is now connected to the
continuum, which is called over-the-barrier ionization, Figure 2.6 e.

The most prominent models developed to understand and describe tunnel ionization,
are the ADK model named after Ammosov, Delone and Krainov [170] and the KFR
theory named after Keldysh, Faisal and Reiss [171–173], also known as strong-field
approximation (SFA). These methods were first developed to describe ionization of
atoms, but they were later extended to ionization of molecules and to include effects of
the Coulomb potential, which was initially neglected in the SFA. An overview over these
models and their applicability can be found in [174, 175].
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2.4. Molecules in Ionizing Fields

Figure 2.6.: Schematic representation of different ionization mechanisms. a Single-photon
ionization, b multi-photon ionization, c above-threshold ionization (ATI), d tunnel ionization
and e over-the-barrier ionization.The dashed black line represents the ionization potential of
the unperturbed binding potential, the dashed blue line indicates the electric field responsible
for the deformation of the binding potential.

The adiabacity parameter γ =
√

Ip
2Up

, also called Keldysh parameter, is often a good
measure to characterize the regime of ionization. It can be interpreted either as the ratio
of the momentum of the bound electron to the field-induced momentum, or equivalently,
as the classical tunneling time compared to the laser-field frequency. The parameter
γ decreases for smaller field frequencies ω or higher field intensities I. For γ � 1 the
tunneling picture applies and, if γ � 1, the multi-photon picture holds and ionization can
be described through perturbation theory. It is important to note that most experiments
to date are in a regime with γ ∼ 1, where neither a pure tunneling nor a pure multi-photon
picture holds. In this intermediate regime the ionization mechanism is a mixture of both,
multi-photon and tunnel ionization and is referred to as non-adiabatic ionization [175].

2.4.2. Simple-Man’s- and Classical Recollision Model
A simple semi-classical model to interpret strong-field phenomena such as HHG and
non-sequential double ionization (NSDI) was developed in the early 1990’s by Kulan-
der [176] and Corkum [177], called the simple man’s or three-step model. Shortly later, G.
Paulus [178] extended the model to include rescattering and to explain the high-energy
cutoff in high-energy above-threshold ionization (HATI). In these models, the aforemen-
tioned phenomena are explained through the following succesive steps. First, an electron
is emitted into the continuum through tunnel ionization. In the next step, the quantum
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nature of the electron wavepacket and its residual Coulomb interaction with the cation
is neglected and the electron is treated as a classical particle, subject to a force due
to the external light field. The electron is accelerated in this field and either directly
travels to the detector, commonly referred to as direct electron, or it is driven back to
the cation when the field reverses its direction. One possible scenario for the returning
electron is to recombine with its parent ion and release its kinetic energy, accumulated
during its propagation in the laser field, as a high-energy photon, dubbed high harmonic
generation (HHG). Alternatively, it may inelastically rescatter and strip-off a second
electron from the cation, called non-sequential double ionization (NSDI). Yet, another
possibility is to scatter off the parent ion and to be further accelerated in the laser field
after rescattering. Electrons undergoing the latter process can emerge as high-energy
electrons in photoelectron momentum distributions (PEMDs), called HATI, and are
observed in the recollision plateau above 2Up. The fraction of elastically scattered
electrons is utilized in the LIED method to determine the molecular structure consisting
of bond lengths and bond angles, as discussed in detail in subsection 2.4.3. Inelastically
scattered electrons typically contribute only a few percent to the total number of scattered
electrons [36] and are neglected henceforth.

The ionization step, which is the first step in the simple-man’s model, can be treated
for instance by the strong-field approximation (SFA). The second step is treated classically
solving Newton’s equation of motion

mez̈ = eε0 sinωt , (2.34)

for a free electron in an ac electric field ε(t) = ε0 sinωt. In the following we employ atomic
units with me = e = ~ = 1. Assuming the electric field to be linearly polarized along the
z direction, the liberation time of the electron, also referred to as ’time of birth’ in the
following, to be at t = t0 and the initial conditions chosen as z0 = 0, ż0 = 0, the solution
to Newton’s equation reads

ż(t) = ε0
ω

(cosωt0 − cosωt) , (2.35)

z(t) = ε0
ω2 (sinωt0 − sinωt) + ε0

ω
(t− t0) cosωt0 . (2.36)

The approximation ż0 = 0 is well justified since an electron released through tunnel
ionization enters into the continuum with a narrow momentum distribution peaked around
~p = 0 [175]. The condition for an electron to return back to its parent ion at the origin
at some time tr > t0 is a solution of the equation

sinωtr − sinωt0 = ω(tr − t0) cosωt0 . (2.37)

The classical equations of motion considered so far can describe already quite well some
qualitative features observed in experimental photoelectron spectra (PES). For phases
0 ◦ < ωt < 90 ◦, the electron never returns to its parent ion and it is observed as direct,
low-energy electron. As the phase of birth evolves from 0 ◦ to the peak of the electric
field at 90 ◦, the ionization probability increases and, simultaneously according to (2.35),
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2.4. Molecules in Ionizing Fields

the kinetic energy decreases from its maximum value of 2Up to 0. This coincides with
the observation that the highest yield in PES is at low energies and gradually decreases
until 2Up. For phases 90 ◦ < ωt < 180 ◦, the electron returns to the parent ion with the
possibility to rescatter or recombine. Its return energy can be calculated from (2.35)
for t = tr and is shown in Figure 2.7 a in blue as a function of the phase of birth. The
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Figure 2.7.: Classical rescattering model. a Kinetic energies of electrons at time of their
return to the parent ion (blue) and of backscattered electrons (θr = 180 ◦) measured at the
detector (orange) as a function of the phase of birth. The electric field with λ = 2 µm, Ipeak =
1014 W/cm2, responsible for ionization, is indicated as dashed red line. Electrons released at
phases in the light grey area follow long trajectories and those in the dark grey area follow short
trajectories. b Ratio of electron momentum to vector potential at time of recollision (green).

maximum kinetic energy at the first return is 3.17Up and occurs for a phase of birth of
ωt = 107 ◦, i. e., 17 ◦ after the peak of the field.

Consider now that the returning electron elastically scatters from its parent ion at a
scattering angle θr with respect to its incident direction. Its velocity components parallel
and perpendicular to the polarization axis of the laser field are given by

ż(t) = −ε0
ω

[
cosωt− cosωtr + cos θr(cosωtr − cosωt0)

]
, (2.38)

ẏ(t) = −ε0
ω

sin θr(cosωtr − cosωt0) . (2.39)

The final kinetic energy measured at the detector is then

Ek = 2Up
[

cos2 ωt0 + 2(1− cos θr) cosωtr(cosωtr − cosωt0)
]
, (2.40)

corresponding to the time averaged kinetic energy in the electric field after subtraction
of the ponderomotive energy. The maximum kinetic energy reaches up to 10.007Up
and it is observed for a phase of birth of ωt = 104 ◦ and backscattering with θr =
180 ◦. Electrons scattered in the forward direction emerge as low-energy electrons. Two
trajectories contribute to each final kinetic energy, called long and short trajectories,
indicated by the light and dark grey shadowed areas in Figure 2.7 a, respectively.
Electrons being released at phases 90 ◦ < ωt < 104 ◦ follow long trajectories and return
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at ωt > 265 ◦, whereas electrons born at phases larger than 104 ◦ return at phases
ωt < 265 ◦. Electrons following long trajectories have higher ionization probabilities
compared to short trajectories since they are released closer to the peak of the field. Hence
electrons from long trajectories contribute most to experimentally measured PEMDs.
Note that the rescattering probability decreases very fast with increasing ellipticity of
the laser polarization because elliptically polarized fields induce an initial transverse
velocity component and the electrons miss the parent ion upon their return. The highest
rescattering probability is thus obtained for pure linear polarization in this model.

Using the classical model described above, many observed effects can be described
and be, at least, qualitatively understood. Nevertheless, the model is severely limited and
leaves out all quantum aspects in the propagation of the electron in the laser field, in the
interaction with the residual Coulomb field of the cation and in the rescattering process,
which may be important for a deeper or complete understanding. Unfortunately, a strict
quantum approach to describe these processes is intractable in most cases, in particular
for long-wavelength driving fields, because the excursion of the electron before it returns
to its parent ion is on the order of several tens to hundreds of atomic units. Numerically
one would need computational boxes in three dimensions of several hundred atomic units
in each dimension, which is not feasible. For wavelengths up to 1300 nm and 1500 nm a
full quantum mechanical calculation in terms of time-dependent density-functional theory
is still possible [179].

2.4.3. Laser-Induced Electron Diffraction

The concept of laser-induced electron diffraction (LIED) was first introduced in 1996 in
the seminal publication of Zuo, Bandrauk and Corkum [34], where simulated nonlinear
multiphoton PEMDs of H+

2 revealed interference patterns containing structural informa-
tion about the molecule. The fundamental idea of LIED is that after tunnel ionization,
the fraction of returning electrons that elastically rescatters from its parent ion, diffracts
off it in a similar way as an ordinary external electron beam from a molecular target
in ultrafast electron diffraction (UED). The first revisit of an electron at its parent
ion occurs within a fraction of a single laser cycle, therefore opening the possiblity to
probe dynamics on ultrafast, femtosecond time-scales. Furthermore, since most of the
electrons are released within a short time interval around the peak of the laser field and
return with different kinetic energies, depending on their exact time of birth and the
number of revisits, the measured PEMDs comprise doubly-differential elastic scattering
cross sections from which energy- and angle-resolved differential cross sections (DCSs)
can be extracted. It took more than 15 years after the proposal of LIED until the first
experimental realization with sub-100 pm resolution was reported [36]. The reason for
this delay is mostly related to the fact that it took time to develop efficient, tunable,
high-power table-top laser sources providing mid-infrared wavelengths.

In the following we will present the quantitative rescattering theory (QRS), developed
to extract experimental DCSs from PEMDs, the independent-atom model (IAM), and
some general considerations about the range of validity of these approaches.
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Quantitative Rescattering Theory

In order to extract structural information, such as the scattering potential or bond lengths
and bond angles of molecular targets through electron diffraction, one needs a scattering
theory that is simple enough to be inverted from momentum space to real space. The
quantitative rescattering theory (QRS) [180–182] was developed to provide such a simple
scattering theory, from which field-free, elastic, electron-ion scattering cross sections from
measured PEMDs can be extracted. The main proposition of QRS is to express the
measured PEMDs S(k, θ) as the product of the returning electron wavepacket W (kr) and
a field-free electron-ion scattering DCS σ(kr, θr). This is expressed as

S(k, θ) = W (kr)σ(kr, θr) , (2.41)

where ~k = (k, θ) is the momentum of the measured photoelectron and ~kr = (kr, θr) is the
momentum of the electron at the time of recollision. In contrast to UED, where external
electron sources are used, in LIED the atoms and molecules are imaged by their own
electrons. Therefore, the DCS depends also on the ionization rate, which is a function of
the angles between the ionizing laser and the molecular axes. For molecules, the averaged
DCS σ(kr, θr) is thus related to the bare DCS σ(kr, θr,Ωmol) through

σ(kr, θr) =
∫
N(Ωmol)ρ(Ωmol)σ(kr, θr,Ωmol)dΩmol , (2.42)

with Ωmol describing the orientation of the molecule with respect to the returning electron
wavepacket, the angle-dependent ionization rate N(Ωmol) and the angular distribution
ρ(Ωmol) describing the alignment or orientation of the molecules.

The rescattering process occurs within the laser field, leading to an additional drift
momentum ~Ar due to the vector potential, such that the total momentum gain along the
laser polarization is given by ~k = ~kr − ~Ar. If the detector lies in the (y, z) plane and the
electric field is polarized along z, the momentum right after recollision and the detected
momentum are then related through

ky = k sin θ = kr sin θr ,
kz = k cos θ = ±Ar ∓ kr cos θr . (2.43)

The vector potential Ar is taken at the instant of recollision and if only long trajectories
are considered, there exists a one-to-one relation Ar = A(tr). The highest detected kinetic
energy is about 10Up [178], which corresponds to electrons scattered in the backward
direction with θr = 180 ◦. If only long trajectories are considered, the ratio kr/Ar ranges
from 1.01 for electrons released at the peak of the field to 1.26 for electrons released at a
phase of 14 ◦ after the peak of the field, see Figure 2.7 b.

According to (2.43), the DCS as a function of the scattering angle θr and for a fixed
scattering momentum kr is then obtained from the PEMDs on a circle with its center at
(0,±Ar) and radius kr. Doing this for all kr < kr,max, the doubly-differential cross section

dσ
dEdΩ is obtained.
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Independent-Atom Model

A prominent model to extract bond lengths and bond angles of molecules in UED is the
independent-atom model (IAM) [183]. In the IAM a molecule is modelled as a collection
of atoms which form the scattering centers just like the slits in double-slit diffraction.
The model completely neglects intra-molecular interactions such as chemical bonding and
the impact of molecular orbitals. The total scattering amplitude for elastic scattering
from a molecule is given as the sum [184, 185]

F (~k,Ωmol) =
∑

i

fie
i~q·~Ri , (2.44)

where fi(k, θ) are the individual complex atomic scattering amplitudes, ~k = (k, θ, φ) is
the momentum of the scattered electron, ~q = ~k − ~k0 is the momentum transfer with
magnitude q = 2k sin(θ/2), ~k0 is the momentum of the incoming electron, Ωmol describes
the orientation of the molecule with respect to the incoming electron flux and ~Ri is the
position of the i−th atom in the molecule. The sum extends over all atoms in the molecule.
The molecular DCS is then calculated in the far-field as the sum of the scattered waves
from all atoms. This yields the expression for the bare DCS [184, 185]

σ(k, θ,Ωmol) =
∑

i,j

fif
∗
j e

i~q·~Rij =
∑

i

|fi|2 +
∑

i 6=j

fif
∗
j e

i~q·~Rij , (2.45)

where ~Rij = ~Ri − ~Rj , |fi|2 is the incoherent DCS for scattering from atom i, and the last
sum containing terms of the form fif

∗
j e

i~q·~Rij is the molecular interference term. The bond
lengths and the bond angles appear in the phase of the molecular interference term. The
final DCS σ(k, θ), as described in the QRS, is then expressed as

σ(k, θ) =
∑

i

|fi|2
∫
N(Ωmol)ρ(Ωmol)dΩmol +

∑

i 6=j

fif
∗
j

∫
N(Ωmol)ρ(Ωmol)ei~q·

~RijdΩmol .

(2.46)
The cross section is dominated by the large incoherent atomic contribution, super-
imposed with small oscillatory modulations due to the molecular interference term. It is
advantageous to calculate the so-called molecular contrast factor (MCF) [184]

γMCF = I − Iatom
Iatom

=
∑

i 6=j fif
∗
j

∫
N(Ωmol)ρ(Ωmol)ei~q·~RijdΩmol∑

i |fi|2
∫
N(Ωmol)ρ(Ωmol)dΩmol

, (2.47)

in which these modulations are more pronounced and which is more sensitive to small
changes in the bond lengths and bond angles compared to the DCS. The bond lengths
and bond angles can then be determined, e. g., through comparison of the experimentally
obtained MCF with the calculated MCF through least-squares minimization.
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General Considerations

As shown in subsection 2.4.2, the returning electrons have a velocity distribution with
a maximum return energy of 3.17Up, depending on the phase of the field at the time
of ionization. Assuming a wavelength of the driving field of 2 µm, a peak intensity of
1× 1014 W/cm2 and taking OCS with an IP of 11.18 eV as an example, the Keldysh
parameter is γ = 0.39 < 1, the ponderomotive energy amounts to Up = 37.3 eV and,
hence, the maximum return energy is 3.17Up = 118.3 eV. This corresponds to a de
Broglie wavelength of 112.7 pm which defines the spatial resolution. The 2 µm wavelength
of the field corresponds to a laser cycle period of T = 6.67 fs.

In order to increase the spatial resolution one can either increase the peak intensity of
the field or the wavelength, because Up ∝ Iλ2. Increasing the intensity is severly limited
by the fact that the probability for ionization from several orbitals and for multiple
ionization increases. The difference in energy between the HOMO and HOMO-1 is
typically on the order of 1 eV. Electrons from different molecular orbitals smear out the
structure in PEMDs and structure retrieval becomes difficult or impossible. Therefore,
the peak intensity should be chosen such that, at the given wavelength, ionization is
far from saturation [122]. The other option is to increase the wavelength, which is
more demanding in terms of laser technology and has the unwanted effect that the
number of rescattered electrons decreases rapidly. The flux of returning electrons scales
very unfavourably with ∼λ−4 to ∼λ−6 [186]. One possibility to circumvent this scaling
problem is to increase the repetition rate of the laser system from the standard 1 kHz for
Ti:Sapphire systems to several kHz or the MHz range. In addition to the aforementioned
points, one should also keep in mind that for longer wavelengths the breakdown of the
dipole approximation occurs at lower peak intensities [122]. The validity of the dipole
approximation is an important requirement because it guarantees that the magnetic field
is negligible compared to the electric field and consequently the electrons do not acquire
a significant additional transverse momentum in the field.

Compared to UED experiments with high-energy electron beams of tens or hundreds
of keV, the scattering energy in LIED is very low. Naturally the question arises whether
this method is capable to deliver DCS containing structural information of the targets
with atomic resolution. The key to LIED is that one can obtain large momentum transfer
q = 2k sin(θ/2) either for high scattering momenta k and small angles θ, as is the case in
UED where forward small-angle scattering is observed, or for small k but large scattering
angles θ, meaning near backward scattering. The latter one is employed in the LIED
method. For large enough momentum transfer close collisions occur, the IAM is valid and
bond lengths and bond angles can be determined with atomic resolution from PEMDs
using the methods presented before.
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3 Experimental Setup

Due to our close collaboration with Arnaud Rouzée at the MBI in Berlin and Henrik
Stapelfeldt’s group in Aarhus, the experiments presented in this thesis were conducted in
different laboratories and experimental setups. Although the setups differ in their details,
mostly the laser systems, their general structure is similar, in particular the molecular
beam apparatus. The experiments presented in chapter 4, chapter 7 and chapter 8 were
collaboratively set up and conducted at the MBI, the experiments presented in chapter 5
in Aarhus and the experiments presented in chapter 6 in Hamburg at CFEL.

In this chapter, first the general aspects of all setups will be discussed. Since my
work included setting up the molecular beam machine and most of the optical setup at
the MBI, except for the laser system that was already installed and functional, I will
focus on this setup and discuss it in more detail. Additionally, measurements that were
conducted for the characterization of the molecular beam and electrostatic deflection
profiles of OCS are shown. More specific details on the individual setups are presented in
the corresponding chapters.

3.1. General Experimental Setup
The experimental setup consists of two major parts, the molecular beam machine, which is
schematically illustrated in Figure 3.1, and the optical laser setup, which is schematically
illustrated in Figure 3.5.

First, a molecular beam is expanded into the source chamber through supersonic
expansion using a pulsed Even-Lavie valve [44]. The molecular beam passes two skimmers
and enters the electrostatic deflector [1, 61]. After the deflector, the beam passes a
third, movable skimmer that is used to filter out the coldest part of the molecular beam
and to separate it from the undeflected seed gas. In the detection chamber the beam
enters the interaction region in the velocity map imaging spectrometer (VMIS) [124],
between the repeller and extractor electrodes, where the laser beams cross the molecular
beam at right angles. One or more laser pulses are utilized to align the molecules and
another pulse is used to probe them. In order to characterize the degree of alignment,
Coulomb-explosion imaging (CEI) is employed, in which the molecules dissociate rapidly
upon multiple ionization and the velocity components and angular distributions of the
emerging ionic fragments are recorded. In the LIED experiments, the molecules are
strong-field ionized and angularly-resolved electron-momentum distributions are recorded.
Depending on the sign of the voltage applied to the VMIS electrodes, electrons or ions
are accelerated through a short field-free flight tube toward a combined 77 mm dual
multi-channel plate (MCP) and phosphor-screen detector. The image created on the
phosphor screen is read out on a computer using a charge-coupled device (CCD) camera.
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Figure 3.1.: Sketch of general experimental setup with emphasis on the parts of the molecular
beam machine.

The VMIS was used in both, spatial imaging and velocity map imaging mode, where
spatial imaging was used to characterize the molecular beam and record time-of-flight
spectra, and the velocity-map imaging mode was used to measure angular distributions
of aligned molecules and photoelectron momentum distributions. The MCP can be gated
to filter out different ionic fragments according to their arrival time, i. e., their mass to
charge ratio. The gating is realized using a fast switch (e. g., Behlke HTS 31-03-GSM),
which applies a rectangular gate of 1 kV within a short temporal window, with a time
duration of typically 10 ns to 100 ns. A permanent voltage is applied on the MCP, chosen
such that its sensitivity is low and no counts are recorded without the external gate.
When the gate is applied, the sensitivity is increased and only ions and electrons arriving
within the gating time window are recorded.
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3.2. Molecular Beam

In a supersonic expansion [187, 188] using a pulsed Even-Lavie valve [44, 46, 47], a
high-pressure gas mixture is expanded through a small orifice into vacuum. The major
part of the gas mixture consists of an inert atomic gas such as helium, neon or argon.
Throughout this thesis helium was used. These valves are specified to be operated at
repetition rates up to 1 kHz, but often leakage occurs due to magnetization of the plunger
and the beam suffers from time-dependent density and beam-profile modifications. We
thus operated the valve typically at 250 Hz, or at most at 500 Hz. In Figure 3.2, the
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Figure 3.2.: Measured temporal and spatial profile of molecular beam with 500 ppm OCS
seeded in helium, operated at a repetition rate of 250 Hz. a Temporal profile of the molecular
beam with FWHM= 26.2 µs and b spatial profile of the molecular beam.

temporal and spatial profile of the molecular beam is shown, as measured with 500 ppm
of OCS seeded in helium at a stagnation pressure of 90 bar. The valve was operated
at repetition rate of 250 Hz and had an opening diameter of 100 µm, defined by the
aperture of the front gasket in the valve. The spatial and temporal beam profiles, shown
in Figure 3.2, were recorded with the experimental setup at the MBI. The gas pressure
and opening time of the valve were chosen such that no cluster formation was observed,
which would result in a higher beam temperature.

3.3. Electrostatic Deflector

Except for the experiment performed in Aarhus (see chapter 5), an electrostatic deflector
was used to spatially disperse quantum states in the molecular beam according to their
effective dipole moment and to separate the molecules from the helium seed gas. Both,
the a-type deflector [1] and later its successor, the b-type deflector [61], were used.
The electrostatic fields of both are shown in Figure 3.3. The deflection profile shown
in Figure 3.4 was recorded in the MBI setup with the b-type deflector at voltages of
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Figure 3.3.: Inhomogeneous electric fields in a-type and b-type electrostatic deflectors. a
electric field inside a-type deflector, b electric field inside b-type deflector. The figures are taken
from [61].

±15 kV applied to the two electrodes. These measurements were performed on the
same molecular beam as shown in Figure 3.2. The beam exhibits strong deflection and
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Figure 3.4.: Spatial molecular beam profiles for 500 ppm of OCS seeded in helium. The
undeflected (0 kV) and deflected (±15 kV) spatial molecular beam profiles, measured after they
have passed the b-type deflector, are shown together with corresponding simulations. The best
fit of the undeflected beam profile was obtained for a rotational temperature of Trot = 0.6 K.

experiments were performed in the deflected part at a lens position around −3 mm.
The best fit from the simulated beam profiles yielded a rotational temperature in the
undeflected beam of Trot = 0.6 K. The choice of the spatial position in the molecular
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beam that is probed represents a compromise between the most deflected and, hence,
coldest part of the beam and still having high enough signal to perform the experiments
with high signal-to-noise ratio.

3.4. Laser System
The laser system used at the MBI consists of a commercial Ti:Sapphire laser system
(KMLabs, Wyvern30), delivering laser pulses with a duration of 38 fs (FWHM), a rep-
etition rate of 1 kHz, a central wavelength of 800 nm and pulse energies of 30 mJ. The
beam was compressed in a grating compressor to account for chirps, acquired during its
propagation through the optics and crystals. The beam was then further divided into two
parts, whose time delay was controlled using a motorized delay stage. The weaker beam
(3 mJ) was used as pump (alignment) laser for the molecules and the high-energy beam
(20 mJ) was sent into a tunable optical parametric amplification system (HE-TOPAS,
Light Conversion). A simplified sketch showing the most important components of the
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Figure 3.5.: Sketch of optical laser setup. The optical setup with the two-pulse alignment
beamline is shown. This setup was used in chapter 4, chapter 7 and chapter 8.

optical setup is shown in Figure 3.5. Through successive optical parametric amplification,
output pulses with a total energy of 6.5 mJ (signal+idler) and a pulse duration of 60 fs
were achieved. The central wavelength of the signal could be tuned in the range from
1.2 µm to 1.6 µm yielding wavelengths in the range from 1.6 µm to 2.4 µm for the idler,
respectively. The IR pump pulse(s), used for alignment, and the mid-IR probe pulse were
finally collinearly combined using a beam recombiner, with the IR in reflection and the
mid-IR in transmission. Both beams were then focussed into the VMIS using a 25 cm
focal length CaF2 lens.
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4 Molecular movie of ultrafast coherent
rotational dynamics of OCS1

4.1. Introduction
The filming of nuclear motion during molecular dynamics at relevant timescales, dubbed
the “molecular movie”, has been a longstanding dream in the molecular sciences [9, 189].
Recent experimental advances with x-ray-free-electron lasers and ultrashort-pulse electron
guns have provided first glimpses of intrinsic molecular structures [14, 190, 191] and
dynamics [26, 189, 192]. However, despite the spectacular progress, the fidelity of the
recorded movies, in comparison to the investigated dynamics, was limited so far. Especially
for high-precision studies of small molecules, typically only distances between a few atoms
were determined [14, 26, 191].

Rotational quantum dynamics of isolated molecules provides an interesting and impor-
tant testbed that provides and requires direct access to angular coordinates. Furthermore,
different from most molecular processes, it can be practically exactly described by current
numerical methods, even for complex molecules. Rotational wavepackets were produced
through the interaction of the molecule with short laser pulses [70, 92, 193], which
couple different rotational states through stimulated Raman transitions. The resulting
dynamics were observed, for instance, by time-delayed Coulomb-explosion ion imag-
ing [92, 142, 194], photoelectron imaging [195], or ultrafast electron diffraction [196]. The
rotational wavepackets were exploited to connect the molecular and laboratory frames
through strong-field alignment [70, 92] and mixed-field orientation [106, 111], as well as
for the determination of molecular-structure information in rotational-coherence spectro-
scopy [197, 198]. Coherent rotational wavepacket manipulation using multiple pulses [199]
or appropriate turn-on and -off timing [110] allowed enhanced or diminished rephasing,
and it was suggested as a realisation of quantum computing [199]. Furthermore, methods
for rotational-wavepacket reconstruction of linear molecules [200] and for benzene [201]
were reported.

Here, we demonstrate the direct experimental high-resolution imaging of the time-
dependent angular probability-density distribution of a rotational wavepacket and its
reconstruction in terms of the populations and phases of field-free rotor states. Utilizing
a state-selected molecular sample and an optimized two-laser-pulse sequence, a broad

1This chapter is based on the publication: Molecular movie of ultrafast coherent rotational dynamics of
OCS, Evangelos T. Karamatskos, Sebastian Raabe, Terry Mullins, Andrea Trabattoni, Philipp Stam-
mer, Gildas Goldsztejn, Rasmus R. Johansen, Karol Długołęcki, Henrik Stapelfeldt, Marc J. J.
Vrakking, Sebastian Trippel, Arnaud Rouzée and Jochen Küpper, Nature Communications 10, 3364
(2019), arXiv:1807.01034. I contributed to setting up the experiment and recording the data. I
analyzed the data, performed the simulations and I contributed to writing the manuscript.
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4. Molecular movie of ultrafast coherent rotational dynamics of OCS

phase-locked rotational wavepacket was created. Using mid-infrared-laser strong-field
ionization and Coulomb-explosion ion imaging, an unprecedented degree of field-free
alignment of 〈cos2θ2D〉 = 0.96, or 〈cos2θ〉 = 0.94, was obtained at the full revivals, whereas
in between a rich angular dynamics was observed with very high resolution, from which
the complete wavepacket could be uniquely reconstructed. While the dynamics has low
dimensionality, The resulting — purely experimentally obtained — movie provides a
most direct realisation of the envisioned “molecular movie”. We point out that the data
also is a measurement of a complete quantum carpet [202].

In order to achieve such a high degree of alignment, better than the theoretical
maximum of 〈cos2θ〉 = 0.92 for single-pulse alignment [96, 203], we performed a pump-
probe experiment with ground-state-selected OCS molecules [1], with > 80% purity, as a
showcase. Two off-resonant near-IR pump pulses of 800 nm central wavelength, separated
by 38.1 (1) ps and with a pulse duration of 250 fs, i. e., much shorter than the rotational
period of OCS of 82.2 ps, were used to create the rotational wavepacket. These pulses
were linearly polarized parallel to the detector plane. The probe pulse with a central
wavelength of 1.75 µm was polarized perpendicularly to the detector plane to minimize
the effects of geometric alignment and ensures that the observed degree of alignment
was a lower boundary of the real value. The probe pulse multiply ionized the molecules,
resulting in Coulomb explosion into ionic fragments. 2D ion-momentum distributions
of O+ fragments, which reflect the orientation of the molecules in space at the instance
of ionization, were recorded by a velocity map imaging (VMI) spectrometer [124] for
different time delays between the alignment pulse sequence and the probe pulse. Further
details of the experimental setup are presented in Methods.

4.2. Results and Discussion
In Figure 4.1, snapshots of the experimentally recorded molecular movie, i. e., 2D ion-
momentum distributions, are shown for several probe times covering a whole rotational
period. The phase of 0 and 2π correspond to t =38.57 ps and 120.78 ps after the peak
of the first alignment laser pulse at t = 0, respectively. The simplest snapshot-images,
reflecting an unprecedented degree of field-free alignment 〈cos2θ2D〉 = 0.96, were obtained
for the alignment revivals at phases of 0 and 2π, which correspond to the prompt
alignment and its revival regarding the second laser pulse. Here, the molecular axes are
preferentially aligned along the alignment-laser polarization. For the anti-alignment at
a phase of π the molecules are preferentially aligned in a plane perpendicular to the
alignment laser polarization direction. Simple quadrupolar structures are observed at π/2
and 3π/2. At intermediate times, e. g., at π/3 or 7π/12, the images display rich angular
structures, which could be observed due to the high angular experimental resolution of
the recorded movie, which is 4 ◦ as derived in the Supplementary Information. This rich
structure directly reflects the strongly quantum-state selected initial sample exploited in
these measurements, whereas the structure would be largely lost in the summation of
wavepackets from even a few initially populated states.
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Figure 4.1.: Rotational clock depicting the molecular movie of the observed quantum dynamics.
Individual experimental VMI images of O+ ion-momentum distributions depicting snapshots of
the rotational wavepacket over one full period. The displayed data was recorded from the first
(prompt) revival at 38.57 ps (0) to the first full revival at 120.78 ps (2π); the phase-evolution of
π/12 between images corresponds to 3.43 ps and the exact delay times of the individual images
are specified.

The dynamics was analyzed as follows: Through the interaction of the molecular
ensemble with the alignment laser pulses, a coherent wavepacket was created from each of
the initially populated rotational states. These wavepackets were expressed as a coherent
superposition of eigenfunctions of the field-free rotational Hamiltonian, i. e.,

Ψ(θ, φ, t) =
∑

J

aJ(t)Y M
J (θ, φ), (4.1)

with the time-dependent complex amplitudes aJ(t), the spherical harmonics Y M
J (θ, φ), the

quantum number of angular momentum J , and its projectionM onto the laboratory-fixed
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4. Molecular movie of ultrafast coherent rotational dynamics of OCS

axis defined by the laser polarization. We note that M was conserved and thus no
φ dependence existed. The angular distribution is defined as the sum of the squared
moduli of all Ψ(θ, φ, t) weighted by the initial-state populations. The degree of alignment
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Figure 4.2.: Decomposition of angular distributions into their moments. a Comparison of the
decomposition of the experimental and theoretical angular distributions in terms of Legendre
polynomials. b Simulated and experimental angular-distribution VMI images for selected times;
the radial distributions in the simulations are extracted from the experimental distribution at
120.78 ps, see text for details.

was extracted from the VMI images using the commonly utilized expectation value
〈cos2θ2D〉. The maximum value observed at the alignment revival reached 0.96, which, to
the best of our knowledge, is the highest degree of field-free alignment achieved to date.
Comparing the angular distributions at different delay times with the degree of alignment
〈cos2θ2D〉, see Figure 4.7 in the Supplementary Information, we observed the same degree
of alignment for angular distributions that are in fact very different from each other.
This highlights that much more information is contained in the angular distributions
than in the commonly utilized expectation value [70]. Indeed, 〈cos2θ2D〉 merely describes
the leading term in an expansion of the angular distribution, for instance, in terms of
Legendre polynomials, see (4.2) in the Supplementary Information. In order to fully
characterize the angular distribution a description in terms of a polynomial series is
necessary that involves the same maximum order as the maximum angular momentum
Jmax of the populated rotational eigenstates, which corresponds to, at most, 2Jmax lobes
in the momentum maps.

As the probe laser is polarized perpendicularly to the detector plane, the cylindrical
symmetry as generated by the alignment-laser polarization was broken and an Abel
inversion to retrieve the 3D angular distribution directly from the experimental VMI
images was not possible. In order to retrieve the complete 3D wavepacket, the time-
dependent Schrödinger equation (TDSE) was solved for a rigid rotor coupled to a
non-resonant ac electric field representing the two laser pulses as well as the dc electric
field of the VMI spectrometer. For a direct comparison with the experimental data the
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4.2. Results and Discussion

rotational wavepacket and thus the 3D angular distribution was constructed and, using a
Monte-Carlo approach, projected onto a 2D screen using the radial distribution extracted
from the experiment at the alignment revival at 120.78 ps. The relation between the 3D
rotational wavepacket and the 2D projected density is graphically illustrated in Figure 4.5
of the Supplementary Information. The anisotropic angle-dependent ionization efficiency
for double ionization, resulting in a two-body breakup into O+ and CS+ fragments, was
taken into account by approximating it by the square of the measured single-electron
ionization rate. Non-axial recoil during the fragmentation process is expected to be
negligible and was not included in the simulations.

The initial state distribution in the quantum-state selected OCS sample as well as
the interaction volume with the alignment and probe lasers were not known a priori and
used as fitting parameters. For each set of parameters the TDSE was solved and the 2D
projection of the rotational density, averaged over the initial state distribution and the
interaction volume of the pump and probe lasers, was carried out. The aforementioned
expansion in terms of Legendre polynomials was realised for the experimental and
simulated angular distributions and the best fit was determined through least squares
minimization, see Supplementary Information. Taking into account the eight lowest even
moments of the angular distribution allowed to precisely reproduce the experimental
angular distribution. The results for the first four moments are shown in Figure 4.2 a;
the full set is given in Figure 4.6 in the Supplementary Information as well as the optimal
fitting parameters. The overall agreement between experiment and theory is excellent
for all moments. Before the onset of the second pulse, centred around t =38.1 ps, the
oscillatory structure in all moments is fairly slow compared to later times, which reflects
the correspondingly small number of interfering states in the wavepacket before the
second pulse, and the large number thereafter.

Theoretical images, computed for the best fit parameters, are shown in Figure 4.2 b.
The theoretical results are in excellent agreement with the measured ion-momentum
angular distributions at all times, see Supplementary Information, and prove that we
were able to fully reconstruct the 3D rotational wavepacket with the amplitudes and
phases of all rotational states included. In Figure 4.3 a, the extracted rotational-state
populations are shown for the wavepacket created from the rotational ground state after
the first and the second alignment laser pulse. It clearly shows that the rotational-state
distribution is broader after the second pulse, reaching up to J ≥ 16. This also matches
the convergence of the Legendre-polynomial series, with eight even terms, derived from
the fit to the data above. In Figure 4.3 b, the corresponding phase differences for all
populated states relative to the initial state with the largest population in the wavepacket
are shown, where φ(J) is the phase of the complex coefficient aJ in (4.1). Combining these
populations and phases it became clear that the very high degree of alignment after the
second alignment pulse arises from the combination of the broad distribution of rotational
states, reaching large angular momenta, and the very strong and flat rephasing of all
significantly populated states at the revival at 120.78 ps, Figure 4.3 b (red). Similarly,
the anti-alignment at 79.58 ps occurs due to alternating phase differences of π between
adjacent populated rotational states, Figure 4.3 b(black).
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Only states with even angular momentum are populated due to the Raman-transition selection
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4.3. Conclusions

In conclusion, we were able to record a high-resolution molecular movie of the ultrafast
coherent rotational motion of impulsively aligned OCS molecules. State-selection and
an optimized two-pulse sequence yielded an unprecedented degree of field-free alignment
of 〈cos2θ2D〉 = 0.96, with a very narrow angular confinement of 13.4 ◦ FWHM. Limiting
the analysis to a determination of 〈cos2θ2D〉, as it is common in experiments on time-
dependent alignment, did not allow to capture the rich rotational dynamics, while the
use of a polynomial expansion up to an appropriate order did. We reconstructed the
rotational wavepacket, from which the complex coefficients and, hence, the full information
about the rotational wavepacket under study was extracted. The 2D projection of the
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4.4. Methods

reconstructed rotational wavepacket allowed a direct comparison with the experimentally
measured data.

Regarding the extension toward the investigation of chemical dynamics, we point out
that strong-field-ionization-induced Coulomb-explosion imaging can be used, for instance,
to image the configuration of chiral molecules [204] or internal torsional dynamics [205].
Following the dynamics of such processes with the detail and quality presented here
would directly yield a molecular movie of the chemical and, possibly, chirality dynam-
ics [206]. Furthermore, the very high degree of field-free alignment achieved here would
be extremely useful for stereochemistry studies [64, 207] as well as for molecular-frame
imaging experiments [12, 14, 35, 68, 191, 196, 208–210].

4.4. Methods

A cold molecular beam was formed by supersonic expansion of a mixture of OCS (500 ppm)
in helium, maintained at a backing pressure of 90 bar from a pulsed Even-Lavie valve [46]
operated at 250 Hz. After passing two skimmers, the collimated molecular beam entered
the Stark deflector. The beam was dispersed according to quantum state by a strong
inhomogeneous electric field [1] with a nominal strength of ∼200 kV/cm. Through a
movable third skimmer, the molecular beam entered the spectrometer. Here, it was
crossed at right angle by laser beams, where the height of the laser beams allowed to
probe state-selected molecular ensembles, i. e., a practically pure rovibronic-ground-state
sample of OCS [62, 110, 111].

The laser setup consisted of a commercial Ti:Sapphire laser system (KM labs) de-
livering pulses with 30 mJ pulse energy, 35 fs (FWHM) pulse duration, and a central
wavelength of 800 nm at a 1 kHz repetition rate. One part (20 mJ) of the laser output
was used to pump a high-energy tunable optical parametric amplifier (HE-TOPAS, Light
Conversion) to generate pulses with a central wavelengths of 1.75 µm, a pulse duration of
60 fs, and a pulse energy of ∼1.5 mJ. 900 µJ of the remaining 800 nm laser output was
used for the laser-induced alignment, i. e., the generation of the investigated rotational
wavepackets. This beam was split into two parts with a 4:1 energy ratio using a Mach-
Zehnder interferometer. A motorised delay stage in one beam path allowed for controlling
the delay between the two pulses. This delay was optimized experimentally and maximum
alignment was observed for τexp = 38.1±0.1 ps, in perfect agreement with the theoretically
predicted τsim =38.2 ps. The pulses were combined collinearly and passed through a
2 cm long SF11 optical glass to stretch them to 250 fs pulse duration (FWHM). Then the
alignment pulses were collinearly overlapped with the 1.75 µm mid-infrared pulses using
a dichroic mirror. All pulses were focused into the velocity map imaging spectrometer
(VMI) using a 25 cm focal-distance calcium fluoride lens.

At the center of the VMI the state-selected molecular beam and the laser beams crossed
at right angle. Following strong-field multiple ionization of the molecules, the generated
charged fragments were projected by the VMI onto a combined multichannel-plate (MCP)
phosphor-screen detector and read out by a CCD camera. The angular resolution of the
imaging system is 4 ◦, limited by the 1 megapixel camera, see Supplementary Information.
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4. Molecular movie of ultrafast coherent rotational dynamics of OCS

2D ion-momentum distributions of O+ fragments were recorded as a function of the
delay between the 800 nm pulses and the ionizing 1.75 µm pulses in order to characterize
the angular distribution of the molecules through Coulomb-explosion imaging. The
polarization of the 800 nm alignment pulses was parallel to the detector screen whereas
that of the 1.75 µm ionizing laser was perpendicular in order to avoid geometric-alignment
effects in the angular distributions. For this geometry, unfortunately, it was not possible
to retrieve 3D distributions from an inverse Abel transform. 651 images were recorded
in steps of 193.4 fs, covering the time interval from −0.7 ps up to 125 ps, which is more
than one and a half times the rotational period of OCS of 82.2 ps.

4.5. Supplementary Information

4.5.1. Optimization of Two-Pulse Field-Free Alignment

Optimization calculations were performed in order to predict the optimal pulse parameter
for single and two-pulse field-free alignment. In the simulations, the rotational part of the
Schrödinger equation for a linear rigid rotor within the Born-Oppenheimer approximation
coupled to non-resonant ac alignment laser pulses and a static electric field, as provided by
the VMI in the interaction region, was used. The Hamiltonian of the system is described
in detail in reference [152]. The global differential-evolution optimization algorithm [162]
was used to calculate the optimal alignment characterized through the expectation value
〈cos2θ〉 in a closed-feedback-loop approach. The optimization parameters used were
the intensities and one common duration of Fourier-limited Gaussian pulses and the
delay between the pulses in the case of two-pulse alignment. In the calculations a pure
rotational ground state ensemble was assumed and no integration over the interaction
volume was carried out. The former is justified as we know that the ground state
contribution to alignment is dominant and the exact experimental conditions were not
known a priori. Furthermore, exploiting the electrostatic deflector, as in our experiment,
almost pure ground state ensembles can be prepared [1, 62]. Including also thermally
excited rotational states lead to an additional incoherent sum over all states present in
the initial distribution of rotational states and in general to a decrease of the degree of
alignment. The same holds for the interaction volume of the laser since only molecules at
the center of the beam experience the optimal alignment intensity while molecules at some
distance from the center interact with a lower field. In this sense the calculated values
constitute an upper limit for the alignment under optimal conditions. Time-evolution
curves of the optimal two-dimensional (2D) and three-dimensional (3D) alignment are
shown in Figure 4.4. The results for the single pulse optimization yielded a pulse duration
of 114.5 fs and a maximum intensity of 5.6 TW/cm2. The corresponding maximum degree
of field-free 3D alignment was found to be 〈cos2θ〉 = 0.92, which is in agreement with
an upper bound of 0.92 derived previously [203]; this corresponds to a 2D degree of
alignment of 〈cos2θ2D〉 = 0.95.

The optimal parameters for the case of two alignment pulses were found to be a
pulse duration of 273.4 fs, a pulse separation between the two pulses of 38.2 ps, and
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Figure 4.4.: Optimized a, c 2D and b, d 3D field-free alignment with a, b one and c, d two
alignment pulses.

an intensity-ratio of ∼1 : 5 with the first pulse being weaker than the second one, in
agreement with previous results [95, 96]. The maximum intensity of the first pulse was
determined to be 1.93 TW/cm2 and that of the second pulse 10 TW/cm2, which was
the upper bound of intensities included in the calculations since for higher values at a
wavelength of 800 nm a non-negligible amount of ionization of OCS sets in. The maximum
degree of 3D field-free alignment calculated with these parameters were 〈cos2θ〉 = 0.99
and 〈cos2θ2D〉 = 0.99, substantially higher than in the single pulse case. The experiment
presented in the main paper was performed under experimental conditions approximating
these optimized parameter. We note that the optimal pulse separation was calculated
to be 38.2 ps, which was confirmed in the experiment, for which a scan of the pulse
separation yielded the best alignment revival for 38.1± 0.1 ps.

4.5.2. Moments of Angular Distribution

There are several ways to expand the angular distribution of the wavepacket in a power
series2, but a natural basis consists of the Legendre polynomials, as for ∆M = 0 the
eigenstates are independent of φ and the spherical harmonics simplify to Legendre
polynomials. Only even order polynomials appear in the expansion since for a ground-
state-selected ensemble the odd order moments describe orientation of the molecular axes,

2We had indeed originally performed the analysis in terms of squared Chebyshev polynomials
〈
cos2 nθ2D

〉

for numerical convenience and the results of both approaches are identical.
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4. Molecular movie of ultrafast coherent rotational dynamics of OCS

which was not present. The expansion takes on the form

P (θ2D, t) =
Jmax∑

k=0,k even

ak(t)Pk(cos θ2D) (4.2)

where the full time-dependent angular distribution is denoted as P (θ2D, t) and ak
(k = 0, 2 . . . Jmax) are the expansion coefficients corresponding to the k-th Legendre
polynomial Pk; Jmax is the angular momentum quantum number of the highest populated
rotational state in the wavepacket.

In order to characterize the initial state distribution of rotational states in the molecular
beam, the eight lowest even-order moments of the experimental angular distributions
were fitted simultaneously using least squares minimization. For each moment, squared
differences were summed according to

χ2
n =

∑

t

(〈P2n(cos θ2D)exp〉(t)− 〈P2n(cos θ2D)sim,vol〉(t))2 , (4.3)

where the sum runs over all measured delay times t and n = 1 . . . 8. In order to compute
〈Pn(cos θ2D)sim,vol〉(t), several steps were followed. First, the coherent wavepackets,
created through the interaction with the alignment laser pulses, were for every initial
state described in the basis of field-free eigenstates as

ΨJi,Mi(θ, φ, t) =
∑

J

aJ(t)Y Mi
J (θ, φ), aJ(t = 0) = δJJi , (4.4)

where aJ(t) = |aJ(t)|eiφJ (t) are time-dependent complex coefficients with amplitude
|aJ(t)|, phase φJ(t), and initial condition aJ(t = 0) = δJJi , δJJi is the Kronecker delta,
obtained from the solution of the time-dependent Schrödinger equation; Y M

J (θ, φ) are
the spherical-harmonic functions and Ji,Mi are the quantum numbers of the initial state
from which the wavepacket is formed. The sum runs only over J , since M was a good
quantum number due to cylindrical symmetry, as imposed by the linear polarization of
the alignment laser, and, hence, ∆M = 0 and M = Mi was conserved. Furthermore,
the selection rules for transitions between different rotational states were ∆J = ±2,
since the population transfer is achieved via non-resonant two-photon Raman transitions.
Moreover, the static VMI field was perpendicular to the alignment laser polarization
and does not mix different M states. Since more than one rotational state were initially
populated, the 3D rotational density was obtained through the incoherent average with
statistical weights wJi,Mi

Psim,3D(θ, φ, t) =
∑

Ji,Mi

wJi,Mi p(θ) |ΨJi,Mi(θ, φ, t)|
2 , (4.5)

which were not known a priori and used as fitting parameters. The function p(θ) describes
the angle-dependent ionization probability, which was approximated through the square
of the measured angular-dependent single-electron ionization rate. Finally, a focal average
over the interaction region with the alignment and probe laser beam profiles, assumed to
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be Gaussian, was performed. The average over intensities in the laser focus was calculated
through integration

〈Psim,3D(θ, φ, t)〉vol (t) = 1
N

∫ rmax

0
〈Psim,3D(θ, φ, Ialign(r), t)〉 e−2r2/w2

probe rdr (4.6)

with radius rmax at Ialign =1× 109 W/cm2 and N a normalisation factor. The dependence
of the rotational wavepackets on the alignment laser intensities is explicitly stated in
(4.6). The widths of the laser beams were also not known a priori and were included as

θ

x

y

z

x

z

θ2D

Figure 4.5.: Relation between the Euler angle θ, defining the alignment of the molecular axis
with respect to the pump laser polarization axis, and θ2D, corresponding to the angle between
the pump laser polarization and the detected ion-momentum distribution on the 2D detector.

further fitting parameters. The resulting focal- and initial-state-averaged 3D rotational
densities were projected onto a 2D plane using a Monte-Carlo sampling routine, which
included the experimental radial distribution extracted at the full revival at a delay time of
120.78 ps, yielding the simulated VMI images in Figure 4.2 in the main part. The relation
between the 3D rotational density and the 2D projected density is graphically illustrated
in Figure 4.5. The Legendre moments of the angular distribution were then extracted from
the 2D projected images and compared to experiment through χ2

n, as described in (4.3).
The statistical weights wJiMi of the initial state distribution and the laser focal sizes were
varied until

∑
n χ

2
n converged to its minimum. The individual populations determined

through the fitting procedure are w00 = 8.2 · 10−1, w10 = 3.7 · 10−2, w11 = 7.5 · 10−2,
w20 = 1.5 · 10−2, w21 = 2.1 · 10−2 and w22 = 3.2 · 10−2 and the optimal focal parameter
were determined to be walign =130 µm for the alignment laser and wprobe =60 µm for the
probe laser. The results are consistent with the fact that the probe laser was tighter
focused than the alignment laser such that only molecules exhibiting strong alignment,
close to the beam center, are probed.

The final results of the fitting procedure are shown in Figure 4.2 in the main part
and in Figure 4.6. The simulated angular distributions and the moments of the angular
distribution are in excellent agreement with the experiment, in particular all oscillations
are correctly captured, even for the highest-order moments. The experimental parame-
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Figure 4.6.: Even order moments 1 to 8 of the angular distribution a 〈P2(cos θ2D)〉,
b 〈P4(cos θ2D)〉, c 〈P6(cos θ2D)〉, d 〈P8(cos θ2D)〉 e 〈P10(cos θ2D)〉, f 〈P12(cos θ2D)〉, g
〈P14(cos θ2D)〉, h 〈P16(cos θ2D)〉.

ters used for the simulations were the peak intensities for the two alignment pulses of
Ialign,1 =1.92 TW/cm2 and Ialign,2=5.5 TW/cm2, the pulse duration of the alignment laser
pulses τalign =255 fs, the time delay between the two alignment laser pulses τdelay =38.1 ps,
and the pulse duration of the probe laser τprobe =60 fs. Calculations with 21 initial
states, i. e., J = 0 . . . 5,M = 0 . . . 5, included in the initial rotational state distribution
were originally performed, but convergence was already reached for the 6 lowest-energy
states and the fitting procedure was restricted to using these 6 lowest rotational states,
i. e., J = 0 . . . 2,M = 0 . . . 2, and the focal volume was averaged over 100 intensities
in Ialign = 1 · 109 . . . 5.5 · 1012 W/cm2. In all calculations the basis for each coherent
wavepacket included all rotational states up to J = 50.
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4.5.3. Angular Distributions
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Figure 4.7.: Four O+ ion-momentum probability distributions recorded at different time delays,
displaying very different angular distributions, but having all the same degree of alignment of〈
cos2θ2D

〉
= 0.64. These distributions were recorded for delay times of a 85.19 pss, b 86.15 ps,

c 105.12 ps, and d 110.92 ps.

As pointed out in the main text, we observed angular probability distributions showing
the very rich time evolution of the rotational wavepacket created by the two alignment
laser pulses. When characterizing the degree of alignment using the commonly used
〈cos2θ2D〉 we observed that completely different angular distributions possess the same
degree of alignment, which pointed out the need for higher order terms in the expansion
of the total angular distribution, e. g., in the basis of Legendre polynomials, to be
able to reconstruct the complete rotational wavepacket. In Figure 4.7, we present O+

ion-momentum distributions measured at four different delay times together with their
corresponding angular distributions corroborating this observation. The delay times were
chosen such that all distributions have the same 〈cos2θ2D〉 = 0.64, corresponding to the
permanent alignment level. Although the degree of alignment is quite low compared to the
maximum degree of alignment achieved, one clearly sees in particular in Figure 4.7 b–d
that nevertheless there is a substantial amount of molecules being strongly aligned. Thus
it is clearly not sufficient to just use the degree of alignment in terms of 〈cos2θ2D〉 to
characterize the molecular alignment distribution, but the knowledge of the whole angular
distribution is needed.

Comparison of Angular Distributions from Experiment and Simulations

We show a comparison of angular distributions extracted from experiment and from the
simulated, 2D projected rotational densities for selected times, starting after the arrival
of the second alignment laser pulse in Figure 4.8. The angular distributions display rich
features, the simplest one being the alignment revival at a delay time of 120.78 ps. For
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4. Molecular movie of ultrafast coherent rotational dynamics of OCS

SimulationExperiment

Figure 4.8.: Comparison of experimental and simulated angular distributions for some selected
delay times after the second alignment laser pulse has arrived.

better visibility the angular distributions have all been scaled up individually to maximise
visibility, except for the alignment revival at 120.78 ps.

4.5.4. Angular Resolution

The angular resolution was defined by the radius of the Coulomb channel in the VMI
image, at which the angular distribution was extracted, and the number of pixels needed to
distinguish two successive maxima or minima. The center of the radial Coulomb channel
was at a radius of 46 pixel, which yielded an angle of 1.26 ◦ per pixel, corresponding to
a limit for the resolution to separate two maxima or minima of 4 ◦. In Figure 4.9 a, a
O+ ion momentum distribution recorded at a delay time of 98.5 ps is shown with lines
indicating the angles at which maxima in the angular distribution appear. In Figure 4.9 b,
the corresponding angular distribution is shown, where the maxima are clearly visible
and distinguishable.
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Figure 4.9.: Determination of angular resolution. a Part of the recorded VMI image at a
delay time of 98.5 ps is shown with lines indicating the angles at which maxima in the angular
distribution were observed. b Angular distribution for the same cutout of the VMI image,
shown with the position of the maxima indicated by vertical lines. The smallest measured angle
between maxima in the angular distribution is 4.5 ◦, close to the angular resolution of 4 ◦.

4.5.5. Highest Observed Degree of Alignment
In Figure 4.10 a, the O+ ion-momentum distribution of the strongest observed field-free
alignment is shown. The image was recorded at a delay time of 120.78 ps, which is
the alignment revival, one rotational period after the arrival of the second alignment
pulse. The degree of alignment was 〈cos2θ2D〉 = 0.96 as stated in the main text. The
value was obtained through integration in the shell between rmin = 40 and rmax = 64.
In Figure 4.10 b, the corresponding angular distribution is shown, which yielded an
opening angle of FWHM = 13.4 ◦.
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Figure 4.10.: Highest observed degree of alignment of
〈
cos2θ2D

〉
= 0.955. a O+ ion-momentum

distribution recorded at the alignment revival at a delay time of 120.78 ps. The integration for
the calculation of

〈
cos2θ2D

〉
was carried out in the shell between rmin = 40 and rmax = 64 pixel.

b Corresponding angular distribution with a full opening angle of FWHM = 13.4 ◦.
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5 Switched Wave Packets with
Spectrally Truncated Chirped Pulses3

5.1. Introduction
Quantum control of molecular dynamics is one of the ultimate goals of chemical physics.
Essentially, the aim is to create a custom wave packet with precisely controlled population
and phases of each eigenstate. To date, the most successful approach for creating controlled
wave packets is to use shaped ultrafast laser pulses. [211–213]. The construction of wave
packets composed of states ranging from rotational [95, 214–217] to electronic [218–220],
has been demonstrated.

A special case of shaped laser pulses are truncated pulses which are switched off
much faster than they are switched on. The slow turn-on of the laser pulse adiabatically
transforms the field-free states of the molecule into the eigenstates of the molecule in
a dressed potential. The rapid truncation nonadiabatically projects the field-dressed
states onto their field-free counterparts with well-defined phases. The archetypal example
of this scheme, termed switched wave packets, is in molecular alignment dynamics
where the wave packet is composed of rotational states populated by a non-resonant
laser pulse. They were theoretically introduced by Seideman [89, 221], and realized
experimentally by Stolow and coworkers [102, 222]. Switched rotational wave packets are
especially interesting as (for symmetric tops) the peak alignment acquired during the long
pulse should reconstruct exactly during the phase revivals, giving a route to extremely
confined field-free alignment. In effect, switched wave packets offer a best-of-both-worlds
compromise between adiabatic alignment, which enables a high degree of alignment at
the cost of a field present, and impulsive alignment, which enables field-free alignment,
but often with a lower degree of alignment [70, 91].

The generation of the necessary pulses with a very long turn-on and a very rapid turn-
off was, traditionally, quite difficult. The slow turn-on precluded the use of standard pulse
shaping technology, and instead a complex plasma shutter methodology was used [223],
involving nonlinear effects to truncate a long pulse with a synchronized femtosecond
pulse. Nevertheless, despite the interest in switched wave packet alignment dynamics
and the promises it offers, very few experimental demonstrations were performed [102,
222, 224–226]. Recently, using chirped alignment pulses [227], switched wave packet

3This chapter is based on the publication: Communication: Switched wave packets with spectrally
truncated chirped pulses, Adam S. Chatterley, Evangelos T. Karamatskos, Constant Schouder, Lars
Christiansen, Anders V. Jørgensen, Terry Mullins, Jochen Küpper, and Henrik Stapelfeldt, The
Journal of Chemical Physics, 148, 221105 (2018). My contributions were the simulations of the
alignment of iodobenzene, the comparison of simulations with experiment and I assisted in writing
the manuscript.
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dynamics have been demonstrated using non-Gaussian picosecond pulses with short [110]
or long [111, 228] turn-offs, but not with the combination of a slow turn-on and a fast
turn-off.

Here, we show a new, simple method for forming high-contrast truncated pulses with
only a single passive optic. We demonstrate switched wave packets in the alignment
dynamics of both linear molecules and asymmetric tops. The experimental dynamics
match very well with numerical solutions to the time-dependent Schrödinger equation,
demonstrating that the pulse is well characterized and the dynamics can be completely
explained by the interference of rotational eigenstates.

5.2. Methods

5.2.1. Experiment
The experimental setup is identical to our previous chirped pulse adiabatic alignment
experiments [228, 229], with the exception of the addition of a longpass interference
filter into the alignment beampath. Carbonylsulfide (OCS) or IB is seeded in 80 bar
helium and expanded through an Even-Lavie pulsed valve, giving an estimated rotational
temperature of 1 K [47, 62, 228]. The uncompressed output of a Ti:sapphire chirped pulse
amplifier (160 ps FWHM, GDD = +1.3 ps2) is truncated using a longpass filter to form
the STCP, which aligns molecules and prepares a switched wave packet. The compressed
portion of the beam (35 fs FWHM) is focused to an intensity of 4× 1014 W/cm2 and
probes the molecules by Coulomb explosion, sampling at least every 3.5 ps. The degree of
alignment of the molecules is measured by recording the expectation value 〈cos2θ2D〉 of
the projection of the emission angle of S+ or I+ ions relative to the alignment polarization
using velocity map imaging. The degree of alignment is quantified by computing the
expectation value 〈cos2θ2D〉. The STCP was linearly polarized parallel to the detector
plane, and the femtosecond probe pulse was polarized along the detector normal. The
probe focal spot size was significantly smaller (ω0 = 20 µm) than the STCP focal spot
size (ω0 = 38 µm) to minimize focal volume effects.

5.2.2. Theory
To characterize the experimental results, the degree of alignment was numerically simu-
lated by solving the time-dependent Schrödinger equation (TDSE) using the experimental
alignment-pulse profiles. Two separate codes were used to calculate the rotational dy-
namics for the linear-top molecule OCS [230] and the asymmetric-top molecule iodoben-
zene (IB) [155, 231], respectively. In brief, the rotational part of the Schrödinger equation
was solved for the rigid-rotor coupled to a non-resonant laser field, where relativistic,
fine- and hyperfine interactions as well as nuclear spin effects were neglected. For IB,
the asymmetric top wave functions were expanded in a symmetry-adapted basis built
of symmetric rotor states [231]. In both cases, the simulations assumed a rotational
temperature of 1 K and included focal volume averaging determined by the experimental
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spot sizes of the laser beams. The 2D projection of the degree of alignment, 〈cos2θ2D〉,
was computed to provide a direct comparison with the experimental results.

5.3. Results and Discussion

5.3.1. Spectrally Truncated Chirped Pulses

Key to switched wave packet methodologies are laser pulses with a slow turn-on and a
rapid turn-off, in comparison to the characteristic timescale of the wave packet in question.
For plasma shutters, the turn-on time is defined by the pulse duration of the long pulse,
and the turn-off time is defined by the duration of the short pulse, allowing nanosecond
turn-ons, with tens of femtosecond turn-offs. However, plasma shutters are not without
limitations. The required optical setup is fairly elaborate and sensitive, as it depends on
highly nonlinear interactions. Additionally, without great care there is a residual field
after truncation, which in most demonstrated applications has had an intensity of several
percent of the peak before truncation [102, 224]. This significant residual field means
that the truncation does not project wave packets onto true field-free eigenstates, but
rather modestly coupled ones.

By working with highly chirped pulses in the spectral domain, truncated pulses in the
time-domain can be produced that overcome the limitations of plasma shutters, while also
allowing for a much simpler optical setup. Highly chirped broadband pulses have previously
been used for adiabatic and intermediate regime alignment [88, 110, 111, 227, 232, 233],
and our truncation technique is a natural extension. Its essence comes in the observation
that for broadband laser pulses with large amounts of chirp (second order dispersion),
the time-domain pulse shape has a 1:1 correspondence with the spectrum. This implies
that the temporal profile of the chirped pulses can be directly shaped by modifying the
spectrum with a device as simple as an interference transmission filter. Truncation of
a positively (negatively) chirped pulse can be achieved through simple application of a
long- (short-) pass filter.

Figure 5.1 (a) shows the spectrum of the uncompressed (positively chirped) output
of a Ti:sapphire chirped pulse amplifier, after transmission through an 800 nm longpass
spectral filter (Thorlabs FELH0800). The spectrum is abruptly cut at 800 nm. The
influence of spectrum on temporal profile is shown in Figure 5.1 (b), which shows the
frequency-resolved sum frequency generation cross correlation between the truncated
chirped pulse and a transform limited 35 fs, 800 nm short pulse. The arrival time of each
wavelength increases linearly with frequency, until the 800 nm component is reached, when
the pulse is abruptly truncated. The temporal profile, found by integrating Figure 5.1 (b)
over the wavelength, is shown in Figure 5.1 (c). The turn-on time for this pulse is
around 100 ps (10–90 %), while the turn-off time (90–10 %) is approximately 8 ps. The
residual intensity is 2–3 orders of magnitude lower than the pulse peak immediately
after truncation, and undetectable after 30 ps (see supplementary material). Spectrally
truncated chirped pulses (STCPs) offer high post-truncation contrast and a simple
generation method. The drawback is that the truncation time is limited by the sharpness
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Figure 5.1.: (a) Spectrum of the uncompressed output of a Ti:sapphire chirped pulse amplifier
after transmission through an 800 nm long-pass filter. (b) Spectrally resolved sum-frequency
cross correlation of the truncated chirped pulse with a short 800 nm pulse. (c) Temporal profile
of the intensity of the spectrally truncated chirped pulse. Time zero has been defined as half of
maximum intensity on the falling edge.

of the spectral filter, which in this case limits us to an 8 ps turn-off time. As we show
below, this turn-off time is still sufficiently fast to produce switched wave packet dynamics,
even in light rotors such as OCS. If sharper edges are required, they could be obtained
by replacing the transmission filter with a pulse shaper based on diffractive optics and
spatial filtering, i.e., diffraction gratings and a razor blade [135]. Such a setup would be
more complex than the simple transmission filter, but could likely reduce the turn-off
time to a few ps or less.

5.3.2. Alignment of Linear Molecules

Our first demonstration of alignment using STCPs is with the linear OCS molecule.
Alignment (and orientation) dynamics of OCS have previously been well studied, with
both impulsive alignment [62, 117, 234, 235], switched wave packet methodologies [224],
and intermediate regimes with moderately long alignment pulses [110, 111], so a direct
comparison is possible. Figure 5.2 shows as red curves the value of 〈cos2θ2D〉 as a function
of delay relative to the STCP (shaded area), for peak alignment intensities ranging from
5× 1010 W/cm2 to 8× 1011 W/cm2. The value of 〈cos2θ2D〉 is determined by observing
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the recoil direction of S+ fragments following Coulomb explosion with the probe pulse. As
expected, the degree of alignment increases smoothly during the pulse turn-on, reaching a
maximum of 〈cos2θ2D〉 = 0.85 for the 8× 1011 W/cm2 pulse (Figure 5.2 (e)). The peak of
alignment is similar to that observed previously with 50 ps and 500 ps duration pulses and
a similar intensity [110, 111]. Following truncation, a clear oscillating revival structure
is observed, with a full period of 82.2 ps. As the alignment intensity is increased, the
revivals become sharper, and the average alignment post-truncation increases.

Figure 5.2.: Alignment dynamics of OCS with a spectrally truncated chirped pulse (shaded
area) with increasing peak intensity, found experimentally (thick red) and numerically (thin
black). The experimental

〈
cos2θ2D

〉
is determined using the angular distribution of S+ fragments

following Coulomb explosion. The peak alignment intensity is given in the top right of each
plot. To account for non-axial recoil in the experimental

〈
cos2θ2D

〉
, the numerical results have

been scaled around 0.5 by an arbitrary value of 0.87.
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To explain the observed alignment dynamics, we turn to numerical simulations (black
curves in Figure 5.2). In Figure 5.2, the displayed values of 〈cos2θ2D〉 of the simulated data
have been scaled by an arbitrary factor of 0.87, symmetrically centered around 0.5, as a
simple means to account for non-axial recoil and probe selectivity in the Coulomb explosion
process depressing the experimental values [205]. Except for a slight discrepancy on the
rising edge of the pulse, the numerical simulations capture the experimental dynamics
remarkably well. The shape of the revivals are well reproduced, and there is even a
capturing of the slight oscillatory structure visible on the rising edges of the lower intensity
curves. The quality of agreement between theory and experiment gives us a high degree
of confidence both of the accuracy of the alignment pulse measurement, and of our ability
to simulate alignment dynamics with these complex pulses.

The change of the shape of the alignment revivals as intensity increases is a direct
reflection of the number of rotational J states populated during the pulse turn-on. The
lowest intensity trace (Figure 5.2 (a)) has an almost sinusoidal pattern, suggesting a few-
state wave packet similar to that previously observed when exciting with a low intensity,
50 ps long pulse [110]. On the other hand, the most intense trace, in Figure 5.2 (e), has
a much more complex structure, suggesting rather more frequency components. The
calculated J populations (shown in the supplementary material) provide further insight:
after truncation the lowest intensity trace reaches a maximum angular momentum of
only Jmax = 2, while the highest has Jmax = 6. Note, however, that these values of
Jmax are very low compared to typical impulsive alignment experiments. A simulation
(using the same code) with a 150 fs kick pulse with equal fluence to that in Figure 5.2 (a)
gives Jmax > 30 (see supplementary material). Although many more J states are
populated with impulsive alignment, adiabatic turn-on produces a significantly flatter
phase between the few states that are populated. This highlights the power of switched
wave packets to reach a previously unexplored regime of field-free alignment dynamics,
where very high degrees of alignment are obtained with the help of a much stronger phase
relationship than is found in impulsive alignment, where many more rotational states are
populated [70, 150].

In the limit of instantaneous pulse truncation, we would expect that at each full
revival the wave packet should reconstruct exactly, and 〈cos2θ2D〉 should be identical
to the peak of alignment prior to truncation [89, 102, 221]. In our case the peak of
alignment during the full revivals reaches ∼ 90% of the peak alignment, for the highest
intensity, and ∼ 95% for the lowest intensity, indicating that the pulse truncation is not
a completely impulsive process, and that some reduction in angular momentum must
occur during the truncation. This result is unsurprising, as the 8 ps truncation time is not
negligible when compared to the 82.2 ps rotational period of OCS [110]. The calculations
(see supplementary material) demonstrate this emphatically: during truncation of the
high intensity pulse the J = 6 level is almost completely depopulated, while the J = 2
level is mostly unaffected. We note, however, that switched wave packet experiments
using rapid truncation with plasma shutters also have not achieved complete wave packet
reconstructions at the peak of revivals; this is likely an effect of the residual field following
truncation with that method [102, 224].
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5.3.3. Alignment of Asymmetric Tops

Although alignment of linear molecules provides a simple test case for STCP dynamics, in
reality most molecules are asymmetric tops with much more complex rotational dynamics.
Asymmetric tops have three rotational constants which contribute to alignment dynamics,
and their revival structures are much richer than linear or symmetric top molecules. To
benchmark the behaviour of asymmetric tops when aligned with STCPs, we have measured
and calculated the alignment dynamics of iodobenzene (IB). IB has been extensively
studied using both impulsive [95, 144, 145, 236, 237] and adiabatic alignment [227, 238],
and was recently explored using a plasma shutter truncated pulse by Sakai and co-
workers, who observed a very surprising persistent alignment for many picoseconds
following truncation [225]. Figure 5.3 shows (as thick red lines) the alignment dynamics

(a)

(b)

Figure 5.3.: Alignment dynamics of iodobenzene with truncated pulses. The pulse intensity
profile is given by the shaded area. Experimental values of

〈
cos2θ2D

〉
are shown as thick red

lines, while the calculated dynamics are given by the thin black lines, for (a) 8× 1011 W/cm2

and (b) 4× 1010 W/cm2 peak alignment intensities. To account for non-axial recoil in the
experiment, calculated curves have been scaled by 0.90, symmetrically around 0.5.

of IB, when subjected to STCPs of either 8× 1011 W/cm2 (a) or 4× 1010 W/cm2 (b) peak
intensities. The inset expands the region around the truncation point. Simulations, using
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the experimental pulse, are overlaid as thin black lines. Similar to the OCS simulations,
these have been scaled symmetrically around 0.5 to account for non-axial recoil in the
experimental data, in this case by a factor of 0.9. Following truncation, the degree of
alignment abruptly decreases, then returns to a permanent alignment of 〈cos2θ2D〉 ∼ 0.59
and 0.53 for the high and low intensity STCP, respectively. Prominent, broad revival
features are observed, centered at 359 ps and 712 ps. The agreement between the
experiment and theory is very good, all major features in the experimental trace are
accurately reproduced by the theory.

We first consider the behaviour of the revivals in the field-free regime. Compared to
IB dynamics following impulsive alignment [145], several striking aspects are immediately
observable. Firstly, only J-type revivals are observed, which correspond to symmetric-top
like motion. With high intensity impulsive alignment, C-type revivals, which correspond
to motion around the axis perpendicular to both the molecular plane and the C-I bond
are visible at 380 and 757 ps, however we see no evidence for these with either high or
low alignment intensity STCPs. C-type revivals are associated with high lying rotational
states [93], so it is reasonable that they are not observed with our adiabatically prepared
alignment. Intriguingly, our simulations show that only rotational states with K = 0 are
accessed, which may further explain the symmetric-top like behavior (see supplementary
material). Secondly, the directions of the revivals are inverted: with impulsive alignment
the half-revival is a positive feature, and the full revival negative, the exact inverse of
the dynamics we observe. This inversion must reflect reflect the different preparation
methods of the wave packets, and in particular the relative phases of their components. A
similar inversion of revivals is observed in alignment produced by one-photon excitation,
which selectively excites aligned molecules [239]. This suggests that this is an effect of
having the molecules physically spatially aligned when the wave packet is formed, as
opposed to impulsive alignment where the wave packet is formed in momentum space
on an isotropically aligned sample. Investigations of the phases of the simulated wave
packets bear this out: switched wave packets have a relatively flat phase, while impulsive
alignment leads to highly varied phases (see supplementary material). Finally, the STCP
revivals are exceedingly broad, compared to impulsive revivals. The main peaks of
both the full- and half-revivals are around 50 ps wide, compared to around 20 ps when
excited with a 200 fs, 16 TW/cm2 kick [145]. The breadth of these revivals is a further
consequence of the few rotational states that are populated when truncated pulses are
used for alignment - there simply are not enough Fourier components to construct a
sharp feature.

We now turn to the behavior of the alignment at the moment of pulse truncation
(inset Figure 5.3). As soon as the pulse truncation is complete, (t = 5 ps), the degree
of alignment drops appreciably, reaching a minimum at t = 18 ps with a high intensity
STCP, and at t = 28 ps with a low intensity STCP. The theory captures the general
trend, although somewhat overestimates the speed of the drop for the high intensity, and
underestimates it for the low intensity. This discrepancy is likely due to either temperature
or focal volume effects differing slightly between simulation and experiment. The slower
drop in alignment with low intensity can again be explained by the lower number of
populated rotational states giving insufficiently high frequency Fourier components for a
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Figure 5.4.: Calculated values of
〈
cos2θ2D

〉
with a <200 fs rapidly truncated alignment pulse

with peak intensity of 8× 1011 W/cm2 (thin black line), 4× 1010 W/cm2 (thick blue line).

fast drop. This behavior, however, stands in stark contrast to the dynamics observed
by Sakai and coworkers, using a pulse shaped by a plasma shutter [225]. They reported
a high degree of alignment that appeared to persist for ∼10 ps after the pulse was very
abruptly (< 200 fs) truncated. Could it be the case that very abrupt pulse truncation
leads to significant field-free alignment, which is not present if the pulse turns off too
slowly? To investigate this possibility we have also performed simulations, with identical
conditions and alignment intensities to our experiment, but with the turn-off time of
the pulse reduced to 150 fs, shown in Figure 5.4. The excellent experimental agreement
of our simulations with a slow turn-off time, Figure 5.3, give us confidence that our
calculations accurately and comprehensively model the alignment dynamics of asymmetric
top systems, and so we fully trust our simulations with rapidly truncated pulses. On the
whole, the alignment dynamics are similar to those with the longer turn-off time, however
the revivals are more structured and show evidence of C-type behavior, particularly with
high alignment intensity. This demonstrates that the populated rotational states are
better preserved during rapid truncation, in agreement with our findings from OCS and
the predictions of Seideman [89].

Compared to the experimental STCP, the falling edge of the alignment is faster,
in agreement with the intuitive expectation that the quicker the field is removed, the
sooner molecules should no longer be aligned by it. The alignment begins to drop
appreciably within 2 ps of the field truncation, regardless of whether a high or a low
intensity alignment field is used. The slope is less severe with a weak alignment intensity,
but as this necessitates a weak degree of alignment, this effect cannot be exploited for high
quality field-free alignment. These findings lead us to suspect that further experimental
aspects, such as possibly the residual post-truncation field, may have led to the reported
findings by Sakai and co-workers [225]. That group also reported an absence of revivals in
their IB alignment dynamics [240], which are observed very clearly by us in both theory
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and experiment. It is feasible that whatever experimental complication led to a lack of
observable revivals also led to apparent long-lived field-free alignment after truncation.

5.4. Conclusions
We have developed a new scheme for creating truncated laser pulses for preparation of
switched wave packets, by spectrally filtering chirped laser pulses. Compared to the
previous standard methodology for producing truncated pulses, our method has a trivial
optical setup, high repetition rates, very good contrast after the pulse is truncated, and
uses technologies already proven for free-electron laser experiments [232]. The primary
drawback is a slower truncation time, which could be significantly enhanced if a more
complex spectral filter was employed.

Using the newly developed STCPs to align the linear OCS molecule, we have observed
high degrees of alignment while the alignment pulse is present, and rich rotational
dynamics after the pulse is truncated. Compared to traditional impulsive alignment, very
few rotational states are populated, leading to simple alignment dynamics. Numerical
simulations, using the experimentally determined pulse shape, accurately reproduce the
alignment dynamics. The degree of alignment at the revival is close to that during the
maximum of adiabatic alignment, and it could be enhanced further by, for example, a
scheme to ‘kick’ the molecule at the peak of a revival [203].

In iodobenzene, an asymmetric top system, we again observe excellent alignment
during the pulse, and after truncation we see very broad symmetric top-like J-type
revivals, composed of few rotational levels. Computations accurately predicts these, even
with the complex pulse shape involved. The alignment begins to decay as soon as the
pulse is truncated, in contrast to previously reported experiments with IB and truncated
pulses where field-free alignment was observed [225]. By comparison with simulation, we
suspect that those findings may have been due to an experimental artefact.

Our results pave the way for new investigations on switched wave packets. Since the
invention of the methodology over a decade ago, switched wave packets have been of
great interest to the community, but rather few experiments have been performed. With
the development of the trivial STCP methodology, many laboratories will be able to
investigate switched wave packets. Additionally, STCPs are extremely useful for molecular
alignment, even without exploiting switched wave packets. If a superfluid helium solvent
is present, then alignment persists for a brief time after the pulse is truncated, giving a
simple route to field-free molecular alignment for several picoseconds [233]. We have very
recently employed helium droplets and STCPs to perform field-free 3D alignment on a
range of complex molecules.
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5.5. Supporting Information

In the supplementary information we show the STCP intensity plotted on a log scale,
and the calculated J and K state populations and phases from the alignment simulations.

Logarithmic plot of the spectrally truncated chirped pulse intensity

In Figure 5.5 the STCP intensity plotted on a log scale is presented.

Figure 5.5.: Log-plot of the intensity of the spectrally truncated chirped pulse, derived by
sum-frequency mixing with a 35 fs 800 nm pulse. The data in this plot are identical to those
in Figure 5.1 (c) of the main text. The intensity at 40 ps represents the noise floor of these
measurements. The structure visible around 5 ps to 20 ps is likely introduced by the interference
coating of the long-pass filter optic.

Simulated J populations and phases for OCS

To further describe the alignment of OCS, we have extracted the J state populations
and revival phases from our simulations, starting at J = 0 and without focal volume
averaging, for both STCPs with the highest and lowest intensities studied (Figure 5.6),
and for an impulsive kick (Figure 5.7). The STCP calculations show that very few J
states are populated, but with a very flat phase. On the other hand, aligning with a kick
results in many J states being populated, but there is only a handful that are in phase
with each other at the revivals, and this phase is not as flat as in the truncated pulse
case.
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Figure 5.6.: (a) & (c): The calculated J state population in OCS as a function of time for
the highest and lowest alignment intensities employed (Figure 5.2 (e) & (a)), starting in the
absolute ground state and using the experimental alignment pulse profile. During the truncation,
significant depopulation of the higher J states is observed. (b) & (d): The final (field free) J
state population, along with the phases of the populated states at the peak of the first revival
in the high power case. Very few J states are populated, and their phases vary by less than 10 ◦
at the revival.

Figure 5.7.: The calculated J state distribution and phases at the peak of the first half revival
of OCS, impulsively aligned using a 150 fs Gaussian kick with equal total kick energy to that of
the lowest energy STCP used (Figure 5.2 (a)). The simulated pulse energy is 90 mJ and the
fluence is 4 J/cm2. High lying J states are populated, with significant variation in phases. The
states from J = 28 to J = 38, highlighted in yellow, possess a quadratic phase with a spread of
∼15 ◦. Only these high lying states contribute to the alignment at the revival, the lower lying
states are out of phase and so in fact detract from the maximum attainable alignment.
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Simulated J and K populations and phases for IB

Similar to OCS, we have also extracted the population and revival phases of the rotational
states in IB, in a symmetric top basis. As IB is an asymmetric top, the state space is
now two dimensional because K may take non-zero values. To best visualize the breadth
of wave functions in this large state space, we chose therefore to show the summed total
population per J state, summed over all K states. To examine the K state population
and wave function phases, we have also plotted the populations and revival phases of
the 20 most populated states, |J,K〉. Figure 5.8 and Figure 5.9 show these plots using
the experimental STCP with peak intensities of 8× 1011 W/cm2 and 4× 1010 W/cm2,
respectively. For comparison, Figure 5.10 shows the simulated populations using a 150 fs,

(a)

(b)

Figure 5.8.: (a) The calculated summed J state distribution at the peak of the first half revival
of IB, aligned using the experimental truncated pulse with peak intensity of 8× 1011 W/cm2,
and starting in the ground |0, 0〉 state. J states ≤ 26 are accessed. (b) The population and
phases of the 15 most populated rotational states. For almost all of the population, K = 0 and
the phase is relatively flat.

4 J/cm2 kick pulse, which has previously been shown to produce J type revivals, but
inverted from those seen with truncated pulses [145]. Comparing the truncated pulse
populations with the impulsively kicked populations, there are several striking effects.
Firstly, as in OCS, truncation leads to much less broad wave packets than kicking,
however these narrower wave packets have a much flatter phase than in the kicked case.
Secondly, for almost all population in switched wave packets, the quantum number K
(which represents the projection of angular momentum onto the principle molecular axis)
takes the value of 0, while kicked wave packets have much higher values of K. The fact
that switched wave packets of IB behave very much like symmetric tops seems to be in
agreement with all K = 0.
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(a)

(b)

Figure 5.9.: (a) The calculated summed J state distribution at the peak of the first half revival
of IB, aligned using the experimental truncated pulse with peak intensity of 4× 1010 W/cm2,
and starting in the ground |0, 0〉 state. Only J states ≤ 10 are accessed. (b) The population
and phases of the 9 most populated rotational states. Almost all of the population has K = 0,
and the phase varies by less than 20 ◦ for ∼95% of the population.

(a)

(b)

Figure 5.10.: (a) The calculated summed J state distribution at the peak of the first half
revival of IB, impulsively aligned using a 150 fs, 4 J/cm2 kick pulse, and starting in the ground
|0, 0〉 state. Very high J states are accessed. (b) The population and phases of the 15 most
populated rotational states. High values of K are accessed, and very little phase relation is
visible between these states.
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6 Creating and Characterizing Strong
Three-Dimensional Field-Free
Alignment of Complex Molecules4

6.1. Introduction
Laser-induced alignment of gas-phase molecules has proven to be an efficient and elegant
way to access the molecular frame [70, 78]. It has been extensively used in high harmonic
generation [210, 241], electron diffraction [35, 40, 69, 196, 242], x-ray diffraction [14],
and strong-field-ionization [66, 243] experiments, enabling the imaging of molecular
structure and dynamics in the molecule-fixed frame or to retrieve the shape of molecular
orbitals [208, 209, 244].

Although long laser pulses are well suited to adiabatically align molecules [86, 125, 227],
alignment is only present during the laser field. Furthermore, experiments may suffer from
the presence of the additional alignment laser field and their outcome might be affected.
Therefore, the interest in impulsive alignment has grown, in which a coherent rotational
wavepacket is formed and alignment under field-free conditions is achieved [90, 245].
For diatomic and small linear molecules, high degrees of field-free alignment have been
demonstrated with the use of multiple short kicking pulses [97, 246], which works well
due to the regular rotational energy level structure in these molecules.

The impulsive method is somewhat more difficult for asymmetric top molecules,
due to their irregular energy level structure [81, 82, 144–147]. A promising method
for aligning asymmetric top molecules consists of using a truncated adiabatic laser
field [151], or an adiabatic laser field with a kick at the end [103], which combines both
of the above methods: The adiabatic alignment gives good angular confinement of the
molecules. When the laser pulse is suddently truncated, i. e., “turned-off”, the dressed
pendular state, which was produced by the adiabatic pulse, is projected onto the field-free
eigenstates as a coherent superposition. At short times after the laser pulse truncation, the
angular confinement remains, due to the inertia of the molecules. Such truncated-pulse
alignment experiments have been performed successfully for 1D [151, 224, 225, 247] and 3D
alignment [226], although some of the observed alignment dynamics [225, 226] were shown
to be controversial [247]. Furthermore, so far alignment experiments with asymmetric-top
molecules utilized heavy marker atoms, such as iodine or fluorine [144, 226], as good

4This chapter is based on a draft of the manuscript: Creating and characterizing strong three-dimensional
field-free alignment of complex molecules, Terry Mullins, Evangelos T. Karamatskos, Joss Wiese,
Jolijn Onvlee, Andrey Yachmenev, Arnaud Rouzée, Sebastian Trippel and Jochen Küpper. My
contributions were the simulation of the alignment of indole, the comparison of simulations with
experiment and I assisted in writing the manuscript.
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indicators for the detection of the molecules’ alignment through axial recoil of the leaving
fragments following strong-field ionization. Thus, the set of asymmetric top molecules for
which alignment has been demonstrated is very limited.

Alignment is achieved via the interaction of the laser field with the molecular polar-
izability anisotropy. As the polarizability generally is strongly related to a molecules
shape [248, 249] one should be able to align, in principle, every molecule with an asymmet-
ric shape. The major challenge, besides aligning the molecules in the first place, consists
therefore in the ability to characterize the degree of alignment of complex molecules
without good leaving groups and symmetry.

Here, we demonstrated the field-free 3D alignment of indole (C8H7N, Figure 6.1 a)
by a truncated elliptically-polarized laser field, using velocity-map imaging (VMI) of
H+, C+, and HCNH+ fragments after Coulomb explosion. Indole is a characteristic
representative of organic molecules without rotational symmetries and marker atoms.
Thus, the demonstration of 3D alignment for indole provides the testbed for further
studies on large (bio)molecules.

6.2. Experimental Setup

The general experimental setup has been described elsewhere [227]. Briefly, molecules
were cooled in a supersonic expansion from a pulsed Even-Lavie valve [47], operated at a
temperature of 80 ◦C and at a repetition rate of 100 Hz, limited by pumping speed and
the final rotational temperature of the deflected indole molecules. Around 1.4 mbar of
indole was seeded in 95 bar of He, which was expanded into vacuum and state-selected
by an electrostatic deflector [1]. Inside a velocity map imaging spectrometer (VMIS), the
more strongly deflected and, therefore, rotationally colder molecules [109] were aligned
using a shaped 250 ps long laser pulse with a peak intensity of 6 · 1011 W/cm2. The
laser pulses were produced by a commercial laser system with a 1 kHz repetition rate
and a spectrum similar to a rounded saw tooth, then strongly negative chirped to a
duration of ∼600 ps using a grating based compressor [227]. The alignment laser pulses
were elliptically polarized with the major axis vertical and a 3 : 1 ratio between major
and minor axes, had an energy of 2.5 mJ after exiting the vacuum chamber, and a peak
intensity of 1.25× 1012 W/cm2 in the focus.

A second, time-delayed, laser pulse was used to multiply ionize indole, resulting
in Coulomb explosion. These pulses were circularly polarized in order to avoid any
secondary dynamics induced by electron rescattering [250]. Velocity-mapped fragments
were detected on a multi-channel plate (MCP) detector equipped with a phosphor screen.
The voltage on the MCP could be switched between 2050 V (MCP “on”) and 1150 V
(MCP “off”) using a fast switch (Behlke HTS 31-03-GSM) with 100 ns rise and fall-times
to select the different ion fragments based on their time-of-flight (TOF). A camera
(Optronis CL600) recorded single-shot images of the phosphor screen at 200 Hz. Images
without pulses from the molecular beam were subtracted from those with the molecular
beam to account for any signal from background molecules in the interaction region.
After selection of a suitable 2D radial range, the 2D angular degree of alignment 〈cos2θ2D〉
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Figure 6.1.: a The structure of indole, along with the principle axes of inertia, labeled z = a
and x = b, y = c is out of the plane. The principle axes of the polarizability tensor are labelled
xI and zI , yI is out of the plane. The numbering of the H atoms is also shown. b A typical
time-of-flight (TOF) spectrum of indole showing the most prominent observed fragments. c
In the first row, measured 2D VMI images are shown for the three fragments H+, C++ and
HNCH+ at the time of peak alignment at t = 3.3 ps, with the major axis of the alignment laser
polarization being parallel to the detector plane. In the second row the same fragments are
shown for the major axis of the alignment laser pointing perpendicular to the detector plane.
d In the last row, snapshots of H+ fragments at different delay times are shown.
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was calculated.
For truncation the strongly chirped 9 mJ pulses were sent through a zero dispersion

4f shaping setup [251] with a spatial light modulator (SLM, Jenoptik S640d) situated at
the Fourier plane. The SLM was used to alter the spectral phase of the negatively chirped
pulses to remove the chirp, i. e., the phase curvature, for wavelength components on the
long-wavelength side of the peak intensity of the spectrum at 815 nm. Wavelengths longer
than ∼816 nm were blocked by a razor blade, situated just before the SLM. This was
necessary due to Nyquist sampling limits encountered when shaping such highly chirped
pulses. Phase shaping improved the temporal fall-off time by a factor of 2.5 compared
with simply cutting the spectrum. The most relevant part of the temporal profile, around
the cutoff, is shown in Figure 6.2. The pulse consists of a slow rise beginning at −250 ps
(not shown), followed by some amplitude modulation, a short kick, and, finally, a fast
truncation. The pulse intensity falls rapidly within 2 ps (90 % to 10 %) to below 1 %,
i. e., to within the noise level of the measurement. The post-pulse at 13 ps is unwanted,
and probably originates from imperfect phase compensation from the SLM or space-time
coupling in the pulse shaping setup. However, the post pulse is irrelevant to the degree
of alignment within the first 10 ps after the temporal truncation, which is the important
temporal region of these experiments.

6.3. Results and Discussion
The in-plane principal axes of inertia and polarizability are shown in the ball-and-
stick representation of indole in Figure 6.1 a. For both, two axes lie in the plane of
the molecule with an angle of 2.75 ◦ between them. Upon Coulomb explosion, several
fragmentation channels were detected using a velocity map imaging spectrometer (VMI).
The resulting time-of-flight mass spectrum is depicted in Figure 6.1 b. Despite the low
symmetry, several fragments showed anisotropic momentum distributions. To retrieve the
degree of alignment we analysed the H+, C++, and HNCH+ VMIs. The ion-momentum
distributions for a delay time of t = 3.3 ps, corresponding to the highest observed degree
of 3D alignment, are shown for two configurations of the alignment laser polarization ,
ie, with the major polarization axis parallel, 0 ◦, and perpendicular, 90 ◦, to the detector
plane, shown in the upper and lower row of Figure 6.1 c, respectively. A full tomographic
3D distribution was obtained from VMIs that were recorded by rotating the alignment
laser polarization ellipse around the laboratory-fixed Y -axis from 0 ◦ to 180 ◦ in steps
of 2 ◦. Furthermore, ion-momentum distributions of H+ as a function of the delay time
between the alignment laser and the probe laser, with some typical snapshots, are shown
in Figure 6.1 d. t = 0 corresponds to the peak intensity of the alignment laser field,
t = 3.3 ps to the strongest observed field-free alignment, and t = 7.33, 13.34 ps correspond
to later times where the alignment has already decreased due to dephasing of the field-free
rotational wavepacket. Due to the larger count rates the H+ data was of a higher quality
than for the other fragments. VMIs of other fragments displaying alignment are shown
in the Supplementary Information.
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The delay-dependent measured 2D degree of alignment is shown for a variety of ion
fragments in Figure 6.2. Assuming axial recoil, H+ fragments would have measurable
momentum components only within the ab plane of indole [252]. Hence, the H+ fragments
are a measure of the planar alignment of indole in the laboratory frame. The slow rise
of the alignment pulse aligned the plane of the indole molecules in a quasi-adiabatic
fashion [110, 227] to a maximum 2D degree of alignment of 〈cos2θ2D〉expH+ = 0.74.
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Figure 6.2.: a Temporal evolution of the alignment of indole. The solid lines show the measured
2D degree of alignment

〈
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〉exp
X+ for different fragments X+ and the dashed lines indicate

values of the 2D degree of alignment obtained without alignment laser. Statistical error bars,
representing the standard error, are shown for selected delays. The grey area shows the intensity
profile of the alignment laser pulse. b The alignment revival structure of H+ fragments for
longer times is shown in red. The dotted green line shows the fitted simulation for the H+

fragment. c Simulated 3D degree of alignment, characterized through the single-scalar metric〈
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〉
, see text/SI for details. Note the peak after truncation reaching

〈
cos2 δ

〉
= 0.89 at

t = 3.3 ps.
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Following the kick at the end of the alignment pulse, the degree of alignment increased
slightly to 〈cos2θ2D〉expH+ = 0.75 before monotonically decreasing over ∼10 ps towards
〈cos2θ2D〉expH+ = 0.62, slightly higher than the value 〈cos2θ2D〉expH+ = 0.6 observed without
alignment laser, i. e., due to the geometric alignment from an isotropic distribution. At a
delay of 3.3 ps the intensity of the alignment pulse decreased to the noise level, below 1 %
of its maximum, and the “field-free” region begins. At this delay the degree of alignment
was 〈cos2θ2D〉expH+ = 0.75, which is even larger than the alignment measured just before
the kick, confirming that the planar alignment in the field-free region is even better than
for an adiabatic alignment pulse [103].

All other fragments showed similar dynamics to the H+ fragment, with the measured
degrees of alignment larger for the C++ fragment and lower for the HNCH+ fragment. The
difference in the measured alignment between the fragments was attributed to non-axial
recoil or to the geometry of Coulomb explosion fragmentation, i. e., the velocity vectors
of the fragments in the molecular frame.

The angular distribution of the ionic fragments within the indole plane enabled full
determination of the 3D alignment. By rotating the polarization ellipse of the alignment
laser around the laser propagation axis, at a fixed delay, the laboratory axes to which the
a and b axes of indole align, are commensurately rotated. In the laboratory frame, the
transverse momenta of ionic fragments recoiling within the plane of indole will depend
on the rotation angle. By counting only those fragments impinging at the centre of the
detector, within a small radius r, the distribution of fragments within the plane can
be determined [151]. In the 3D reconstruction of the tomography of H+ fragments at
t = 3.3 ps, shown in Figure 6.5 in the Supplementary Information, no fragments are
observed at low momenta. Thus, the measured ion signal at the centre of the VMI
can be related to the in-plane fragments recoiling along the detector normal. Angular
scans of this “masked VMI” measurements are shown in Figure 6.3 for H+ and C++

fragments, integrated over r = 20 pixel, as a function of the angle α between the Z
laboratory axis and the laser’s major polarization axis. For both fragments, there is a
clear angle-dependent structure on top of a significant isotropic background. C++ ions
show two smaller peaks at α ≈ ±30 ◦ and a much stronger peak at α ≈ 88 ◦. The H+

signal shows a peak at α ≈ 88 ◦, similar to C++, and a smaller peak at α ≈ 0 ◦. At 90 ◦
the alignment laser’s major polarization axis pointed towards the detector. Since the
radius of r = 20 pixel on the detector was chosen to be significantly smaller than any
measured feature in the angular distribution, the width of the peaks at 88 ◦ are related to
the non-axial in-plane recoil of the fragments. Considering only the major peaks, centered
around 88 ◦ in Figure 6.3, we observed in-plane degrees of alignment of 〈cos2 α〉expH+ = 0.82
and 〈cos2 α〉expC++ = 0.88.

Experimentally, all ions with a given mass to charge ratio potentially contributed to
the measured 2D momentum distributions, regardless of their origin and velocity vectors
within the neutral indole molecule as it is multiply ionized and undergoes Coulomb
explosion. There are seven sites from which the H+ fragments originate and eight sites
from which the C++ fragments originate. The positions and the labelling of the hydrogen
atoms in indole is shown in Figure 6.1 a. Each site will result in a different momentum
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Figure 6.3.: Measured masked-VMI ion count rates of H+ and C++ fragments as the major axis
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text for details.

and recoil axis of the ionic fragment with the total measured experimental distribution
being the sum of all of these.

In order to quantify the 3D degree of alignment, the rotational dynamics of indole
was simulated using RichMol [158], yielding time-dependent laboratory-frame 3D angular
probability distributions of the molecule for all delay times. Rotational-probability-density
distributions were computed for all seven hydrogen atoms and the eight carbon atoms
of indole individually. Coulomb explosion of indole was modelled by assuming axial
recoil of the hydrogen ions along the C-H and N-H bond vectors, whereas for carbon
the vectors connecting the center of mass with each carbon atom were chosen as recoil
axes. For direct comparison between experiments and simulations, 2D projections of
the rotational probability densities onto the labory Y Z plane were carried out using a
Monte-Carlo sampling routine. From these computed 2D momentum distributions, the
time-evolution of 〈cos2θ2D〉simH+ was retrieved for all hydrogen atoms, choosing the same
radial cuts that were used to retrieve the experimental 〈cos2θ2D〉expH+ . For the comparison
with the angle-dependent masked VMI measurements for H+ and C++, the rotational
probability density at t = 3.3 ps was rotated in steps of 1 ◦ around the laboratory Y -axis.
At each angle, 2D projected momentum distributions were computed for all hydrogen
and carbon atoms, and the signal within r = 20 pixel of the centre was integrated.

Finally, for comparison with the measurements, a least-squares fitting procedure
was employed. The contribution of individual hydrogen ions were determined by si-
multaneously fitting the alignment revival trace and the angle-dependent masked VMI
measurements. An eighth fit parameter was included to take account of non-axial recoil
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within the indole plane. The parameter was the width of a single Gaussian with which
the angular distributions were convoluted. Without this additional parameter, the fitted
masked VMI yields did not satisfactorily reproduce the data. Non-axial recoil might arise
from many body fragmentation and also a time-dependent charge distribution on the
remains of the parent ion during the Coulomb explosion process, driven by the circularly
polarized Coulomb explosion pulse [253, 254]. Both of these processes result in spatially
extended and time-dependent charge distributions within the indole plane from which
the fragments are repelled. Intensity-dependent measurements of ionic fragments, when
varying the energy of the Coulomb explosion laser (not shown), suggest H+ ions were
only produced when 4 electrons were removed from indole. On the contrary, for the fit of
the C++ angular distributions, the axial recoil approximation yielded excellent agreement
between the experiment and the simulation, and no convolution to model non-axial recoil
was required. The resulting fit of the alignment revival trace of H+ is shown in Figure 6.2
and the resulting fits of the angular distributions of H+ and C++ are shown in Figure 6.3.
The computed weights for the hydrogen and carbon atoms and more details about the
simulations are given in the Supplementary Information.

The excellent agreement between the experiment and our simulations provides the
required confidence to extract the ’real’ 3D degree of alignment of the polarizability
frame of indole with αzI

> αyI
> αxI

with respect to the laboratory-fixed frame XY Z
from our simulations. The planar alignment was quantified to be ∼0.84 at t = 3.3 ps,
described by the two expectation values 〈cos2 θY yI

〉 = 0.85 and 〈cos2 θXxI
〉 = 0.83. These

values are higher than the measured degree of alignment, which is due to non-axial
recoil of the H+ fragments and different recoil axes that contribute to the measured
ion-momentum distributions. A computed in-plane alignment of 〈cos2 θZzI

〉 = 0.88 was
obtained, in agreement with the experimentally determined 〈cos2 α〉expC++ = 0.88 from the
angular distribution of C++ in Figure 6.3. The simulated time-dependent alignment
revivals, characterizing the 3D degree of alignment, can be found in the Supplementary
Information. A single scalar metric [137], describing the overall degree of 3D alignment
and defined by cos2 δ = 1

4(1 + cos2 θZzI
+ cos2 θY yI

+ cos2 θXxI
), is shown in Figure 6.2 c.

A maximum field-free alignment of 〈cos2 δ〉 = 0.89 was achieved.
The degree of field-free alignment demonstrated in our experiment is comparable to

or even larger than the degree of alignment achieved in typical experiments employing
adiabatic alignment for asymmetric top molecules [68, 88]. The achieved degree of
alignment is, however, limited by the number of initially populated states in the molecular
beam [62, 68] and the finite truncation time of ∼3 ps of the alignment laser field [247].
Improving the fall-off time of the field and the creation of colder molecular beams with
a narrower initial state distribution could lead to an even higher degree of field-free
alignment.
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6.4. Conclusions
We demonstrated strong laser field-free 3D alignment of the asymmetric top molecule
indole induced by a shaped truncated quasi-adiabatic laser pulse. The strongly-chirped
broad-band alignment laser pulse was amplitude and phase controlled by an SLM,
resulting in a truncation time far superior to truncation by amplitude shaping alone. The
combination of quasi-adiabatic alignment with a kick at the end of the pulse, followed
by a sudden truncation, yielded a higher degree of field-free alignment compared to
the alignment in the field. The full 3D alignment of indole was determined through
measurements of the planar alignment, given by the time-dependent alignment revival
trace of the H+ fragment, and the in-plane alignment, characterized through the angular
distributions of H+ and C++ fragments, obtained by rotating the molecular plane with
respect to the detector and integrating the signal at the center of the detector. Our model
of the Coulomb explosion of indole allowed to reproduce the experimental measurements,
where in the case of hydrogen non-axial recoil had to be taken into account. The excellent
agreement between the experiment and the simulations shows that the real degree of
alignment is much higher compared to the experimentally measured value. The real
degree of field-free alignment was characterized to be 〈cos2 θZzI

〉 = 0.88, describing the
confinement within the indole plane, and 〈cos2 θY yI

〉 = 0.85 and 〈cos2 θXxI
〉 = 0.83,

describing the angular confinement of the indole plane with respect to the polarization
plane of the alignment laser.

The demonstration of strong field-free alignment for an asymmetric top rotor without
rotational symmetries and heavy leaving groups pave the way for strong field-free alignment
of general (bio)molecules. This opens up new prospects for probing native (bio)molecules
without chemically attaching heavy marker atoms, e. g., halogen atoms, which also
significantly influence their properties and function.
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6.5. Supplementary Information

6.5.1. Fragments of Indole Showing Alignment

a b

c d

Figure 6.4.: VMI images of different fragments showing alignment. Left side are with major
axis of alignment laser polarization parallel to detector surface and vertical, right side are with
minor axis of alignment laser polarization parallel to detector surface and vertical. a C+

2 , b C+,
c C3H+

x , d C4H+
x .

In Figure 6.1 in the main text, ion-momentum distributions for the H+, C++ and
HNCH+ fragments were shown at a delay time of t = 3.3 ps, corresponding to the highest
observed field-free alignment. In Figure 6.4, as in Figure 6.1, ion-momentum distributions
are shown at peak aligment at a delay time of t = 3.3 ps for the fragments C+

2 , C+,
C3H+

x and C4H+
x , which were not shown in the main text. In analogy with Figure 6.1,

the images in the left column show the ion-momentum distributions with the major
polarization axis of the alignment laser being parallel and the minor polarization axis being
perpendicular to the detector plane, whereas in the right column the major polarization
axis is perpendicular and the minor polarization axis is parallel to the detector plane.

6.5.2. 3D Tomographic Reconstruction of H+ Momentum
Distribution

In Figure 6.5, isosurfaces of the 3D momentum distribution of H+, obtained from a
tomographic reconstruction of the individual 2D projections, which were used for Figure 6.3
in the main text, are shown for three different orientations of indole. In Figure 6.5 a,
the plane spanned by the a and b axes is shown, in Figure 6.5 b, the plane spanned by
the a and c axes is shown, and in Figure 6.5 c, the plane spanned by the b and c axes is
shown. Due to the presence of the 2 kV dc field in the VMIS, minor orientation effects
were observed. For the HNCH+ fragment, a degree of orientation 〈cosθ2D〉 ranging from
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Figure 6.5.: Reconstructed isosurfaces from H+ ion-tomography shown for three different
orientations of the molecule with a a-b axes in plane b c-a axes in plane c c-b axes in plane.
The orientation of indole is indicated by the ball-and-stick model of the indole molecule.

-0.05 to 0.05 was measured when the laser polarization was rotated by 90 ◦. The 2D
ion-momentum distributions of H+ were thus symmetrized prior to the 3D reconstruction,
such that the 3D momentum distributions in Figure 6.5 represent the average over the
four degenerate orientations of indole, which are related via rotations of 180 ◦ around the
a and b axes.

6.5.3. Simulations

The field-free rotational motion of indole was modelled using the rigid-rotor Hamiltonian
with rotational constants (in MHz) A = 3877.9, B = 1636.1, and C = 1150.9 [255]. The
electric polarizability tensor for the equilibrium molecular geometry was computed ab
initio at the CCSD/aug-cc-pVTZ [256, 257] level of theory in the frozen core approximation.
Electronic structure calculations employed the quantum chemistry package Dalton [258].

Time-dependent quantum dynamics simulations used the computer program Rich-
Mol [158], which is a general purpose code designed for quantum mechanical modelling of
molecule-field interactions. In the simulations, the time-dependent wavefunction was built
from a superposition of field-free eigenstates and the time-dependent coefficients were
obtained by numerically solving the time-dependent Schrödinger equation (TDSE). The
latter was solved using the iterative approximation based on Krylov subspace methods,
as implemented in the Expokit computational library [160]. The elliptically polarized
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alignment laser field was modelled by the function

E(t) = E0(t){ex cos(ωt)/
√

3, ez sin(ωt)}, (6.1)

where E0(t) is the electric field amplitude, computed from the measured experimental
peak intensity, and the carrier frequency was fixed to ω = c/(2π · 800 nm). The time-
dependent wavefunction was expressed in the basis of field-free rotational eigenstates
of indole, where all rotational states with J ≤ 30 were included. The time step used
for wavefunction propagation was fixed and set to 10 fs. Convergence with respect to
the size of the rotational basis set and the time step size have been carefully verified.
Since alignment depends nonlinearly on the laser intensity, which is not constant within
the focused volume, we have integrated all simulated observables over the interaction
volume. This has been approximated by repeating the calculations for five individual
laser amplitudes, obtained by scaling the originally measured peak intensity I(t) with
factors 0.2, 0.4, 0.6, 0.8, and 1.0. The focal volume averaging was carried out using the
measured Gaussian beam profiles with widths (FWHM) of σalign = 60 µm and σprobe =
24 µm.

In order to characterize the degree of alignment, measured in the experiment, we
computed the rotational probability-density distributions for all hydrogen and carbon
atoms in the molecule. The evaluations of the rotational-density functions required
calculation of the Wigner rotation matrices, which were carried out using the Fourier-
series based algorithm developed in [259]. For different time delays, two-dimensional
projections of the rotational probability density onto the Y Z laboratory plane were
computed for each atom individually, assuming the recoil along the molecular bond
axis. Other recoil axes, such as along the atomic position vector from the center of
mass or the center of charge, have been experimented with, which all gave essentially
similar results. The 2D projections yielded simulated momentum distributions for all
hydrogen atoms, from which the 〈cos2θ2D〉 was extracted just the same as from the
experimental momentum distributions. Furthermore, by rotating the simulated rotational
probability-density around the laboratory Y -axis in steps of 1 ◦ and carrying out the 2D
projection for each rotation angle, the tomography measurements were mimicked. The
signal within a radius of 20 pixel was integrated for each angle and for every hydrogen
and carbon atom. Finally, in the case of hydrogen the weighted simulated alignment
traces and the angle-dependent integrated probability density from the center of the
detector were simultaneously fitted to experiment employing least squares fitting. The
resulting time-dependent alignment revival fit is shown in Figure 6.2 b in the main text
and the angle-dependent masked VMI fit is shown in Figure 6.3 in the main text. For
carbon only the angle-dependent masked VMI simulation was fitted to the experimental
data, shown in Figure 6.3 in the main text.

The fitting procedures yielded weights representing the contribution of all individual
hydrogen and carbon atoms to the measured ion-momentum distributions. Due to the
structure of indole, Hydrogen atoms that have near similar angles (e. g., H4 and H7,
see Figure 6.1 a) with respect to the zI axis of indole, result in revivals and angle-dependent
masked VMI distributions that are indistinguishable from each other in this experiment.
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The total probabilities for near similar Hydrogens were thus summed and calculated
to be H1+H3 ∼ 0.07, H2 ∼ 0.21, H4+H7 ∼ 0.42, H5+H6 ∼ 0.30 with χ2

min ∼ 0.06. For
carbon the same procedure yielded C2 ∼ 0.07, C3 ∼ 0.34, C3a+C7a ∼ 0.41, C4+C7 ∼
0.06 and C5+C6 ∼ 0.12 with χ2

min ∼ 0.017. The nomenclature for the carbon atoms in
indole is the same as for hydrogen, where Ci is the carbon atom bound to hydrogen Hi.
The two carbon atoms connecting the five- and the six-membered rings are labelled C3a
and C7a. An error estimation from the χ2 least-squares fitting procedure, employing the
variance-covariance matrix, yielded error estimates on the order of approximately ±0.02
for the summed weights.
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Figure 6.6.: Simulated 3D degree of alignment characterised through the expectation values a〈
cos2 θZzI

〉
, b
〈
cos2 θY yI

〉
, c
〈
cos2 θXxI

〉
and d

〈
cos2 δ

〉
with the cartesian principal axes of the

polarisability tensor frame zI , yI , xI , the cartesian axes of the laboratory-fixed frame X,Y, Z
and cos2 δ = 1

4(1 + cos2 θZzI
+ cos2 θY yI

+ cos2 θXxI
) a single scalar metric to characterise 3D

alignment [137].
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The expectation values of the alignment cosines were computed for the three main
polarizability axes in the principle-axis polarizability frame with respect to the laboratory-
fixed frame by employing Monte-Carlo integration, converged to better than 10−3 using
∼ 105 sampling points. The simulated degree of alignment for the main polarizability
axes of the molecule αzI

> αyI
> αxI

with respect to the laboratory axes XY Z is shown
in Figure 6.6. The highest achieved 3D degree of alignment is thus characterized to
be 〈cos2 θZzI

〉 = 0.88, 〈cos2 θY yI
〉 = 0.85, 〈cos2 θXxI

〉 = 0.83 and 〈cos2 δ〉 = 0.89, where
cos2 δ = 1

4(1 + cos2 θZzI
+ cos2 θY yI

+ cos2 θXxI
).

Finally we note that rigid rotor calculations for indole (not shown) indicate that a
fall-off time of at maximum ≤2 ps is required to obtain essentially identical dynamics to
having an instantaneous fall-off. For this reason, the phase shaping using the SLM based
shaper was necessary, instead of the more simple frequency filter used in [247], which
would result in a 8 ps fall-off in the best case.

Calculations of the theoretically expected alignment pulse shape, taking into account
SLM pixellation, SLM pixel gaps, the laser beam diameter, and the spectral spread at
the Fourier plane, resulted in an expected laser intensity at times between t = 4 ps and
t = 10 ps to be a factor of 70 lower than at the peak of the alignment pulse at t = 0 ps.
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7 Atomic-Resolution Imaging of
Carbonyl Sulfide by Laser-Induced
Electron Diffraction5

7.1. Introduction

Probing the structure of small to medium-size molecules in the gas phase is a formidable
challenge. Femtosecond x-ray diffractive-imaging experiments have been recently demon-
strated at free-electron lasers (FELs) [14, 260] and first electron-diffraction experiments
using relativistic electron beams have been performed [26, 27]. Alternatively, new laser-
based approaches are being developed that make use of strong-field ionization with intense
and ultrashort laser pulses. In a strong laser field, an electron can tunnel ionize near the
peak of the oscillatory laser field and is then accelerated in the field. Depending on the
ionization time within the laser period, the electron can be driven back by the laser field
and elastically scatter from its parent ion [177]. The scattered electron is accelerated
again in the laser field, reaching a very high kinetic energy. This process is responsible for
the appearance of a recollision plateau in the photoelectron momentum distribution. Ex-
tracting the differential cross section (DCS) of the molecule from the angular distribution
of these high-energy electrons allows to derive the molecular structure [36, 261].

Laser-induced electron diffraction (LIED) has been first applied in atoms [37, 38],
in diatomic molecules [36, 39] and more recently in polyatomic molecular systems,
such as acetylene [35], ethylene [41], and benzene [42]. To extract structural infor-
mation from a LIED experiment, the returning electron wavepacket should have a
de Broglie wavelength comparable to the bond lengths that occur in the molecule.
This is typically achieved using a mid-infrared laser field, as the ponderomotive energy
Up/eV = 9.33 I/(1014 W/cm2)λ2/µm2 scales quadratically with the laser wavelength.

While coupled rotational-electronic wavepacket dynamics in NO [242] and ultrafast
bond breaking in acetylene dications in the presence of the strong ionizing laser field [43]
have been recently characterized by LIED, the suitability of this technique for retrieving
transient molecular structures following photoexcitation has yet to be demonstrated. In
this context, carbonyl sulfide (OCS) is a particularly interesting system. Photoexcitation
of ground-state OCS (X1Σ) in the (220–250 nm) UV wavelength range has been intensively

5This chapter is based on the publication: Atomic-resolution imaging of carbonyl sulfide by laser-induced
electron diffraction, Evangelos T. Karamatskos, Gildas Goldsztejn, Sebastian Raabe, Philipp Stammer,
Terry Mullins, Andrea Trabattoni, Rasmus R. Johansen, Henrik Stapelfeldt, Sebastian Trippel, Marc
J.J. Vrakking, Jochen Küpper and Arnaud Rouzée, The Journal of Chemical Physics 150, 244301
(2019), arXiv:1905.03541. I contributed to setting up the experiment and recording the data. I
analyzed the data, performed the simulations and I contributed to writing the manuscript.
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investigated [262–264] and is known to be dominated by a transition to the A′ state,
leading to fragmentation of the molecules predominantly into CO(X 1Σ+) + S(1D2) [262].
Non-adiabatic coupling along the bending coordinate is responsible for the formation
of low-speed S(1D2) fragments [263] and the production of rotationally excited CO
fragments [264]. Therefore, OCS can serve as a benchmark to test the suitability of the
LIED method for recording molecular movies of molecular dynamics, in this case imaging
of molecular dissociation involving bending motion.

Interestingly, strong-field ionization of OCS, performed with 800 nm radiation and
intensities above 1015 W/cm2, showed evidence for a bending deformation of the molecule
during Coulomb explosion [265]. This suggests that the molecular geometry can substan-
tially change both during and after ionization, with a large impact on the retrieval of the
molecular structure in a LIED experiment. Therefore, it is important to test the ability
of the LIED technique to image the structure of the OCS molecule in its equilibrium
geometry before performing any dynamical investigation.

Here, we present a LIED measurement on OCS molecules, photoionized by strong
2 µm wavelength laser pulses. Different from previous investigations [35, 36, 43], the
experiment was performed using a velocity map imaging spectrometer (VMIS) [124]
that allowed the detection of all electrons with kinetic energies up to 500 eV. Our new
experimental apparatus was benchmarked by strong-field ionization experiments on
argon and krypton. DCSs extracted from measured photoelectron angular distributions
for a recolliding electron energy of 100 eV were compared to results from partial-wave
calculations for scattering of electrons by atoms performed using the Elsepa package [266],
and agree very well. The same procedure was applied to the experimental data for OCS.
Fitting the calculated DCS to the experimental one with the O-C and C-S bond lengths
and the ∠(O-C-S) bending angle as adjustable parameters, we were able to confirm the
linear structure and were able to extract the internuclear distances of the molecule to a
precision better than 4 pm. Our experimentally determined values agree very well with
reported bond lengths of the OCS molecule [267] and suggest that accurate structures
can be retrieved for OCS using the LIED technique.

7.2. Experimental Setup
The experiments were performed using 2 µm radiation pulses, obtained from an optical
parametric amplifier pumped by 800 nm laser pulses from a commercial amplifier system,
delivering 30 mJ, 38 fs(full width at half maximum, FWHM) pulses at a repetition rate
of 1 kHz. The linearly polarized 2 µm laser pulses were focused into a beam of nearly
pure ground-state OCS molecules at the center of a high-energy velocity map imaging
spectrometer (VMIS) using a CaF2 lens with a 25 cm focal length, see Figure 7.1. The
laser polarization axis was aligned in the plane of the detector, corresponding to the
vertical axis in all images presented, vide infra.

The molecular beam was formed by supersonic expansion of a mixture of OCS in
helium with a mixing ratio 1/2000 and a constant pressure of 90 bar, using an Even-Lavie
valve running at a repetition rate of 250 Hz. In the experiments performed on atoms, a
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f = 25 cm 

MCP+Phosphor 
screen 

Ground 

Extractor 

Repeller 

Figure 7.1.: Sketch of the experimental setup. 2 µm laser pulses are focused into a beam of
state-selected OCS molecules at the center of a velocity map imaging spectrometer (VMIS).
The molecular beam is formed by supersonic expansion of a dilute mixture of OCS in helium. A
deflector and a skimmer are used to spatially separate the OCS molecules from the helium carrier
gas. The photoelectrons are projected onto a multichannel-plate/phosphor-screen assembly and
the resulting 2D electron momentum distribution is recorded with a CCD camera.

pure sample of either argon or krypton was expanded into vacuum, where the stagnation
pressure was limited to 1 bar to avoid cluster formation. An electrostatic deflector [61] was
operated at ±13.5 kV to spatially separate OCS molecules from the helium carrier gas [1].
We note that this device is ideally suited for quantum-state selection and the preparation
of structurally pure samples, even of complex molecules [1, 130, 268]. Here, the deflection
provided the sample of OCS molecules in their rotational ground-state [62, 246].

Photoelectrons from strong-field ionization (SFI) by the 2 µm laser pulses were acceler-
ated into a 10 cm long field-free flight tube before being detected on a 77 mm diameter dual
microchannel-plate/phosphor-screen assembly. The projected 2D electron momentum
distributions were recorded using a CCD camera and inverted using an Abel-inversion
procedure based on the BASEX algorithm [138] in order to yield 3D electron momentum
distributions.

7.3. Results and Discussion
In order to validate our experimental methodology, experiments were first performed for
pure samples of rare-gas atoms. Projected 2D electron momentum distributions recorded
in argon and krypton and corresponding slices through their 3D momentum distributions
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Figure 7.2.: Projected 2D electron momentum distribution (left) and slice through the 3D
electron momentum distribution obtained after Abel inversion (right) recorded for (a) argon and
(d) krypton, ionized by intense 2 µm laser pulses. (b, e) Corresponding photoelectron kinetic
energy spectra. (c, f) Field-free differential cross sections extracted from the angle-resolved
photoelectron kinetic energy spectra (red dots) for electrons with a return energy of ∼100 eV.
The DCS calculated using the Elsepa package is shown, for comparison, for a neutral atom
(orange line) and a singly charged ion (blue line); see text for details.
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are presented in Figure 7.2 a, d. The laser intensity was ∼1× 1014 W/cm2, which corre-
sponds to a Keldysh parameter of γ =

√
Ip/2Up ≈ 0.38, with the ponderomotive energy

Up = 37.3 eV, and Ip =11.2 eV the ionization potential, indicating that the experiment
was performed deep into the tunneling regime. The angle-resolved photoelectron spectra
were averaged over 106 laser shots. To account for rest gas, an image obtained without
atomic beam was subtracted from the 2D electron momentum distributions prior to Abel
inversion.

In a classical picture of the strong-field ionization [177], electrons that have experienced
a single recollision with the parent ion can reach a maximum kinetic energy of 10Up,
whereas electrons that do not further interact with the parent ion – commonly called
“direct electrons” – can have a maximum kinetic energy of 2Up. In our measurement, the
direct electron yield is five to six orders of magnitude larger than the contribution from
rescattered electrons, see Figure 7.2. For argon and krypton, the photoelectron spectra
observed experimentally extend to a kinetic energy close to 400 eV.

Field-free DCSs of argon and krypton were extracted from our measurements following
a procedure given by the quantitative rescattering theory [180, 269]. The high-energy
rescattered photoelectron momentum distribution D(k, θ) is expressed as the product
of the momentum distribution W (kr) of the returning electron (with kr the momentum
at the instant of recollision) and the DCS σ(kr, θr), with θr the scattering angle. The
relationship between the measured electron momentum k and kr is obtained by considering
that the scattered electrons gain an additional momentum after the recollision, which is
given by the vector potential −A(tr) at the time of recollision tr:

ky = k cos θ = −A(tr) + kr cos θr (7.1)
kx = k sin θ = kr sin θr (7.2)

with y defined as the laser polarization axis. According to the classical equations of
motion and neglecting the effect of the Coulomb potential on the electron trajectories, the
maximum recollision electron momentum satisfies kr = 1.26A0, with A0 the magnitude
of the vector potential, corresponding to a maximum kinetic energy of ∼3.17Up which is
equal to ∼118 eV for a wavelength of 2 µm and an intensity of ∼1× 1014 W/cm2. The
DCS σ(kr, θr) for the highest recollision energy can, therefore, be extracted from the
photoelectron angular distribution (PAD) by measuring the photoelectron yield on a
circle with radius kr = 1.26A0 [37] and centered at (kx, ky) = (0,±A(tr)). We note that
this procedure yields the DCS weighted by the ionization yield.

Figure 7.2 c, f shows the field-free DCS extracted for argon and krypton using this
method. The results were obtained using an integration range of ∆kr ≈ 0.05kr and
an angular integration width of ∆θ = 1 ◦. For krypton two pronounced minima at
scattering angles of 94 ◦ and 151 ◦ are clearly observed. For argon, the DCS presents a
strong dip near 124 ◦ and a broad minimum near 60 ◦. These results are in very good
agreement with previous LIED experiments [38] as well as with conventional electron-
scattering experiments using an external electron source [270, 271]. The DCS for both
atoms compare also very well with theoretical calculations for field-free electron–atom
collisions obtained using the Elsepa package [266] (shown as orange and blue curves
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in Figure 7.2 c, f). In these calculations, the nuclear charge distribution was approximated
by a point charge and the electron charge density of the atomic cation was evaluated from
self-consistent Dirac-Fock calculations. Exchange and correlation-polarization potentials
were neglected. The simulations were performed considering both a neutral and an
ionic atomic target. We note that to achieve the best agreement with the experimental
DCS, the magnitude of the vector potential and, therefore, the laser intensity used to
extract the DCS from the PAD was fitted. Best agreement was found for intensities
of 9.1× 1013 W/cm2 and 8.3× 1013 W/cm2, with corresponding return electron kinetic
energies of 98 eV and 107 eV, for argon and krypton, respectively. These values are in
close agreement with the estimated intensity based on the laser-pulse parameters used
in these experiments. We attribute the difference observed between the two atomic
targets to a small variation of the pulse energy between the two measurements. The
comparison between the experimentally retrieved DCS and the simulated DCS, obtained
for a neutral and an ionic atomic target shown in Figure 7.2 c, f, reveals that a better
agreement is found when considering that the returning electron interacts with a singly
charged atomic ion. Subsequently, we recorded the PAD resulting from SFI of OCS.
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Figure 7.3.: a Projected 2D electron momentum distribution (left) and slice through the 3D
electron momentum distribution obtained after Abel inversion (right) recorded in OCS ionized
by an intense 2 µm laser pulse with a laser intensity of ∼1.3× 1014 W/cm2. b Corresponding
photoelectron kinetic energy spectra. c Field-free differential cross section extracted from the
angle-resolved photoelectron kinetic energy spectra (dotted red line) for electrons with a return
energy of ∼100 eV. The DCS calculated using the molecular Elsepa package that best fits the
measurement is shown as well for neutral OCS (orange line) and for singly charged OCS+, where
the scattering amplitude of neutral sulfur was replaced by the corresponding ionic scattering
amplitude (blue line).

Note that no laser alignment was used in the experiment, and hence the OCS molecules
were randomly oriented prior to their interaction with the laser. The laser intensity was
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adjusted to observe only the parent molecular ion in an ion time-of-flight measurement
(fragmentation < 1%) in order to minimize the influence of multiple ionization channels.
The 2D momentum distribution recorded for OCS and its corresponding photoelectron
kinetic-energy spectrum are shown in Figure 7.3 a, b. The kinetic energy spectrum
extends to 480 eV, suggesting an intensity ∼1.3× 1014 W/cm2, i. e., slightly higher than
in the measurements for argon and krypton.

Similarly to the atomic case, the field-free DCS was retrieved from the PAD for a
return electron energy of 100 eV and is shown in Figure 7.3 c. A broad minimum near
110 ◦ is observed, similar to previously reported electron-scattering experiments with
100 eV kinetic energy projectiles [272, 273]. The minimum observed at 110 ◦ is known to
be dominated by the atomic form factor of the sulfur atom, smeared out by the molecular
structure [272]. To extract the internuclear distances of OCS from our measurement, we
applied a procedure that was first introduced in reference [36] to retrieve the internuclear
distance of diatomic molecules from LIED measurements. For a fixed-in-space molecule,
oriented at Euler angles ΩL with respect to the laser polarization axis y, the PAD is
written as:

D(k, θ,ΩL) = W (kr)N(ΩL)σ(kr, θr,ΩL), (7.3)

with N(ΩL) the angle-dependent ionization probability. For an isotropic molecular sample
the measured signal is then given by:

I(k, θ) = W (kr)
∫
dΩLN(ΩL)σ(kr, θr,ΩL). (7.4)

Recent studies [274] have shown that the shape of molecular orbitals can leave its imprint
on the recollision probability. Moreover, in molecular ionization, multiple orbitals can
contribute to ionization [179, 275]. For OCS, the HOMO (IP=11.2 eV) and HOMO-1
(15.1 eV) orbitals are separated by ∼4 eV and the contribution of the HOMO-1 orbital to
the ionization dynamics is expected to be negligible. Since randomly oriented molecules
were used in the experiment, we assume that the influence of the shape of the molecular
orbital from which the electron is emitted is washed out during the propagation of the
electron wavepacket in the laser field. Using this assumption, the field-free DCS in (7.4)
can be approximated by an independent-atom model (IAM) and expressed as:

σ(kr, θr,ΩL) =
∑

i,j

fi(θr)f ∗j (θr)ei~q·
~Rij , (7.5)

with the momentum transfer q = 2kr sin(θr/2), the internuclear distances Rij and the
scattering amplitude fi(θr) for atom i. The returning electron interacts with the molecular
ion, which we modeled by a singly charged sulfur atom and neutral carbon and oxygen
atoms. This is well justified as the removal of an electron from the HOMO of OCS is
expected to lead to a molecular ion with a final charge mainly localized on the sulfur
atom [209], see supplementary information for further details.
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Combining the IAM with the QRS yields the following expression that was used for
the analysis of our measurements:

I(k, θ) = W (kr)
(∑

i

|fi|2
∫
N(ΩL)dΩL +

∑

i 6=j

fif
∗
j

∫
N(ΩL)ei~q·~RijdΩL

)
. (7.6)

The first term corresponds to an incoherent sum over the scattering amplitudes Iatom of
the individual atoms whereas the second term corresponds to a molecular interference
term. Following the standard approach [36], we define the molecular contrast factor
(MCF) γMCF as:

γMCF = I − Iatom
Iatom

=
∑

i 6=j fif
∗
j

∫
N(ΩL)ei~q·~RijdΩL∑

i |fi|2
∫
N(ΩL)dΩL

. (7.7)

In order to extract bond lengths from our measurement, we have compared the MCF
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Figure 7.4.: Measured ionization rate from strong-field ionization of OCS by a linearly polarized
2 µm laser pulse with a laser intensity of ∼1.3× 1014 W/cm2 as a function of the angle between
the internuclear axis and the laser polarization axis.

extracted experimentally with simulations using expression (7.7). The neutral atomic
scattering factors were obtained using the Elsepa package [266]. To estimate the angle-
dependent ionization probability N(ΩL) necessary to calculate the MCF, the following
experiment was performed. A sequence of two laser pulses, at a wavelength centered at
800 nm and with 255 fs pulse duration, were used to strongly align the molecule prior
to the 2 µm laser pulse, see reference [246] for details. The angle-dependent ionization
probability was then obtained experimentally by monitoring the ionization yield as a
function of the angle between the molecular axis and the ionizing laser polarization,
see Figure 7.4, and then used to calculate the MCF. Finally, the RO–C and RC–S bond
distances were fitted in order to minimize the variance between experiment and theory
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Figure 7.5.: a Comparison between the MCF extracted from the experiment (red open circles)
and the calculated molecular contrast factor obtained for the best fit of the bond lengths (blue
line). Dashed lines depict the expected behavior for bond lengths changed by ±σ (green and
orange). b χ2 map as a function of the bond lengths considering a linear configuration of the
molecule. The minimum (white dot) corresponds to the best fit and the crossed bars depict the
1σ error; this result agrees very well with reference values for the internuclear distances of OCS
(red dot).

using the following expression for the error:

χ2(β,Rij) = (γexpMCF − γ
th
MCF)2 =

(
βIexp − Ith
Iatom

)2

, (7.8)

with β a normalization constant, Iexp the DCS extracted from the measured photoelectron
spectrum and Ith the DCS calculated using (7.6). The result from this procedure
is shown in Figure 7.5. The best agreement is obtained for RO–C = 115± 3 pm and
RC–S = 155± 4 pm. Even for the relatively low return electron energy of 100 eV, a
precision of ±4 pm is reached. These values are in very close agreement with the known
values RO–C = 116± 2 pm and RC–S = 156± 3 pm obtained by microwave absorption
spectroscopy [267], which are marked by the red dot in Figure 7.5 b.

As previously mentioned, we cannot a priori exclude a possible deformation of the
molecule following its ionization by the intense laser field. If this deformation takes place
on a timescale shorter than the duration between ionization and recollision, it would
be observed in our experiment as a deformed, bent or stretched OCS geometry upon
recollision. However, we did not observe any indication of stretching of the bond distances
of the molecule, even when we performed an extended analysis of our measurement using
the overall O–S distance as an additional fitting parameter. Best agreement was found
for RO–S = 270 pm, with RO–C = 114 ± 4 pm and RC–S = 155 ± 5 pm, i. e., for the
linear configuration of the molecule. This suggests that in our experiment, with intensity
∼1× 1014 W/cm2 and wavelength 2 µm, corresponding to a laser period of 6.67 fs, the
molecular structure remains essentially unchanged during the time interval between
ionization to recollision. In this context we note that recent ab-initio calculations [276]
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for laser pulses centered at 790 nm and an intensity of 1× 1015 W/cm2 have shown that
the atomic distances and bending angle ∠(O-C-S) are changing on a timescale longer
than 10 fs, i. e., longer than the optical period in our experiment.

7.4. Conclusions

We have recorded angle-resolved photoelectron spectra of argon, krypton and OCS,
ionized by short laser pulses at 2 µm, with a high-energy VMIS. We extracted field-
free differential electron rescattering cross sections at 100 eV, which are in excellent
agreement with calculated DCSs for electron-atom and electron-molecule scattering. The
geometry and bond distances of the OCS molecule were extracted from our measurement
with a precision better than ±5 pm and in full agreement with the known structure of
ground-state OCS.

It remains an open question to what extent the LIED technique can be used to retrieve
multiple bond lengths and angles during molecular transformations, for instance following
the photoexcitation of a molecule. Further investigations combining pump-probe schemes
and LIED are ongoing to explore the possibility to use this technique to directly record a
so-called “molecular movie” of these motions, in which the evolving structure is measured
with femtosecond and picometer precision while the molecule is “in action”.

7.5. Supplementary Information: Charge Distribution in
the Independent-Atom Model

Structure retrieval in LIED experiments is typically achieved by employing the quantitative
rescattering theory (QRS) [180, 269] combined with the independent-atom model (IAM) [2,
182]. Generally, the IAM is not well suited to incorporate scattering from singly charged
cations, as in this model a molecule is described as a collection of independent atoms as
the scattering centers for the incoming electron flux. However, the hole charge density
is generally delocalized within the molecule, which cannot be described within the
independent-atom model, where the substitution of neutral scattering amplitudes by the
corresponding ones for singly charged ions leads to a strong localization of the hole charge
density on one atomic site.

For OCS, it was shown that ionization from the HOMO of OCS leads to a molecular
cation with ∼85 % of the hole charge density localized at the S atom [209]. Therefore,
in the main text, the IAM model was applied by replacing the scattering amplitude of
neutral sulfur by the corresponding ionic one. Here, for comparison, we provide the
results obtained for a model in which OCS is either neutral or a singly charged ion with
a final charge localized on the carbon or the oxygen sites. Except for neutral OCS, the
other cases did not allow to retrieve the correct equilibrium geometry of OCS, confirming
that the hole charge density of singly charged OCS is mostly localized at the sulfur site.
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7.5.1. Neutral OCS
Figure 7.6 shows the results of the fitting procedure for neutral OCS, including only
atomic scattering amplitudes of neutral oxygen, carbon, and sulfur. The experimental
MCF fits the simulations only in the range q = 60 . . . 90 nm−1 and a deviation for smaller
and larger momentum transfer is observed. The fits were thus carried out only in this
range of momentum transfer. Then, the best fit yielded values for the bond lengths of
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Figure 7.6.: Same as Figure 7.5 for the IAM model with neutral-atom scattering amplitudes
for all atoms.

O–C = 114± 4 pm and C–S = 155± 5 pm with χ2 = 0.0386. While this provided bond
lengths close to the known values [267], with this model the MCF is not well reproduced
for low and large momentum transfers, whereas the cation model presented in the main
text provides a robust overall description of the experimental data.

7.5.2. OCS+ with the Charge Localized on O or C
The same procedure was applied for a molecular cation with the charge localized on the
oxygen atom, see Figure 7.7 a, b, or on the carbon atom, see Figure 7.7 c, d. The best
fits yielded values for the bond lengths of O–C = 130 ± 5 pm and C–S = 158 ± 5 pm
for a charge localized on the oxygen atom with χ2 = 0.1161; and O–C = 43± 5 pm and
C–S = 124± 5 pm for a charge localized on the carbon atom with χ2 = 0.0595. In these
two cases, a large deviation from the known bond distances of OCS is retrieved from the
fit, highlighting the relevance of an appropriate hole charge distribution in the analysis of
LIED data. The best fit was obtained considering electron scattering from a molecular
cation with a final charge localized on the sulfur atom, see Figure 7.5, yielding bond
lengths of O–C = 115± 3 pm and C–S = 155± 4 pm with χ2 = 0.0418.
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Figure 7.7.: a, b Same as Figure 7.5, considering electron scattering from a molecular cation
with the charge localized on the oxygen atom. c, d Same as Figure 7.5, considering electron
scattering from a molecular cation with the charge localized on the carbon atom.

96



8 Molecular-Frame Angularly-Resolved
Photoelectron Spectroscopy of
Strongly Field-Free Aligned OCS
Molecules

8.1. Introduction

The possibility to fix molecules in space, described in the first chapters of this thesis,
and to access the molecule-fixed frame (MFF) opens new prospects to image molecular
structures and to investigate ultrafast photoinduced chemical processes. High-harmonic
generation experiments performed on aligned molecules have shown a strong dependence of
the emitted radiation on the alignment distribution [210, 241], opening up the possibility
to image the shape of the underlying molecular orbital involved in the process [208, 244].
Similarly, photoelectron angular distributions (PADs), recorded on aligned molecules,
showed a clear manifestation of the molecular orbital structure [209, 277]. The angular
dependence of strong-field ionization yields has been measured for small diatomics [66]
and complex asymmetric top rotors [278]. Amongst all published work, the contribution
of several electronic ionization channels [278–280], the molecular orbital imprint in laser-
driven electron recollisions [274], and channel- and angle-resolved ATI measurements [281],
have been observed. Recently, the focus in strong-field ionization of molecules has shifted
toward self-imaging methods such as laser-induced electron diffraction (LIED) and strong-
field photoelectron holography (SFPH). While the former has already been introduced
in chapter 7, SFPH corresponds to the interference between direct and rescattered
electrons. Studies have shown that such holographic structures carry information about
the electron motion on ultrafast timescales, reaching the sub-fs time domain [242, 243, 282].

While LIED and SFPH have been very successful in the past to retrieve the molecular
structure for a number of relatively small molecules [35, 36, 39, 41] and sub-cycle electron
dynamics [282–284], important questions remain with respect to the applicability of
these techniques to retrieve the 3D structure and dynamics of complex molecules with
atomic resolution. Structure retrieval in the LIED method relies on the quantitative
rescattering theory (QRS) [180–182], see subsection 2.4.3, in which the shape of the
electron wavepacket is washed out during its propagation and treated as a plane wave.
Such a strong assumption breaks down when alignment is employed and the MFF
is accessed. Also, the initial shape of the electron wavepacket is generally not well
captured with the current theory based on the strong-field approximation (SFA) or the
Ammosov-Delone-Krainov model (ADK) [66, 243]. In addition to these challenges, the
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use of these techniques for structural determination may be further complicated by the
number of ionization channels and, hence, molecular orbitals that contribute to the final
MFPADs [275].

In this chapter, we investigated strong-field ionization of strongly field-free aligned
OCS molecules for different alignment distributions, ionized at various mid-IR wave-
lengths, which allowed us to observe the main features characterizing the molecular-frame
photoelectron angular distributions (MFPAD). After introducing the experimental setup,
we show and discuss how the ionization yield, SFPH structures and the signal in the
rescattering plateau depend on the molecular alignment distribution. Our experiments
and analysis demonstrate that a new model is required to retrieve the 3D structure from
such measurements.

8.2. Methods
Most of the experimental setup has already been described in chapter 3, section 4.4 and
section 7.2. Briefly, a cold molecular beam was formed by supersonic expansion of a
mixture of OCS in helium, utilizing an Even-Lavie valve. Using an electrostatic Stark
deflector, ground-state-selected OCS molecules with > 80% purity were formed at the
edge of the deflected molecular beam. Strong field-free alignment of OCS was achieved
using two off-resonant near-IR pulses with a central wavelength of 800 nm, a pulse
duration (FWHM) of 250 fs and a separation of 38.1 ps. The degree of alignment (DOA)
in all measurements, presented in the following, was characterized to be 〈cos2θ2D〉 ≥ 0.95.
Strong-field ionization was achieved by using the output of a high-energy tunable optical
parametric amplifier (HE-TOPAS, Light Conversion), delivering ∼60 fs-short probe
pulses with pulse energies up to ∼3 mJ. Angularly-resolved photoelectron momentum
distributions (PEMDs) at driving wavelengths of the mid-infrared probe laser of 1.7 µm,
1.8 µm and 2 µm were recorded with a velocity map imaging spectrometer (VMIS),
combined with a MCP and phosphor-screen detector and read out by a CCD camera.
Photolectron momentum distributions were recorded for different alignment distributions;
in particular for the full alignment revival at ∼120.78 ps and the anti-alignment at
∼79.58 ps after the peak of the first alignment laser pulse, and for isotropically distributed
molecules. The PEMDs for a given alignment configuration were recorded for different
orientations of the alignment laser polarization with respect to the polarization of the
ionizing laser field. Both, the pump and the probe pulses were linearly polarized, with
the mid-IR probe laser polarization being always kept parallel to the detector, along
the y-axis in all figures shown in the following, and the alignment laser polarization
being rotated using a waveplate. In contrast to chapter 7, where measurements on
isotropically distributed molecules were performed and cylindrical symmetry in the
imaging geometry was conserved, allowing to retrieve the 3D PEMDs by employing
an Abel inversion, this is not possible for the measurements presented in this chapter
except for few alignment distributions. Hence, no Abel inversion was utilized in this
chapter. The imaging geometry for parallel and perpendicular alignment is schematically
illustrated in Figure 8.1, indicating also the shape of the HOMO of OCS. Finally, we
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Figure 8.1.: Sketch of imaging geometry for parallel and perpendicular alignment with OCS
HOMO indicated. a parallel alignment and b perpendicular alignment.

note that in all measurements ionization from multiple orbitals was tried to be minimized.
To this end, time-of-flight (TOF) measurements were carried out and the laser power
reduced until only the parent ion OCS+ was observed. This point will be discussed in
more detail in subsection 8.3.1 in the context of angle-dependent ionization yields.

8.3. Results and Discussion

8.3.1. Angle-dependent MF-ARPES of OCS at 1.8 µm

Photoelectron momentum distributions were first recorded for a series of angles between
the molecular axis and the ionizing laser polarization. The molecular axis was rotated
from 0 ◦ (molecular axis parallel to the ionizing laser polarization) to 90 ◦ (molecular
axis perpendicular to the ionizing laser polarization) in steps of 4 ◦ by rotating the
waveplate of the alignment laser. For each angle 50 measurements were conducted with
each individual measurement being averaged over ∼5000 laser shots. Moreover, PEMDs
for isotropically distributed molecules, averaged over ∼15000 laser shots each, were
recorded before and after each set of measurements to compensate for fluctuations in
the laser power and the molecular beam density. These measurements were used to
normalize the yield of individual datasets, such that the ionization yields at different
angles could be compared to each other. Figure 8.2 displays PEMDs for three alignment
distributions, namely isotropic (Figure 8.2 a), parallel alignment (Figure 8.2 b) and
perpendicular alignment (Figure 8.2 c). The visual inspection of these PEMDs does
not allow to easily grasp substantial changes. Ionization yields for all measured angles
between the alignment and the ionizing laser polarization were therefore extracted for
different kinetic energy regions: the direct electrons with kinetic energies <2Up and the
rescattered electrons with energies between 4Up and 10Up, shown in Figure 8.3. The
ionization yields were obtained by calculating the angle-integrated photoelectron kinetic
energy spectra, subsequently determining the position of the 2Up, 4 Up and 10Up cutoffs
and integrating the PES over the signal in the relevant region. The total yield ≤10Up
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Figure 8.2.: Photoelectron momentum distributions of OCS for isotropically distributed
molecules, parallel alignment and perpendicular alignment, ionized by a linearly polarized 1.8 µm
wavelength mid-IR laser pulse. a isotropic distribution, b parallel alignment, c perpendicular
alignment

in the corresponding isotropic measurements was extracted for all measurements and
their ratio used as correction factor for the angle-dependent ionization yields. Due to
the symmetry in the imaging geometry, the measurements in the range from 0 ◦ - 90 ◦
suffice to cover the whole range from 0 ◦ - 360 ◦. This is presented in Figure 8.3 b in
a polar plot. In both momentum regions maximum electron emission is observed for
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Figure 8.3.: Angle-dependent, normalized ionization yields for electrons <2Up and >4Up. a
Angle-dependent, normalized ionization yields in the measured range from 0 ◦ to 90 ◦, b Polar
plot covering the range from 0 ◦ to 360 ◦.

molecules aligned perpendicularly to the ionizing laser field. A higher contrast between the
maximum yield at perpendicular alignment and the minimum yield at parallel alignment
is observed in the rescattered electrons, showing a difference of more than 50% compared
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to 20% in the direct electrons. The error bars represent the statistical standard error
over 50 measurements. Our results are in qualitative agreement with earlier work on
angle-dependent photoelectron yields of OCS [278, 279]. Interestingly, they observed a
discrepancy to simulated ionization yields using the MO-ADK theory that predicts a
maximum yield at an angle of ∼45 ◦ and a minimum at 90 ◦. The simulated maximum
ionization yield at ∼45 ◦ can thereby be attributed to the nodal planes of the HOMO of
OCS, leading to a decreased ionization efficiency when the molecules are aligned parallel
or perpendicular to the ionizing field. Similar discrepancies have also been observed in
the strong-field ionization of CO2 [66]. Several effects have been proposed to explain the
observed differences, including the contribution of several orbitals [280], the population
of excited states during ionization [285, 286] and the possible deformation of orbitals
by the strong ionizing field [287]. Additionally, ionization saturation effects can play
an important role, which was shown for OCS to explain the discrepancy between the
experiment and the MO-ADK results [279]. As a matter of fact, by decreasing the
intensity by a factor of ∼2, the maximum at 90 ◦ turned into a minimum [279]. Therefore,
we attribute the observed maximum of the ionization yield at 90 ◦ to ionization saturation.

As shown in Figure 8.3, the ionization yield observed in the rescattered electrons
quickly increases with the molecular axis angle. The difference observed in the slopes for
direct and rescattered electrons indicates that the alignment of the molecules does not
only affect the ionization efficiency but also the return probability and the scattering cross
section, since the probability to measure a rescattered electron is given by the product of
the ionization efficiency, the return probability and the scattering cross section.

In the next section we will discuss how the electron trajectories are affected by the
initial alignment of the molecules.

8.3.2. MF-ARPES of OCS at 2 µm

In Figure 8.4, photoelectron momentum distributions (PEMDs) of strongly field-free
aligned OCS molecules are shown, ionized by 2 µm mid-IR laser pulses. Figure 8.4 a
shows the photoelectron momentum distribution (PEMD), measured at the full alignment
revival at a delay time of 120.78 ps after the peak of the first alignment pulse for parallel
alignment. Figure 8.4 b was measured for the same alignment as in Figure 8.4 a, but with
the alignment laser polarization perpendicular to the mid-IR polarization. Measurements
at the anti-alignment, at a delay time of 79.58 ps, are shown in Figure 8.4 c for parallel
polarization and in Figure 8.4 d for perpendicular polarization, respectively. Finally,
in Figure 8.4 e, the PEMD for isotropically distributed molecules is shown. One observes
that the PEMDs are clearly different, both, for large longitudinal momenta py > 5 a.u.
and for small transverse momenta px∼0 a.u.. In Figure 8.5 a, a direct comparison
between parallel alignment (left side) and perpendicular alignment (right side) is shown.
One observes that for perpendicular alignment the high-energy cutoff extends to higher
longitudinal momenta, whereas the low-energy cutoff ∼2Up is similar.

In order to quantify the differences in the high-energy cutoffs, the angularly-integrated
photoelectron spectra (PES), for all distributions presented in Figure 8.4, are shown

101



8. Molecular-Frame Angularly-Resolved Photoelectron Spectroscopy of Strongly
Field-Free Aligned OCS Molecules

-2 0 2
px (a.u.)

−6

−3

0

3

6

p y
(a

.u
.)

-2 0 2
px (a.u.)

-2 0 2
px (a.u.)

-2 0 2
px (a.u.)

-2 0 2
px (a.u.)

100

101

102

103

104

105

Y
ie

ld
(a

rb
.u

.)

(a) (b) (c) (d) (e)a b c d e

Figure 8.4.: Photoelectron momentum distributions of OCS at 2 µm for aligned, anti-aligned
and isotropic distributions a alignment revival at 120.78 ps, parallel to detector, b alignment
revival at 120.78 ps, perpendicular to detector, c anti-alignment at 79.58 ps, parallel to detector,
d anti-alignment at 79.58 ps, perpendicular to detector, e isotropic distribution.

in Figure 8.5 b. The angular integration was carried out within a cone around the laser
polarization with an opening angle of ±20 ◦, indicated in Figure 8.5 a. As already seen in
the 2D momentum distributions in Figure 8.4, a large modification of the high-energy
cutoff is observed for different alignment distributions. The cutoffs for anti-alignment
parallel, anti-alignment perpendicular and the isotropic distribution are approximately at
9.5Up, 9.6Up and 9.8Up, respectively, whereas it reaches only 8.6Up for parallel alignment.
Only for perpendicular alignment a high-energy cutoff of 10Up, in agreement with the
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Figure 8.5.: Comparison of MF-ARPES of OCS a left side shows parallel alignment and right
side shows perpendicular alignment b angularly-integrated PES measured in units of Up, for
same MF-ARPES as in Figure 8.4.

theoretical maximum high-energy cutoff, is observed. We note that the determined
locations of the high-energy cutoffs were extracted from the 2D PEMDs and do not
coincide with high-energy cutoffs, expected from the 3D PEMDs. In addition, the
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exact positions of the high-energy cutoffs are smeared out due to focal volume intensity
averaging. Nevertheless, our observation conforms with recent experiments, where OCS
molecules were adiabatically aligned, parallel and perpendicular, and ionized using 1.3 µm
and 1.5 µm mid-IR pulses [179].

The change of the cutoff with the molecular alignment distribution can be rationalized
if we consider that the HOMO of OCS is a Π-orbital, infinitely degenerate around the
internuclear axis, as is schematically illustrated in Figure 8.1. Electron ejection along
the internuclear axis is expected to be strongly suppressed when to the nodal plane of
the HOMO orbital is aligned with the ionizing laser polarization [209, 288]. In contrast,
the second node, perpendicular to the internuclear axis, is not a symmetry element
and electrons can be ejected in the perpendicular direction. We expect therefore that
for parallel alignment electrons will be emitted with a substantial initial transverse
momentum, and naively one would expect that the electron will gain less energy in the
field and return with lower scattering energies to its parent ion.

In order to get a better understanding of the process leading to the observed reduced
cutoff, we use the classical model, introduced in subsection 2.4.2, to calculate the kinetic
energy of the electron when it returns to its parent ion and when it is detected. In this
model, the kinetic energy can be expressed as a function of the travel time τ = ω(tr − t0),
with the time of ionization t0 and the time of rescattering tr, and the scattering angle θr
as [289, 290].

Ekin(τ, θr) = Er

[
g(τ) cos θr ±

√
1− g2(τ) sin2 θr

]2
, (8.1)

with the return energy at recollision

Er = 2Up(2− 2 cos τ − τ sin τ)2(2 + τ 2 − 2 cos τ − 2τ sin τ)−1 (8.2)

and
g(τ) = (1− cos τ − τ sin τ)(2− 2 cos τ − τ sin τ)−1 . (8.3)

These expressions were used to compute the final kinetic energy of an electron, in units of
Up, shown in Figure 8.6 for backscattering (θr = 180 ◦) and forward scattering (θr = 0 ◦)
as a function of the travel time τ , without initial transverse momentum. The return
energy Er at the instant of recollision is shown in orange.

The model predicts two families of cutoff energies that converge toward 8Up for
backscattering electrons. For electron trajectories with an odd number of revisits at
the parent ion the cutoff energy is above 8Up and reaches a maximum of 10Up at the
first return. On the contrary, for an even number of revisits, the cutoff energy is always
below 8Up. Forward scattering leads to final kinetic energies < 2Up. We note here that
these electrons are responsible for SFPH and will be discussed in subsection 8.3.4. At
the third revisit the classical model predicts a high-energy cutoff for backscattering of
∼8.7Up, close to the observed cutoff for parallel alignment. This suggests that due to
the alignment of the molecules and the initial transverse momentum that results from
this alignment, rescattering at the first return is suppressed. This has been confirmed
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Figure 8.6.: Final kinetic energies of backscattered and forward scattered electrons as a
function of their travel time. Shown are the return energy at the instant of recollision in orange,
the final kinetic energy for backscattered electrons in blue and for forward scattered electrons
in red. Note the different scales with maximum kinetic energies of ∼10Up for backscattering at
the first revisit and 2Up for forward scattering. The maxima for backscattering at the first four
revisits are marked by the corresponding number of revisits.The black dashed line depicts the
limiting energy of 8Up, separating the two families with maxima >8Up and <8Up.

in recent semi-classical simulations on OCS at 800 nm, in which ionization was treated
using the Ammosov-Delone-Krainov model (ADK) and the propagation of the electron
in the laser field and the recollision process were treated classically [291]. In this model
the nodal plane and the initial transverse momentum are imprinted in the continuum
electron wavepacket. For an OCS molecule aligned along the laser polarization this leads
to a maximum electron emission at an angle of 45 ◦, as discussed in subsection 8.3.1. This
model reveals that the return probability at the third revisit is enhanced with respect to
the first revisit. This can be undestood as follows. Due to the initial emission angle, the
electrons miss the parent ion at the first revisit and, hence, high-energy backscattered
electron trajectories, leading to the 10Up cutoff, are suppressed. One would expect
a complete suppression of backscattered electron signal. However, the effect of the
Coulomb field of the cation on the electron trajectories leads to an enhancement of
the probability for an electron to return at the third revisit. This combined effect is
responsible for the observed cutoff close to ∼8.7Up. This analysis implies that the QRS,
which is traditionally used to extract molecular structures in LIED experiments, cannot
be applied for a molecule with a Π orbital, once the molecule is aligned along the laser
field, because the relationship between the return kinetic energy and the final kinetic
energy (see subsection 2.4.2), is not valid anymore. The development to adapt the QRS
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model to include the initial shape of the electron wavepacket is ongoing but beyond the
scope of this thesis.

Instead of a classical model, a quantum description of the strong-field process, including
the scattering process, can be employed by using the time-dependent density functional
theory (TDDFT), which has been successfully applied already to describe the effect
of the molecular alignment distributions on the PEMDs for lower driving wavelengths
in CF3I [275] and OCS [179]. However, such a description is prohibitive for the 2 µm
wavelength used in our experiment due to the large computational grid needed to describe
the propagation of the electron in the continuum. We note that the same reduced
high-energy cutoff was observed in adiabatically aligned molecules, ionized at 1.3 µm, and
reproduced using the TDDFT model [179].

8.3.3. Normalized Difference Momentum Maps

So far, mainly the effect of the alignment distributions on the high-energy cutoff and
rescattered electrons has been discussed. In Figure 8.7, normalized differences of PEMDs,
measured at 1.8 µm and taken between different alignment distributions, are shown. The
normalized differences were computed according to

Inorm.diff. = Ia − Ib
Ia + Ib

, (8.4)

where Ia, Ib are the measured 2D PEMDs with a, b ∈{parallel alignment, perpendicular
alignment, anti-alignment parallel, anti-alignment perpendicular}. In Figure 8.7 a, the
normalized difference formed between parallel alignment and perpendicular alignment is
shown. In the low-momentum region, i. e., px ∈ [−1, 1] and py ∈ [−2.5, 2.5], one observes
a strong depletion in the difference signal along the laser polarization for px∼0, and a
strong enhancement for px∼0.5 a.u. and for angles close to 45 ◦. The depletion along the
probe laser polarization direction can be attributed, as eludicated in subsection 8.3.1 and
subsection 8.3.2, to the alignment of the nodal plane of the HOMO of OCS with the
laser polarization in the case of parallel alignment, leading to a suppresion of electron
emission along it. The enhanced signal at angles close to 45 ◦ agrees with the expected
maximum emission angle according to the MO-ADK model. At large longitudinal
momenta |py| > 2.5 a.u., a strong depletion of the signal is observed. This effect can be
well understood when considering again the results presented in subsection 8.3.1 and
subsection 8.3.2, where it was demonstrated that the alignment of the nodal plane with
the laser polarization axis leads to a decrease of the return and scattering probability
due to the initial transverse momentum of the electron wavepacket. Hence, the strong
depletion is a direct consequence of the large difference in the rescattered electron yield,
presented in Figure 8.3, due to the effect of the nodal plane.

In addition, two more effects are clearly observed in Figure 8.7 a, holographic inter-
ference patterns and the fork structure. Strong-field photoelectron holography (SFPH)
is observed along the laser polarization axis y, with two distinct structures being vis-
ible. One identifies the so-called outer spider structure, reaching up to momenta of
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Figure 8.7.: Normalized difference PEMDs at 1.8 µm. a Alignment parallel minus alignment
perpendicular, b alignment parallel minus anti-alignment parallel and c alignment perpendicular
minus anti-alignment perpendicular.

|py|∼2.5 a.u., and the inner spider structure at small momenta px, py∼0. In contrast, the
fork structure with 4 prongs is observed symmetrically around py∼0 at finite transverse
momenta |px|∼1.5 a.u.. Both of these effects will be discussed in detail in subsection 8.3.4.
We only note at this point that the fork structure as well as the inner holographic features
dominate for perpendicular alignment.

Similarly, in Figure 8.7 b and Figure 8.7 c, normalized differences, formed between
parallelly aligned and anti-aligned and perpendicularly aligned and anti-aligned molecules,
are shown, respectively. The overall picture in Figure 8.7 b is similar to Figure 8.7 a,
which can be undestood by considering that parallely anti-aligned molecules are aligned
within a disk, perpendicular to the laser polarization of the probe laser. In Figure 8.7 c,
the fork structure is strongly pronounced, originating from perpendicular alignment, as
well as the enhancement in the high-energy electron yield |py| > 2.5a.u. .

In conclusion, by employing normalized difference momentum maps, large differences
in the PEMDs were observed for different alignment distributions, confirming the obser-
vations in subsection 8.3.1 and subsection 8.3.2. For alignment distributions with the
internuclear axis being aligned along the probe laser polarization axis, electron ejection
along the the internuclear axis and in turn, high-energy backscattered electron trajectories
from the first encounter with the parent ion, are strongly suppressed. Strong-field ioniza-
tion and strong-field rescattering from aligned OCS molecules shows clear signatures of a
dependence on the alignment distribution and, hence, a strong dependence on the MFF
and the structure of the underlying molecular orbital.
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8.3.4. Strong-Field Photoelectron Holography
In subsection 8.3.3, normalized difference momentum maps were presented, showing
clear differences for different alignment distributions. In particular, different structures
were observed in the low-momentum region <2Up, the fork structure and holographic
interferences. A visual inspection of the PEMDs in Figure 8.2 did not allow to directly
observe these structures, mainly due to the smooth direct electron yield which is orders
of magnitude higher and covers most of these structures.

In the following, we will concentrate on the low-energy region <2Up and discuss
the structures therein. We apply a Laplace filter, typically used for edge detection and
pattern recognition, in order to increase the contrast and to filter out the most important
features. An edge is detected, if the condition

∆f = ∂2f

∂2x
+ ∂2f

∂2y
= 0 (8.5)

is fulfilled, i. e., the Laplacian of the two-dimensional signal function f is zero. The
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Figure 8.8.: Photoelectron momentum distributions of OCS for isotropically distributed
molecules, parallel alignment and perpendicular alignment, ionized by a linearly polarized
1.8 µm wavelength mid-IR laser pulse, after application of a Laplace edge detection filter. a
isotropic distribution, b parallel alignment, c perpendicular alignment. In c, three regions are
emphasized. In the green box, the primary spider structure is visible, inside the white ellipse
the inner spider structure and inside the black ellipse, the so called V or fork structure can be
distinguished.

results, after applying the Laplace filter on the data shown in Figure 8.2, are presented
in Figure 8.8. The Laplace filtered images are noisy but the most important features can be
distinguished. In Figure 8.8 c, which shows the Laplace filtered PEMD for perpendicular
alignment, three regions are emphasized. The holographic interference pattern inside the
green box is known as the primary spider structure. Inside the white ellipse in the center
of the image and for the lowest momenta, the inner spider structure is visible. The origin
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of both spider structures is the same and due to interference of electrons scattered in
the forward or near-forward direction with direct electrons, originating from the same
quarter-cycle of the field [282, 284]. The primary spider structure is formed from the
interference between electrons scattered in the forward direction at their first encounter
with their parent ion and direct electrons. Upon successive revisits of the electron to
its parent ion, its scattering momentum as well as its final momentum decreases [284].
Therefore, a series of spider structures at successively lower final momenta is observed,
with the spider structures at lower final momenta being attributed to multiple revisits,
i. e., the second revisit, the third revisit and so forth. The third region, marked with a
black ellipse, is the so called V or fork structure, appearing symmetrically around zero
transverse momentum, which is discussed in more detail in the following. Note, that
the fork structure is most clearly visible for perpendicular alignment ( Figure 8.8 c),
slightly visible for the isotropic distribution ( Figure 8.8 a) and not noticeable for parallel
alignment ( Figure 8.8 b). This leads to the conclusion that the observed fork structures
in Figure 8.7 originate from the PEMDs for perpendicular alignment.

Fork Structure

The fork structure has first been introduced in the case of strong-field ionization of
Xenon atoms [282, 289] and it consists of 4 prongs, two inner and two outer ones. In
order to understand the origin of the fork structure, we employ the classical model [178],
describing the propagation and scattering of an electron in an external field, introduced
in subsection 2.4.2. The final momentum of an electron, as measured on the detector in
an experiment, can be expressed as

px =
√

2Ekin(τ, θr) cos θr (8.6)
py =

√
2Ekin(τ, θr) sin θr , (8.7)

where Ekin(τ, θr) is the final kinetic energy, defined in (8.1). The final momentum
depends on the travel time τ = ω(tr − t0) of the electron in the laser field and the
scattering angle θr. Selected final momentum distributions are depicted in the (px, py)
plane in Figure 8.9, corresponding to the calculated cutoff energies, i. e., the maxima
of Ekin(τ, θr) for different angles θr, which were already shown in Figure 8.6 for the
limiting cases of θr = 0 ◦ and θr = 180 ◦. The two families of trajectories with cutoff
energies at backscattering of >8Up (odd number of revisits) and <8Up (even number
of revisits), discussed in subsection 8.3.2, are shown in red and blue, respectively, and
the limiting curve with a cutoff energy of 8Up in green. Figure 8.9 reveals that the fork
structure originates from these different trajectories, specifically, it can be attributed
to near-forward scattered electron trajectories with the inner prongs being due to an
even number of revisits and the outer prongs due to an odd number of revisits. We
note that from Figure 8.9 it is clear that forward scattering at the first revisit does not
contribute to the fork structure. The fork structure is sensitive to the pulse duration of
the ionizing laser field, since the trajectories in Figure 8.9 originate from scattering at
multiple revisits [289]. Finally we note that the large DCS for forward and near-forward
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Figure 8.9.: 2D histogram showing maxima of Ekin(τ, θr), plotted in the (px, py) plane, for
1.8 µm wavelength and Ipeak = 1× 1014 W/cm2. The curves in blue and red belong to the
two families of curves with high-energy cutoffs <8Up and >8Up for backscattered electrons,
respectively. The fork structure is indicated by arrows with the outer prongs being the
continuation towards forward scattering from the family >8Up and the inner prongs from the
family <8Up. The green dashed circles indicate the limiting curves with 8Up energy separating
the two families of curves.

scattering allows the structure to compete with the smooth direct-electron signal [289].
Considering again the difference momentum maps in subsection 8.3.3, we conclude that

the observed dominance of the fork structure originating from molecules at perpendicular
alignment can be attributed to a higher yield of electrons scattered in the near-forward
direction compared to parallel alignment.

Scaling Laws in SFPH

As already mentioned, the interference pattern observed in Figure 8.8 along the probe
laser polarization in the low-energy region for momenta below 2Up, dubbed the spider
structure, is due to the interference of direct electrons with near-forward scattered
electrons. The electron wavefunction in the ionizing laser field is composed of two parts

ψ = ψs + ψr , (8.8)

where the reference wave ψr corresponds to direct electrons, travelling straight to the
detector after ionization, and the signal wave ψs corresponds to electrons that rescatter
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from the parent ion and end up with momenta <2Up. The measured signal is then
expressed as

|ψ|2 = |ψs|2 + |ψr|2 + ψ∗sψr + ψsψ
∗
r = |ψs|2 + |ψr|2 + 2|ψs||ψr| cos ∆φ , (8.9)

showing an interference term ∝ cos ∆φ, where ψr,s = |ψr,s|eiφr,s was used and the phase
difference ∆φ = φr − φs was introduced. An analytic expression, describing the phase
difference between these direct and near-forward scattered electrons, has already been
discussed in [282]. Based on the SFA, the observed fringe spacing can be relatively well
described by

∆φ ≈ p2
r (tr − t0)

2 , (8.10)

where pr is the final momentum orthogonal to the laser polarization, tr the time of
rescattering and t0 the time of ionization. This expression provides the dependence of the
interfrence fringes on the laser parameter such as wavelength, pulse duration and peak
intensity [292]. According to (8.10) one would expect a strong dependence of the fringe
spacing on the wavelength because the period of the laser cycle defines the travelling time
of the electron in the continuum and the time of rescattering. The transverse momentum
contrariwise depends on the laser polarization and only weakly on the laser intensity as
long as the dipole approximation is valid.
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Figure 8.10.: Comparison of interference patterns in the primary spider structure, extracted
at py = 1 a.u. . a Comparison of interference fringes for the three wavelengths 1.7 µm, 1.8 µm
and 2 µm. b Comparison of interference fringes at 1.8 µm for the three different peak intensities
1.2× 1014 W/cm2, 7.6× 1013 W/cm2 and 6× 1013 W/cm2. c Comparison of interference fringes
at 1.8 µm for parallel alignment, perpendicular alignment and isotropic distribution.

The interference fringe spacing in the primary spider structure at a momentum of
py = 1a.u. was compared for the three wavelengths 1.7 µm, 1.8 µm and 2 µm, for the
three different peak intensities 1.2× 1014 W/cm2, 7.6× 1013 W/cm2, 6× 1013 W/cm2 at
a wavelength of 1.8 µm and for three orientations of the molecules, i. e., parallel alignment,
perpendicular alignment and isotropically distributed molecules. The results are shown
in Figure 8.10. A clear shift of the fringe pattern at 2 µm with respect to the other
wavelengths was observed in Figure 8.10 a, with the higher order peaks being shifted
toward smaller momenta. This is expected from (8.10), where a longer wavelength results
in a longer travel time ∆t = tr − t0 and thus in a faster oscillation at higher frequency or

110



8.4. Conclusions

equivalently in a smaller spacing between the fringes [292]. Unfortunately, the resolution
of our experiment is not sufficient to observe a difference in the fringe spacing measured
at 1.7 µm and 1.8 µm. In Figure 8.10 b, the interference fringes for the two highest peak
intensities coincide whereas for the lowest intensity a deviation in the higher order fringes
and a decrease of the contrast is observed. These observations can be explained as
follows. The tunneling exit of an electron upon strong-field ionization occurs at a position
~r0 = ~ε0Ip/ε20, where Ip is the ionization potential and ε0 is the peak electric field strength.
In the high-intensity regime, |~r0|∼0 and it does not change significantly with intensity
compared to the excursion time α = ε0/ω

2 of the electron in the continuum. The travel
time ∆t = tr − t0 is thus dominated by the wavelength of the ionizing laser field in this
regime, since the return time tret and the time of recollision tr almost coincide. On the
contrary, for low intensities, the initial displacement |~r0| 6= 0 leads to an extra travel time
|~r0|/v(tret) = tret − tr. This extra travel time scales as γ2 for γ � 1, but only as γ for
γ & 1, where γ is the Keldysh parameter [292]. Hence, its contribution is non-negligible
as the intensity is lowered and the Keldysh parameter approximates or exceeds 1, and
the fringe spacing is affected by the peak intensity. At the same time, when the intensity
is lowered, Up decreases and, hence, also the kinetic energy of the electron and its spatial
excursion in the continuum. In this case the influence of the core potential of the parent
ion on the electron becomes significant and the holographic fringe pattern gets diminished,
explaining the change in the contrast of the interference fringes [293, 294]. In Figure 8.10 c,
a comparison for parallel alignment, perpendicular alignment and isotropically distributed
molecules is presented. The oscillations coincide, but the contrast of the fringes is different
and lowest for parallel alignment. The amplitude of the fringes is proportional to 2|ψs||ψr|.
As we have already concluded from the observations in subsection 8.3.3, the electron
yield |ψs| for forward scattered electrons is lowest for parallel alignment, explaining the
lowest contrast in the interference pattern.

We conclude that the interference fringe spacing strongly depends on the wavelength
and only weakly on the intensity, confirming the results observed in Xenon [292]. Although
for different orientations of the molecules the electron continuum wavepacket structure
and, hence, also the rescattering process are expected to be different, no difference in the
fringe spacing of the individual interference structures could be observed, possibly due to
the lack of resolution. This result, however, is in agreement with earlier work, where it
was shown that the structures in the low-energy region for atoms and small molecules
with similar Ip were indistinguishable [295–297].

8.4. Conclusions
In this chapter we investigated the dependence of strong-field ionization and field-driven
recollisions in OCS on the molecular alignment distribution. By employing almost perfect
field-free alignment, the MFF could be accessed and the orientation of the internuclear
axis of OCS with respect to the ionizing laser polarization could be controlled. The
two most striking effects that were observed were the dependence of the high-energy
electron yield in the rescattering plateau and the position of the high-energy cutoff for
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backscattered electrons on the orientation of the internuclear axis with respect to the
ionizing laser polarization axis. For parallel alignment of the internuclear axis with
the probe laser polarization, a strong suppression in the rescattered electron signal
was observed, which could be attributed to the nodal plane in the Π-shaped HOMO
of OCS and a modified initial electron continuum wavepacket, having a substantial
initial transverse momentum component. Due to this modified wavepacket structure,
backscattering at the first encounter with the parent ion becomes highly unprobable
and only at the third revisit significant scattering occurs, thus explaining the observed
position of the high-energy cutoff. Direct comparison of PEMDs in terms of normalized
difference momentum maps, formed between parallel and pependicular alignment, revealed
a strong depletion of the electron yield along the internuclear axis and in the rescattering
plateau, confirming the effect of the nodal plane on the PEMDs. Furthermore, SFPH
was observed in the low-momentum region below 2Up, originating from the interference
of direct and near-forward scattered electrons, as well as the fork structure, originating
from near-forward scattered electrons. The lower contrast in the interference fringes in
the primary spider structure and the absence of the fork structure for parallel alignment
showed once more the effect of the nodal plane in the HOMO of OCS, leading to a lower
electron yield of forward scattered electrons compared to perpendicular alignment.

Our measurements revealed a strong dependence of the measured photoelectron
momentum distribution on the alignment of the HOMO of OCS and, hence, its nodal plane
along the internuclear axis with the polarization axis of the ionizing laser. The different
initial electron wavepackets for different alignment distributions lead to modifications in
the return probability and the rescattering process, thus rendering it necessary to consider
the initial wavepacket structure for the determination of the molecular structure. So far
the QRS theory has been used for molecular structure retrieval in LIED experiments,
completely neglecting the structure of the initial electron wavepacket. Our experiments
suggest that this approach must be reconsidered and extended when employing aligned
molecules with orbitals structures possessing nodal planes.
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8.5. Supporting Information

8.5.1. Above-Threshold Ionization at 1.7 µm
In Figure 8.11 a, the PEMD of OCS, measured at 1.7 µm for perpendicular alignment, is
shown after application of the Laplace filter. Figure 8.11 b shows a zoomed in view of the
region inside the black box in Figure 8.11 a. One can clearly observe concentric ring-like
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Figure 8.11.: ATI rings become visible for perpendicular alignment at 1.7 µm after application
of Laplace filter. a PEMD for perpendicular alignment at 1.7 µm with Laplace filter applied,
b zoom into low-energy region, indicated by black box in a and c angularly-integrated radial
distribution showing ATI peaks. The black dashed lines are equally spaced by one photon
energy of ~ω = 0.73 eV.

interference patterns at small transverse momenta, centered at zero momentum. These
interference fringes are reminiscent of ATI which is indeed confirmed in Figure 8.11 c,
where the angularly-integrated radial distribution is shown. Several peaks can be identified,
where a spacing of one photon energy of 0.73 eV is indicated by black dashed lines. The
ATI rings are otherwise completely covered by the direct electrons in the PEMDs and
only visible after the application of the Laplace filter.
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9 Conclusions and Outlook

The observation of chemical reactions in real time is a formidable task that poses strong
requirements on the targets under study and on the imaging methods that are employed.
Recording the molecular movie in gas-phase molecular samples requires, on the one
hand, the ability to prepare and manipulate molecules with high precision, allowing to
obtain clean and reproducible measurements with a high signal-to-noise ratio; and, on
the other hand, the capability to observe structural changes with atomic spatial and
temporal resolution. In the last decades methods to create high-density pulsed cold
molecular beams, their manipulation with electric and magnetic fields, laser-induced
alignment and mixed-field orientation, have been either developed or optimized, allowing
to exert an unprecendented degree of control on molecules in the gas phase. At the same
time, with the fast progress in the development of light sources, several sophisticated
imaging methods, in particular self-imaging methods such as laser-induced electron
diffraction (LIED), have emerged.

Two main objectives have been pursued in this thesis. The first objective was to achieve
and optimize strong laser-induced field-free alignment of cold controlled molecules through
tailored light fields, presented in chapter 4, chapter 5 and chapter 6. We have investigated
field-free alignment of three molecules with increasing complexity, carbonyl sulfide (OCS),
iodobenzene (IB) and indole, requiring also methods of increasing complexity, respectively.
The second objective was to employ the LIED method and to apply it on the example of
OCS. This included the structure retrieval of isotropically distributed OCS molecules
with atomic spatial resolution, presented in chapter 7, and the investigation of the effect
of molecular alignment on strong-field ionization and field-driven recollisions, presented
in chapter 8.

In the following, a summary and discussion of the results achieved throughout this
work, as well as an outlook of possible extensions of this work in the future are presented.

9.1. Toward Optimized Field-Free Alignment of
Complex Molecules

In chapter 4, optimized field-free alignment of OCS, the smallest molecule investigated in
this work, was presented. Ground-state-selected OCS molecules with > 80% purity in the
probed deflected part of the molecular beam and an optimized two-pulse sequence yielded
an unprecedented degree of field-free alignment of 〈cos2θ2D〉 = 0.96, with a very narrow
angular confinement of 13.4 ◦ FWHM. Ion-momentum distributions of O+ were recorded
through Coulomb-explosion imaging (CEI) over more than one and a half rotational period
of OCS, yielding a movie of the rotational wavepacket dynamics, initiated by the alignment
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laser pulses. Optimal pulse parameters for the two alignment laser pulses, i. e., their peak
intensities, their common pulse duration and the relative time separation between the
two pulses, were determined through optimization calculations in which the TDSE was
solved in a closed-feedback loop approach by employing evolutionary algorithms (EAs)
with the degree of alignment (DOA) as fitness function. The experimental parameters
were chosen as closely as possible to the calculated optimal pulse parameters. The
hypersurface in the 4-dimensional parameter space turned out to be quite insensitive to
changes in the peak intensities, within some bounds and under the constraint of the first
pulse being weaker than the second one, showing many local maxima close to the global
optimum. On the contrary, a strong dependence of the DOA on the exact time delay
between the two pulses was found, which can be rationalized when considering that it
defines the phase relationship between rotational states in the rotational wavepackets
that are formed. This was experimentally confirmed with the optimal experimentally
determined DOA being achieved for a time delay of τexp = 38.1 ± 0.1 ps, in perfect
agreement with the theoretically predicted τsim =38.2 ps. The deviation from perfect
alignment is attributed to the initial state distribution with more than one rotational state
being populated, the finite focal volume with an intensity distribution in the interaction
region of the alignment and probe lasers and a possible small contribution from non-axial
recoil, rendering the measured 〈cos2θ2D〉 a lower bound of the actual degree of alignment.
The observed time-dependent angular distributions directly reflected the time evolution
of the rotational wavepacket, showing rich interference structures. An analysis of the
angular distributions and the DOA in terms of the commonly used 〈cos2θ2D〉 did not
allow to capture this rich rotational dynamics. Therefore, an expansion of the angular
distributions in a series of Legendre polynomials was carried out that finally allowed to
reconstruct the complete rotational wavepacket with its complex coefficients at all times,
thus providing the maximum information available about the rotational wavepacket.
This proved that the high DOA resulted from a broad strongly phase-locked rotational
wavepacket.

In chapter 5, strong field-free 1D alignment of OCS and IB was presented. In order to
achieve field-free alignment of IB, which is an asymmetric top rotor, more sophisticated
methods are required compared to the multi-pulse alignment scheme presented in chap-
ter 4. We followed a promising method of combining adiabatic alignment with a sudden
truncation of the pulse, leading to the creation of a field-free rotational wavepacket upon
fast switch-off of the alignment laser. The switch-off in the time domain was achieved by
using a long-pass transmission filter that cut out the long-wavelength part of the spectrum.
Using this method, a fall-off time of ∼8 ps was achieved. The temporal evolution of the
DOA could be reproduced by solving the TDSE for the experimentally measured pulse
profile and pulse parameters. Our simulations revealed that the finite fall-off time of
∼8 ps was rather long compared to the rotational period of IB, leading to a modified
field-free rotational wavepacket compared to the superposition of states at the peak of
the alignment laser pulse. In particular, population transfer during the fall-off led to a
narrower final-state distribution. Furthermore, the shape and the linear polarization of
the alignment laser pulse led only to significant population of states with K = 0 and,
hence, to a linear-rotor like behaviour of the alignment revival structure.
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Finally, in chapter 6, we addressed the problem to achieve strong field-free 3D
alignment of organic asymmetric top molecules without rotational symmetries and marker
atoms, which poses a challenge to properly characterize the DOA. Due to this difficulty,
in most studies so far the alignment of complex asymmetric top rotors was investigated
for molecules containing heavy leaving groups, which define one of the inertia and
polarizability axes, such as iodine in IB. This allows to easily characterize the DOA
by gating onto the mass of such a characteristic fragment, which can be unambigiously
allocated within the molecule. At the same time, these choices severly limit the class
of molecules investigated so far and for which alignment has been demonstrated. We
investigated the field-free alignment of indole (C8H7N), whose polarizability tensor is not
diagonal in the principal axis system of inertia. Indole does not contain any specific leaving
group upon Coulomb explosion, which would allow to easily conclude the orientation of
the molecule at the time it dissociates. In principle, every molecule with a sufficiently
large polarizability anisotropy can be strongly aligned through laser-induced alignment.
Therefore, besides the goal of achieving strong 3D field-free alignment in the first place, the
major task consisted of finding a way to characterize the DOA of the major polarizability
axes of indole. The solution to this second problem is particularly important because
it allows to extend these methods for achieving alignment to practically all organic
molecules.

3D field-free alignment of indole was achieved using a truncated quasi-adiabatic off-
resonant laser pulse with a sharp intensity peak before truncation. The pulse was produced
through phase and amplitude shaping of an extremely linearly-chirped broadband laser
pulse using a liquid crystal spatial light modulator (SLM). In contrast to chapter 5, a
SLM was used, which allowed to switch off the alignment laser pulse within less than 3 ps
compared to 8 ps in the long-pass transmission-filter method. Many fragments showing
alignment were observed upon Coulomb explosion, which was initiated by a circularly
polarized femtosecond-short probe pulse. In order to characterize the 3D DOA, delay-time
revival scans and tomographies for H+, C++ and HNCH+ were carried out. For different
fragments, different peak alignment values were observed, which can be attributed to
different angles between their recoil axes and the principle polarizability axes, as well
as non-axial recoil of these fragments which possibly result from 3 or 4-body break-ups.
Because hydrogen and carbon can come from anywhere in the molecule, simulations were
carried out, in which the degree of alignment of all hydrogen and carbon atoms were
computed individually. The rotational density for each of these atoms was computed
by solving the TDSE and was then projected onto a 2D plane, mimicking the detector
plane, by using a Monte-Carlo sampling method based on a metropolis algorithm. The
weights for the individual hydrogen and carbon atoms were determined by fitting the
time-dependent alignment revivals and the tomographies. The overall agreement between
experiment and simulations gave us confidence that we were able to determine the 3D
degree of alignment of the three principle polarizability axes. The simulated 3D DOA for
the main polarizability axes of the molecule αp > αq > αr with respect to the laboratory
axes XY Z were characterized to be 〈cos2 θpZ〉 = 0.88, 〈cos2 θrY 〉 = 0.85, 〈cos2 θqX〉 = 0.83
and 〈cos2 δ〉 = 0.89, where cos2 δ = 1

4(1 + cos2 θpZ + cos2 θrY + cos2 θqX) constitutes a
scalar metric for the DOA.
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Our results suggest that we are able to strongly field-free align molecules and to
characterize the DOA, ranging from linear rotors to asymmetric top rotors. We succeeded
in demonstrating field-free alignment not only for asymmetric top rotors, which contain
heavy marker atoms and exhibit coinciding polarizability and inertia frames, but also
for organic asymmetric top rotors without rotational symmetries and marker atoms,
such as indole. Depending on the complexity of the molecule, i. e., its structure and its
rotational spectrum, different methods have been employed that allowed to achieve the
pursued results. However, in particular in the last method, where tailored light fields
were applied to align the molecules using a SLM, the full potential of the approach has
not been fully employed yet. The pulse form of the alignment laser was chosen on the
basis of earlier theoretical and experimental work that showed the potential of truncated
adiabatic pulses. Nevertheless, this does not constitute a rigorous proof that it is also
the optimal pulse form to achieve the highest field-free alignment. A possible extension
of this work would be to exploit the full potential of combining pulse shaping techniques
in the laboratory with closed-feedback optimization algorithms. This would enable to
determine the optimally tailored light field, optimizing the DOA individually for each
molecule under study, in the course of the experiment. A further extension of the work
presented in this thesis would be the optimization of mixed-field orientation, such that
the head-to-tails symmetry of aligned molecules is broken.

Another important question that arises is to determine to what extent these approaches
can be applied to large biologically relevant macromolecules and proteins, where the
number of fragments upon Coulomb explosion and the dissociation process are even more
complex. Furthermore, it would be interesting to repeat our experiment with improved
acquisition tools, such as the TimePix camera which allows to measure ionic fragments in
coincidence. This would provide further information about the dissociation process during
Coulomb explosion and possibly constrain the possible weights of individual hydrogen
and carbon atoms. Finally, we mention that we observed a strong effect on the ionization
efficiency of the probe laser when the alignment laser field was present. It is still not clear
what the effect of the alignment laser is but we assume that during the quasi-adiabatic
alignment, close to the peak, some molecules are already promoted to excited states,
which leads to different dissociation pathways compared to the field-free region. This
suggest even more that field-free alignment is an indispensable tool compared to adiabatic
alignment, in particular for complex biomolecules, since the alignment laser may heavily
perturb the resulting dynamics and, hence, the outcome of the experiment.

9.2. Imaging of Controlled Molecules

To date, all experiments on laser-induced electron diffraction (LIED) were carried
out by employing either time-of-flight (TOF) measurements or reaction microscopes
(COLTRIMS) [35, 36, 39]. Both methods provide a high dynamic range but require
long acquisition times. In chapter 7, in contrast to earlier work, we measured photoelec-
tron momentum distributions (PEMDs) of argon, krypton and isotropic OCS using a
velocity map imaging spectrometer (VMIS). Employing the quantitative rescattering the-
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ory (QRS) and the independent-atom model (IAM) with scattering amplitudes provided
by the relativistic scattering code ELSEPA [266], we showed that the DCS of argon and
krypton agree very well with the simulated DCS. We compared the experimental DCS,
extracted at 100 eV, to simulated DCS of neutral atoms and singly charged ions and found
the latter to agree much better with experiment and over a wider range of scattering
angles. From the PEMDs, measured for isotropically distributed OCS molecules, we
could extract the molecular structure, consisting of the bond lengths and the bond angle,
with atomic resolution to better than ±5 pm. We showed that within the laser cycle of
6.67 fs, the structure of OCS remains essentially linear and identical to its equilibrium
structure. In the IAM, molecules are modelled as a collection of non-interacting atoms
acting as scattering centers for the incoming electron flux. Since in the LIED method
the molecule’s own electrons scatter off their parent ion, the description used so far and
involving only neutral atomic scattering amplitudes is, in principle, wrong. We showed
that by replacing the scattering amplitude of neutral sulfur with that of the singly charged
ion, the agreement between theory and experiment could be greatly improved and the
structure of OCS could be retrieved with a higher resolution compared to the neutral case.
Although, strictly speaking our approach is still not correct, because the charge density
is not localized on one atom alone in the OCS ion, this approach proved to work very
well because ∼85% of the electron density of the HOMO is localized at the sulfur site.
The same approach did not work at all when the scattering amplitudes of oxygen and
carbon where replaced by the corresponding scattering amplitudes of singly charged ions.
This showed that indeed ionization from the HOMO of OCS is most likely to happen at
the sulfur site and that the hole charge density is mostly localized at the sulfur, too.

Finally, in chapter 8, we investigated the effect of strong field-free alignment of OCS on
strong-field ionization (SFI) and field-driven recollisions. We observed striking differences
in the PEMDs for different alignment configurations, in particular large modifications in
the high-energy electron yield and different high-energy cutoffs for backscattered electrons.
By rotating the molecular axis with respect to the probe mid-IR laser polarization, we
showed that the underlying structure of the Π-shaped HOMO orbital, in particular
its nodal plane along the internuclear axis, strongly affected the ionization efficiency,
the return probability and the rescattering probability. Electron ejection along the
internuclear axis is expected to be strongly suppressed, leading to a modified electron
wavepacket in the continuum. The position of the high-energy cutoff for backscattered
electrons for parallel alignment could be attributed to an enhanced rescattering probability
at the third revisit whereas rescattering at the first revisit is highly unprobable, which
was recently confirmed by first simulations [291]. Due to the nodal plane imprint in the
continuum electron wavepacket, an initial transverse momentum component is introduced
which causes the electrons to miss the parent ion upon their first revisit. However, due to
the Coulomb field of the cation, refocussing of the electron trajectories occurs which leads
to an increased probability for rescattering at the third revisit. Direct comparison between
different alignment configurations in terms of normalized difference momentum maps
corroborated these findings, where in addition to strong modifications in the rescattering
plateau >2Up also differences in the low-energy region <2Up were observed. In this
momentum region the effect of the nodal plane for parallel alignment manifested itself
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in a strong depletion of the signal along the laser polarization and a maximized yield
at angles close to 45 ◦, in accordance with MO-ADK simulations. In the low-energy
region <2Up, further structures were observed, in particular the fork structure and
holographic interference patterns. Comparison of these structures for different alignment
distributions showed in the case of parallel alignment, besides an attenuated yield of
rescattered electrons, that also the yield of forward scattered electrons, which form the
fork structure and the inner spider structure, was weaker.

At last, we examined the dependence of the holographic interference pattern in the
primary spider structure on the wavelength and the peak intensity of the probe laser and
on the alignment configuration. In agreement with earlier work [292], we found that the
fringe spacing in the interfrence pattern depends on the wavelength, which defines the
travel time of the electron in the continuum from the time of ionization until rescattering,
and only weakly on the intensity in the high-intensity regime with γ � 1. For different
alignment configurations the same fringe spacing was observed with the lowest contrast
for parallel alignment due to the smaller yield of forward scattered electrons compared to
pependicular alignment.

In summary, our measurements revealed a strong dependence of the measured PEMDs
on the alignment of the internuclear axis with respect to the laser polarization of the
ionizing laser. Our explanation attributed the observed effects to the nodal plane imprint
of the underlying molecular orbital on the continuum electron wavepacket, resulting in an
substantial initial transverse momentum component and as a consequence in a modified
return and rescattering probability. Structure retrieval in LIED experiments is based
on the QRS theory, in which it is assumed that the structure of the electron continuum
wavepacket is washed out during its propagation and, hence, treated as a plane wave.
This approach is well justified when molecules are randomly oriented and the resulting
measurements are averaged over all these orientations, since the effect of the nodal plane
is smeared out and the wavefront of the electron wavepacket is almost flat at the time
of rescattering, since it broadens substantially during its propagation in the laser field.
However, when a molecule with a nodal plane in the molecular orbital, from which the
electrons are released, is aligned along the laser polarization, the nodal plane imprint on
the continuum electron wavepacket structure leads to major differences in the observed
PEMDs and, hence, cannot be longer neglected. We claim therefore that the QRS model
no longer provides a proper model for structure retrieval in these cases and it needs to be
modified such as to account for the initial electron continuum wavepacket structure.

So far, the atomic spatial resolution of the LIED method was mainly employed to
image static structures. However, it is particularly interesting to explore the full potential
of this imaging method to observe time-resolved dynamics in molecules. In this respect,
two follow-up experiments are planned. The first is on the indole-water cluster, where
the dissociation of the water molecule from the indole-water cluster will be investigated,
which is currently ongoing. The second experiment was already attempted during this
thesis and regards the time-resolved measurement of bending dynamics, induced in OCS.
For this experiment, a short, 230 nm wavelength laser pulse is used to pump the molecule
and excite it to the A′ Renner-Teller component of the 1∆ and the A′′Σ− states. These
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states are known to dissociate while the molecule is bending. The idea is to extract
from LIED measurements simultaneously as a function of the delay time, the bond-angle
and the bond-distances. This experiment involves the control and exact timing of two
alignment laser pulses with 800 nm wavelength, the creation of a 230 nm wavelength pulse
to excite the molecules, which is realized by second harmonic generation from 800 nm to
400 nm, second harmonic generation from 1200 nm to 600 nm and then mixing of 400 nm
and 600 nm to generate the required 230 nm. Finally all these pulses have to be spatially
and temporally collinearly overlapped with the 2.3 µm ionizing laser pulse. We already
succeeded in setting up the experiment, creating all the required colors and to spatially
and temporally overlap them in the VMIS, except for the 230 nm beam. Unfortunately,
it turned out that the excitation laser pulse could not be properly focused. The problem
was that the laser beam profile was not optimal and far from a low order Gaussian TEM
mode, which after all the frequency mixing resulted in a beam profile that could not
be focused enough to obtain the required peak intensities. The experimental setup is
currently being optimized by cleaning the beam profile with a hollow-core fiber and using
a beam stabilization system. The experiment is planned to start in the near future.
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A Calculation of Expectation Values

The degree of orientation is usually characterized through the expectation values 〈cos θJi〉
and the degree of alignment through the expectation values 〈cos2 θJi〉, where θJi is the
angle between the principal axis i in the molecule-fixed frame (MFF) and the cartesian
axis J in the laboratory-fixed frame (LFF). Another observable of interest for direct
comparison with experiment is 〈cos2θ2D〉, where the angle θ2D is the polar angle in the
2D detector plane. It will be shown that these expectation values can be expressed in an
analytical form by employing angular momentum algebra, suitable for direct numerical
evaluation.

A.1. General Considerations
The MFF and the LFF are connected by a rotation about the three Euler angles (θ, φ, χ).
This rotation can be described in terms of the rotation matrix R(θ, φ, χ) [127] whose
entries are

R(θ, φ, χ) =




cos θXx cos θY x cos θZx
cos θXy cos θY y cos θZy
cos θXz cos θY z cos θZz


 , (A.1)

i. e., the direction cosines ΦJi = cos θJi. The angles θJi are thereby related to the Euler
angles as follows:

cos θXx = cosφ cos θ cosχ− sinφ sinχ,
cos θY x = sinφ cos θ cosχ+ cosφ sinχ,
cos θZx = − sin θ cosχ,
cos θXy = − cosφ cos θ sinχ− sinφ cosχ,
cos θY y = − sinφ cos θ sinχ+ cosφ cosχ,
cos θZy = sin θ sinχ,
cos θXz = cosφ sin θ,
cos θY z = sinφ sin θ,
cos θZz = cos θ.

Since R(θ, φ, χ) is an orthogonal matrix, the squared elements of each row and of each
column add up to 1 such that only two entries in every row or column need to be known.

In the following we will concentrate on the calculation of the cos θZz expectation value,
which is used to describe the alignment of the most polarizable axis of the molecule with
respect to the major polarizability axis of the alignment laser. The other expectation
values can be calculated in a similar way. The expectation values of interest are then
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expressed in 3D as

〈JKM | cos θ|JKM〉 =
∫ 2π

0

∫ 2π

0

∫ π

0
Ψ∗JKM cos θΨJKM sin θdθdφdχ (A.2)

and

〈JKM | cos2 θ|JKM〉 =
∫ 2π

0

∫ 2π

0

∫ π

0
Ψ∗JKM cos2 θΨJKM sin θdθdφdχ . (A.3)

The degree of alignment in 2D is accordingly computed through substitution of cos θ with
cos θ2D, whereas the degree of orientation in 2D is typically characterized through the
ratio Nup/Ntotal, where Nup is the yield measured in the upper half plane of the recorded
ion-momentum distributions and Ntotal = Nup +Ndown the total yield measured on the
detector. The rotational wavefunctions ΨJKM (θ, φ, χ) in (A.2) and (A.3) are assumed to
be normalized to unity in the following and the integration is carried out over the volume
element of the Euler angles. The symmetric top eigenstates, expressed in the basis of
Euler angles Ω = (θ, φ, χ), are the Wigner D-functions and given by [127]

〈Ω|JKM〉 =
[

2J + 1
8π2

]1/2

D∗ JM,K(θ, φ, χ) = (−1)M−K
[

2J + 1
8π2

]1/2

DJ−M,−K(θ, φ, χ). (A.4)

The eigenfunctions of asymmetric top rotors cannot be cast in analytical form and are
usually expanded in the basis of symmetric rotor states. For K = 0, i. e., χ = 0, the
Wigner D-functions reduce to the spherical harmonics, which are the eigenfunctions of
linear rotors. Thus, a description of the expectation values in terms of Wigner D-functions
suffices to describe the alignment and orientation of all types of rotating tops.

The relation between the Wigner D-functions and their complex conjugate is given by

D∗ JM,K(Ω) = (−1)M−KDJ−M,−K(Ω) . (A.5)

We note that
DJM,K=0(θ, φ, χ = 0) =

√
4π

2J + 1 Y
∗ J
M (θ, φ) , (A.6)

relating the Wigner D-functions to the spherical harmonics, and

DJM=0,K=0(θ, φ = 0, χ = 0) = PJ(cos θ) , (A.7)

relating the Wigner D-functions to the Legendre polynomials. The Wigner D-functions
form a basis and satisfy the orthonormality relation
∫ 2π

0

∫ 2π

0

∫ π

0
D∗ JM,K(θ, φ, χ)DJ ′

M ′,K′(θ, φ, χ) sin θdθdφdχ = 8π2

2J + 1δJJ
′δMM ′δKK′ . (A.8)

In addition, useful relations exist expressing the integral over three Wigner D-functions
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in terms of Wigner 3j-symbols. These so-called Gaunt coefficients read
∫
DJ1
M1,K1(Ω)DJ2

M2,K2(Ω)DJ3
M3,K3(Ω)dΩ = 8π2

(
J1 J2 J3
M1 M2 M3

)(
J1 J2 J3
K1 K2 K3

)
. (A.9)

The possibility to express the integrals in (A.9) in terms of Wigner 3j-symbols is very
useful, because the latter obey simple symmetry rules, which directly lead to the selection
rules. For most combinations of the quantum numbers J,K,M the integrals are zero
(exactly zero) and only few have to be calculated, thus greatly simplifying the computation
of expectation values. Important symmetry rules are

(
J1 J2 J3
M1 M2 M3

)
= 0 if M1 +M2 6= M3 , (A.10)

which leads to the selection rule ∆M = 0 for linearly polarized light, i. e., that the
magnetic quantum number is conserved. In addition, the relation

|J1 − J2| ≤ J3 ≤ |J1 + J2| (A.11)

must hold. Using the cyclic property of the 3j-symbols, a symmetric permutation results
in (

J1 J2 J3
M1 M2 M3

)
=
(
J2 J3 J1
M2 M3 M1

)
=
(
J3 J1 J2
M3 M1 M2

)
, (A.12)

wheras an odd permutation leads to a sign change
(
J1 J2 J3
M1 M2 M3

)
= (−1)J1+J2+J3

(
J1 J3 J2
M1 M3 M2

)
. (A.13)

Finally, the sum of the angular momenta J in the upper row of the 3j-symbols has to
be an integer number, otherwise the 3j-symbols vanish. The last requirement is always
satisfied when considering molecular rotation since the angular momenta J themselves
are integer numbers. For the special case M1 = M2 = M3 = 0, the sum has to be an even
integer number.

The aforementioned relations indicate that a description of the operators cos θ and
cos2 θ in terms of Wigner D-functions is useful, since the expectation values can then be
calculated using relation (A.9). Expressing the orientation and alignment operators in
terms of Wigner D-functions is straightforward considering that

Y 0
1 (θ, φ) = 1

2

√
3
π

cos θ =
√

3
4πD

1
0,0(θ, φ, χ) , (A.14)

which leads directly to
cos θ = D1

0,0(θ, φ, χ) , (A.15)
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and for the alignment operator

Y 0
2 (θ, φ) = 1

4

√
5
π

(3 cos2 θ − 1) =
√

5
4πD

2
0,0(θ, φ, χ) , (A.16)

which leads directly to
cos2 θ = 2

3D
2
0,0(θ, φ, χ) + 1

3 . (A.17)

More on angular momentum algebra and detailed derivations of the above-stated relations
can be found in [127].

A.2. 3D Expectation Values

Employing all the tools and the relations, presented in the section before, in particu-
lar (A.4), (A.5), (A.8), (A.9) and (A.17), one can express the degree of alignment in (A.3)
as

〈cos2 θ〉 =
√

(2J + 1)(2J ′ + 1)
8π2

∫
DJ ′

M ′,K′(θ, φ, χ)
(

2
3D

2
0,0(θ, φ, χ) + 1

3

)
D∗ JM,K(θ, φ, χ)dΩ

= 2
3(−1)M−K

√
(2J + 1)(2J ′ + 1)

(
J ′ 2 J

M ′ 0 −M

)(
J ′ 2 J

K ′ 0 −K

)
+ 1

3δJJ
′δMM ′δKK′ .

(A.18)

For a linear molecule with K = 0, this simplifies to

〈cos2 θ〉 = 2
3(−1)M

√
(2J + 1)(2J ′ + 1)

(
J ′ 2 J

M ′ 0 −M

)(
J ′ 2 J

0 0 0

)
+ 1

3δJJ
′δMM ′ .

(A.19)

Analogously, for the degree of orientation in (A.2) one obtains

〈cos θ〉 =
√

(2J + 1)(2J ′ + 1)
8π2

∫
D∗ JM,K(θ, φ, χ)D1

0,0(θ, φ, χ)DJ ′

M ′,K′(θ, φ, χ)dΩ

= (−1)M−K
√

(2J + 1)(2J ′ + 1)
(

J 1 J ′

−M 0 M ′

)(
J 1 J ′

−K 0 K ′

)
. (A.20)

A.3. 2D Expectation Values

The calculation of the degree of alignment in 2D is not so straightforward, because the
cos θ2D operator can not be directly expressed in terms of Wigner D-functions. This
problem can be circumvented by considering the relation between cos2 θ and cos θ2D [230].
A general vector ~r, expressed in spherical coordinates, has a z-component r cos θ. A
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projection of ~r onto a plane, the y − z plane for example, yields the relation

cos2 θ2D = cos2 θ

cos2 θ + sin2 θ sin2 φ
, (A.21)

which can be easily derived utilizing the inner product. If the alignment laser is linearly
polarized, the projections onto the x− z and the y − z planes lead to the same matrix
elements. In order to keep the derivation general, we substitute 〈cos2θ2D〉 by some general
observable A and expand it in the basis of Wigner D-functions as

A =
∑

J,M,K

√
2J + 1

8π2 aJM,KD∗ JM,K(Ω) , (A.22)

where the coefficients aJM,K must be determined. Using the orthonormality relation (A.8),
the coefficients can be expressed as

aJM,K =
√

2J + 1
8π2

∫
DJM,K(Ω)AdΩ , (A.23)

which can be computed through numerical integration. The advantage of this method,
compared to a direct numerical integration of all expectation values, is that the number
of integrals to be solved is greatly reduced. Furthermore, the coefficients have to be
calculated only once and can be reused whenever needed. The expectation value can
then be expressed in the form

〈J ′K ′M ′|A|JKM〉 = (−1)M−K
√

(2J + 1)(2J ′ + 1)
∞∑

J ′′=0

J ′′∑

M ′′=−J ′′

J ′′∑

K′′=−J ′′

aJ
′′

M ′′,K′′

(−1)M ′′−K′′

√
2J ′′ + 1

8π2

(
J J ′ J ′′

−K K ′ −K ′′
)(

J J ′ J ′′

−M M ′ −M ′′

)
,

(A.24)

where the identities (A.9), (A.13) and the fact that (−1)2(J+J ′+J ′′) is always even were
used.

Turning back to the specific observable cos2 θ2D in (A.21) and assuming a linearly
polarized alignment laser pulse interacting with a linear or symmetric top molecule for
simplicity, (A.24) can be further simplified through symmetry considerations. First of all
we note that cos2 θ2D does not depend on χ, hence χ is a cyclic coordinate and K ′′ = 0
in (A.24). Furthermore, for linear polarization, K = K ′ andM = M ′ must hold in (A.24).
From the symmetries of the 3j-symbols, this results in M ′′ = 0 in (A.24), leaving only
one sum over J ′′. Since cos2 θ2D is an even function, all coefficients with odd J ′′ are zero.
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With this one arrives at the final expression

〈J ′KM | cos2 θ2D|JKM〉√
(2J + 1)(2J ′ + 1)

= (−1)M−K
4π3/2

∞∑

J ′′=0

aJ ′′
√

2J ′′ + 1
(
J J ′ J ′′

−K K 0

)(
J J ′ J ′′

−M M 0

)
.

(A.25)

The matrix elements need to be calculated only once for all combinations of J, J ′,M,K,
i. e., all rotational states included in the computational basis. The same analysis can
be carried out for asymmetric top rotors and for elliptical polarization by considering
all relevant symmetries and good quantum numbers, yielding slightly more complex
expressions than (A.25). The first 200 coefficients aJ ′′ , multiplied by

√
2J+1

4π3/2 , are shown
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Figure A.1.: The first 200 expansion coefficients of cos2 θ2D in the basis of Wigner D-functions.
Only non-zero coefficients for even J are shown, multiplied by

√
2J+1

4π3/2 .

in Figure A.1. The expansion converges fast and typically it suffices to include the first
50 to 100 coefficients in calculations. The coefficients, multiplied by the factor

√
2J+1

4π3/2 , are
shown in Figure A.1. For an isotropic distribution the expected value of 0.5 is retrieved.
Further details about the calculation of 2D expectation values, following the method
presented above, can be found in [230].

When field-free alignment is employed, a coherent rotational wavepacket Ψ(θ, φ, χ, t)
is formed. The field-free degree of alignment of such a wavepacket can be easily computed
as

〈Ψ(θ, φ, χ, t)| cos2 θ2D|Ψ(θ, φ, χ, t)〉 =
∑

J,J ′

c∗J(t)cJ ′(t)SJ,J ′,M,K , (A.26)

with SJ,J ′,M,K being the matrix containing the computed matrix elements and the cJ
being the complex coefficients obtained from solving the TDSE.
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A.3. 2D Expectation Values

For the comparison between experiment and theory in chapter 4 and chapter 6, another
approach was followed to compute the required expectation values. First, the TDSE was
solved for each state in the initial state distribution, which provided the time-dependent
complex coefficients of all rotational states in each individual rotational wavepacket. The
rotational density for each of these wavepackets was then computed for each timestep as
a function of the Euler angles (θ, φ, χ). In chapter 6, the rotational density was computed
individually for every hydrogen and carbon atom in indole. Subsequently, the rotational
densities were projected onto a plane using a Monte-Carlo sampling method based on
a metropolis algorithm. The Euler angles were randomly sampled and counts on the
detector generated according to their detection probability, given by the value of the
rotational density at the particular Euler angles. This procedure was followed for two
main reasons. First, the Monte-Carlo simulation mimics the actual experiment and in
this sense constitutes a computational experiment. The resulting 2D projected images
can be directly compared to the experimental data and analyzed in the same way, i. e.,
the same observables can be extracted and compared. Finally, the method allows to easily
extend the model and to include for example angle-dependent ionization probabilities
and radial distributions, as presented in chapter 4.
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B Molecular Data

Throughout this thesis three different molecules have been investigated, carbonyl sulfide
(OCS), iodobenzene (IB) and indole. In this chapter, the main molecular properties and
their values that were used in calculations are listed for these molecules.

B.1. Carbonyl Sulfide (OCS)
Carbonyl sulfide is a linear molecule composed of the three atoms oxygen, carbon and
sulfur. Its equilibrium structure is schematically illustrated in Figure B.1 in a ball-and-
stick model. Its properties are listed in table B.1.

Figure B.1.: Schematic view of linear OCS molecule in a ball-and-stick model.

Molecular Property Value Reference
Chemical formula OCS or COS [298]
CAS registry number 463-58-1 [298]
Molecular weight 60.075 u [298]
Rotational constant B0 6081.492 439(134) MHz [299]
Centrifugal distortion constant D0 1.301 789(150) kHz [299]
Ionization potential Ip 11.185(2) eV [300]
Dipole moment 0.71519(3)D [299]
Polarizability anisotropy 4.04(17)Å3 [301]
O-C equilibrium bond length 115.43(10) pm [299]
C-S equilibrium bond length 156.28(10) pm [299]

Table B.1.: Molecular properties of carbonyl sulfide (OCS).
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B. Molecular Data

B.2. Iodobenzene (IB)
Iodobenzene is a planar asymmetric top rotor with its atomic constitutents being carbon,
hydrogen and iodine. Its equilibrium structure is shown in a ball-and-stick model
in Figure B.2 and its properties are listed in table B.2. Its polarizability tensor is diagonal
in the principal axis system of inertia.

Figure B.2.: Schematic view of planar asymmetric top rotor iodobenzene in a ball-and-stick
model.

Molecular Property Value Reference
Chemical formula C6H5I [298]
CAS registry number 591-50-4 [298]
Molecular weight 204.0084 u [298]
Rotational constant A 5671.89(73) MHz [302]
Rotational constant B 750.416(2) MHz [302]
Rotational constant C 662.627(1) MHz [302]
Dipole moment 1.625D [303]
Polarizability tensor entry αzz 21.5Å3 [236]
Polarizability tensor entry αyy 15.3Å3 [236]
Polarizability tensor entry αxx 10.2Å3 [236]

Table B.2.: Molecular properties of iodobenzene (IB).
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B.3. Indole

B.3. Indole
Indole is a planar asymmetric top rotor with its atomic constitutents being carbon,
hydrogen and nitrogen. Its polarizability tensor is not diagonal in the principal axis
system of inertia with the most polarizable axis forming an angle of 2.75 ◦ with respect
to the a-axis. Its equilibrium structure is shown in a ball-and-stick model in Figure B.3
and its properties are listed in table B.3.

Figure B.3.: Schematic view of planar asymmetric top rotor indole in a ball-and-stick model.

Molecular Property Value Reference/Computation Method
Chemical formula C8H7N [298]
CAS registry number 120-72-9 [298]
Molecular weight 117.1479 u [298]
Rotational constant A 3877.8366(64) MHz [304]
Rotational constant B 1636.0461(48) MHz [304]
Rotational constant C 1150.0900(19) MHz [304]
Dipole moment component µz 1.36(3)D [305]
Dipole moment component µx 1.59(12)D [305]
Polarizability tensor entry αzz 19.0572Å3 CCSD/aug-cc-pVTZ
Polarizability tensor entry αyy 14.6608Å3 CCSD/aug-cc-pVTZ
Polarizability tensor entry αxx 8.2546Å3 CCSD/aug-cc-pVTZ
Polarizability tensor entry αzy 0.2182Å3 CCSD/aug-cc-pVTZ

Table B.3.: Molecular properties of indole.
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C Detector Calibration

In order to calibrate the velocity map imaging spectrometer (VMIS), photoelectron
momentum distributions (PEMDs) of OCS, Neon, Argon and Xenon were recorded for
wavelengths of 400 nm and 800 nm of the ionizing laser. The measured angularly-resolved
momentum distributions show clear above-threshold ionization (ATI) rings, equally spaced
by one photon energy. These peaks were used to calibrate the detector and to convert
from momentum measured in pixel to momentum measured in atomic units.
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Figure C.1.: Photoelectron momentum distribution of Neon, ionized by a 400 nm laser pulse,
with clear ATI structures being observed. a 2D PEMD of Neon, ionized by a 400 nm pulse, b
central slice through 3D Abel-inverted PEMD, c angularly-integrated kinetic-energy spectrum d
first derivative of the logarithm of the kinetic-energy spectrum, shown in c. The zeros determine
the extrema, with the red dots showing the exact position of the maxima corresponding to the
ATI peaks.
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C. Detector Calibration

In Figure C.1 a-b, the measured 2D and the central slice through the 3D Abel-inverted
PEMDs are shown for Neon, ionized at a wavelength of 400 nm. In Figure C.1 c, the
angularly-integrated photoelectron spectrum (PES) is shown as a function of kinetic
energy, measured in pixel2/2. The rough positions of the ATI peaks are indicated by
black arrows. In Figure C.1 d, the first derivative of the logarithm of the PES is plotted
with red dots indicating the exact position of the zeros corresponding to maxima in the
PES. The zeros corresponding to minima are not marked. For better visibility also black
dashed lines were plotted to point out the exact position of the maxima in the PES, i. e.,
the ATI peaks.
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Figure C.2.: Detector calibration of velocity map imaging spectrometer (VMIS) employing
ATI of Neon at 400 nm. The slope of the fitted line determines the scaling factor to convert
from momentum in pixel to momentum or energy in atomic units.

Successive ATI peaks differ by exactly one photon energy, which for a wavelength of
400 nm amounts to 3.1 eV. In Figure C.2, the photon energy is plotted as a function of
the ATI peak positions that were determined as the zeros of the first derivative of the
PES. A line, determined through linear regression, was fitted through the data points
and a slope of 2.0759 · 10−3 obtained, i. e., the energy scaling factor. From the slope the
conversion factor to convert momentum in pixel to momentum in atomic units can be
determined through the relation

p[a.u.] =
√

2E[a.u.] =̂
√

slope× voltage
Hartree × pixel (C.1)

where E is the photoelectron kinetic energy in atomic units, voltage is the voltage
applied at the repeller electrode and measured in kV, and 1 Hartree = 27.211 396 eV,
corresponding to 1 atomic unit of energy. The measurement shown in Figure C.1 a
was obtained for a repeller voltage of 3.1 eV. Therefore, the scaling factor has to be
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normalized to 1 kV. In this way the final detector calibration of

p[a.u.] =̂
√

6.89 · 10−4 × voltage
Hartree × pixel (C.2)

was obtained. ATI spectra were regularly recorded during the experiments and it was
checked that the energy scaling factor increased linearly with the repeller voltage, such
that equation (C.1) is valid. The average over all ATI calibration measurements yielded
a scaling factor of 6.9 · 10−4, which was used throughout this thesis.
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