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1 Introduction

“Das schonste Gliick des denkenden Menschen ist, das Erforschliche
erforscht zu haben und das Unerforschliche zu verehren.”
— Johann Wolfang von Goethe

Light and its interaction with the world around us is an integral part of our lives. In fact,
the light emitted by the sun does not only allow us to see the world with our own eyes but
it is the main source of energy for this planet. Due to its prominent role in life on earth, the
interaction of light and other electromagnetic radiation with matter has been a major topic
of research in the past century. In biology, photosynthesis, the conversion of light to other
forms of energy, is the starting point for the development of organisms. This process was
also responsible for the energy stored in fossil fuels which still drives the worlds economies.
Much effort is invested into trying to understand the chemistry of photosynthesis in order
to develop new bio-fuels imitating nature’s efficiency in light-to-energy conversion. In
photo-voltaics, we try to convert electromagnetic radiation into electric energy as a way of
directly transforming the energy of the sun into a universally usable form. The interaction
of radiation outside the visible spectrum with our body is also extremely important for
our survival on earth. Radiation in the ultraviolet spectrum can cause cancer in our body
and nature has developed sophisticated mechanisms to protect our cells from damage. On
earth, the atmosphere provides a barrier to most of the damaging radiation, but on other
planets, humans would not survive long without new ways of photo-protection. These
examples, emphasize the importance of studying light-matter interaction.

On a microscopic level, the absorption of light can be described by the absorption of
portions of energy called photons. The electrons surrounding the nuclei can be described
by specific electronic states and a transfer between different levels is called an electronic
transition. The electrons are responsible for the structural arrangement of the nuclei
in a molecule by forming bonds or repelling each other due to their charge. On the
smallest scale of light matter interaction, photons are absorbed by the electrons causing
electronic transitions or ionization, the removal of the electron from the molecule. Thus,
the absorption of energy in the form of electromagnetic radiation changes the electronic
structure of the molecule. This is the fundamental microscopic process of macroscopic
photo-chemical reactions.

In atoms, the absorption of a photon causes an electronic transition that leaves the
system in an excited state. This state is only transient, and the atom will eventually return
to its electronic ground state by emitting a photon, known as fluorescence, or ejecting an
electron. In molecules, the electronic structure is more complex as the electronic states
depend on the nuclear degrees of freedom defined by the position of the nuclei with respect
to each other. In linear molecules, such as hydrogen or oxygen molecules, the distance
of the two nuclei is the only (internal) degree of freedom. The electronic structure can
be described by potential energy curves (PEC) where the energy of each electronic state
depends on the internuclear separation. This description is based on the assumption that
the electrons move much faster than the nuclei and can therefore be treated separately from
the nuclear motion, an approach called Born-Oppenheimer approximation. This picture
becomes invalid when potential energy curves of different electronic states cross or come
very close in energy. As a result, avoided crossings are formed where electronic and nuclear
degrees of freedom are strongly coupled.
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Molecules with three or more nuclei have additional vibrational modes such as bending
and stretching. The electronic states are then described by surfaces in a multi-dimensional
space spanned by all internal degrees of freedom. Points of avoided contact between
potential energy surfaces (PES) form seams or conical intersections. Due to the strong
non-Born-Oppenheimer coupling between electronic and nuclear motion at these nuclear
configurations, so-called, non-adiabatic transitions between the neighboring states occur.
These transitions can be extremely fast, on the order of just tens of femtoseconds (1071 s),
thus, they can be the dominant pathway of electronic relaxation outcompeting ionization or
radiative decay. This form of energetic dissipation is extremely important, as the excitation
energy is transferred into nuclear motions such as molecular vibration or bending, often
preventing the molecule from ionization and subsequent fragmentation, the alternative
fast relaxation process. Famous examples of macroscopic phenomena that include such
ultra-fast relaxation processes include the energy transfer in photosynthesis [144], in vision
[122], as well as photo-protection processes in our skin that prevent the development of
cancer [139].

Evidently, the static picture of matter illuminated by electromagnetic radiation only
provides a limited amount of information that is usually insufficient to understand the
complete fundamental photo-chemical reaction, such as non-adiabatic transitions mentioned
above. When energy is stored in a system, such as in any form of life, dynamical processes
develop that are a key piece of the puzzle explaining nature. The ability to understand
and the possibility to control these processes requires a thorough investigation of their
dynamical real-time evolution at every step of the reaction on a fundamental molecular
level.

In the macroscopic world, we capture motion by taking multiple images in a fast sequence.
In order to capture the motion of an object without a blurring of the image, the illumination
time of a single snap-shot needs to be faster than a significant change in the picture. In a
film-camera, the object is continuously illuminated while the aperture speed defines the
illumination time. If we want to look at processes much faster than the mechanical or
electronic shutter speed, we can instead illuminate the object with ultra-short bursts of
light, such as in a stroboscope.

A similar principle is used in modern day research for capturing the ultra-fast motion
of atoms and molecules. In pump-probe spectroscopy, pairs of ultra-short light pulses are
used to create a sequence of images of a reaction. The first pulse, called the pump pulse, is
used to trigger a certain photo-chemical reaction. The second pulse, the probe, is delayed
with respect to the pump pulse and creates a snap-shot of the current status of the system
by ionization. In contrast to a movie camera, the images are not taken in a continuous
sequence. Instead, one repeats the same reaction many times taking snap-shots at different
well defined time delays between the start and stop signals of the pump and the probe
pulses.

An ultra-short photon pulse has a broad energy spectrum that coherently excites multiple
vibrational levels of an electronic state. This is equivalent to the creation of a nuclear
wave-packet in the molecule that develops in time on the potential energy curves or surfaces.
The ionization of the wave-packet by the absorption of the probe pulse and the measurement
of the electronic fragments yields information about the electronic state at the time of
ionization. By repeating this process many times at different pump-probe delays, a movie
of the evolution of the wave-packet on the potential energy surfaces can be reconstructed.

In 1999, Achmed Zewail was awarded the Nobel Price for his development of the field
of Femtochemistry. In the years prior, lasers had been developed that deliver light pulses
sufficiently short to illuminate molecular reactions without a blurring of the motion. Zewail
had combined these light sources with various experimental techniques for studying photo-



chemical reactions, such as mass spectroscopy and electron diffraction, on a femtosecond
time scale.

Since then, the time resolution of pulsed lasers has been improved successively and new
techniques allow the generation of pulses as short as tens of attoseconds (107!® s). However,
a major challenge that limits the investigation of photo-chemical reactions has been the
high excitation energy of many electronic transitions. The ionization energy as well as
the majority of neutral electronic states of atoms and molecules is on the order of several
eV energy, well above the energy of femtosecond lasers that operate at wavelengths in
the infrared to the visible spectrum. Studying photo-chemical reactions or the electronic
structure of those states requires an energy equivalent to the excitation in the vacuum
ultraviolet (VUV) to the extreme ultraviolet (XUV) spectrum.

This problem has been circumvented by focusing high power laser beams onto the
molecular target creating a strong electromagnetic field that leads to the absorption of
a sufficient amount of energy to ionize the molecule. However, the ionization process
is not selective but occurs successively starting from the most weakly bound electronic
state. Additionally, the strong electromagnetic field modifies the electronic structure of the
molecules, hence it does not allow to study the unperturbed state of the system. Using
crystals such as beta barium borate (BBO), wavelengths in the ultraviolet (UV) spectrum
can be generated by frequency doubling or tripling, but this is still insufficient to cover
higher lying electronic states.

The development of High Harmonic Generation (HHG) has extended the energy range
and shortened the pulse durations in pulsed laser sources significantly. By focusing a
femtosecond laser into a medium, the fundamental (usually infrared) light can be converted
into photons of higher energy, generating photon energies in the vacuum ultraviolet to the
soft-Xray spectrum. These light pulses allow to selectively excite electronic states and
trigger chemical reactions not accessible by strong laser fields. However, the conversion
process of High Harmonic Generation is extremely inefficient, and obtaining a high amount
of photon flux from HHG sources is very challenging. In Figure 1.1 (top), the spectrum of
ultrafast light-sources is depicted together with some exemplary ionization potentials. The
time scales of processes in molecular spectroscopy are shown below.

The availability of femtosecond pulses in the VUV and XUV spectrum opens the
possibility to investigate nuclear and electronic dynamics in molecules using pump-probe
spectroscopy. This raises many new and important questions: Which electronic states
can be excited by a sequence of multi-color pulses? The nuclear dynamics induced by the
pump pulse can enable new transitions that only occur at internuclear distances outside
of the range of the molecular ground state (Franck-Condon region). With the absorption
of multiple photons of different energy and polarization, new transitions could become
optically allowed. This could lead to new dissociation pathways that involve different
non-adiabatic transitions which are not accessible in single-photon absorption. In this
work, I will try to find answers to at least some of these questions and investigate in which
way we can use this knowledge to control the outcome of simple photo-chemical reactions.

Many different experimental techniques are employed to study photo-induced electronic
transitions. The different approaches detect a certain characteristic of the fragments of
the ionization reaction initiated by the probe pulse. In a majority of early time-resolved
experiments, simple techniques such as ion mass-spectroscopy were used. Here, the total
yield of a particular fragment, detected by selecting the corresponding ion time-of-flight in
the spectrometer, is recorded with respect to the pump-probe delay. From this information,
the time-scale and the efficiency of pathways leading to the selected fragment can be
obtained. Nevertheless, multiple pathways that yield the same molecular fragment cannot
be distinguished, and no information about the electronic state of the fragments can be
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Molecular Spectroscopy - energy scales

vacuum ultraviolet soft-X-rays
Radiation type infrared visible ultraviolet extreme ultraviolet
Wavelength [nm] 800 400 200 100 10
Energy [eV] 1.5 3.1 6.2 124 124
Light generation  Ti:Sapphire laser BBO High Harmonic Generation
lonization potential Adenine (8 eV)
Hz (15.4 eV)
02Dl (36.1 eV)

Time scales

Time scale [s]  milli (10-9) micro (10%)  nano (109) pico (1013)  femto (10-1%)  atto (1079

‘ (]
Molecular rotation T Electron motion

Dynamical process

lon time-of-flight [ Molecular vibration

Camera shutter Electron time-of-flight

Figure 1.1: (Top) Energy range of HHG and laser sources with respect to typical
single ionization potentials of Adenine and molecular oxygen, as well as the double
ionization potential of oxygen molecules. (Bottom) Time scales of molecular and
electronic motion, as well as typical particle flight times in a reaction microscope.

retrieved. Hence, more sophisticated experimental detection techniques or the combination
of other methods restricting the accessible reaction pathways, such as molecular alignment,
are required to distinguish complex molecular dynamics.

Arguably the most complete set of information from an ionization reaction can be
obtained with a reaction microscope. In this technique, also known under the acronym
COLTRIMS which stands for COLd Target Recoil Ion Momentum Spectroscopy, individual
molecules are dissociatively ionized, and the velocity and impact positions of electrons
and ions emerging from the reaction are collected with particle detectors in coincidence.
Using algorithms, the measured data can be used to reconstruct the full 3D momenta of
the particles at the instant of ionization. The coincidence measurement of the electrons
and ion fragments allows to obtain the full set of information about the electronic states,
including the energy and angular momenta corresponding to the fragments. A measurement
of all fragments is possible, equivalent to a kinematically complete measurement of the
fragmentation process (excluding the spin) [179]. Multi-differential conditions can be
applied to the data to select particular processes and to investigate correlation in the
molecular system not accessible with other methods.

Reaction microscopes have been developed and optimized over the past 20 years, but
most studies have been limited to measurements at synchrotrons that have excellent energy
resolution (1:5000 or better) but do not provide the time resolution for studying molecular



dynamics. Meanwhile, experiments with strong-field lasers cannot access specific electronic
states requiring a high photon energy. A few time-resolved experiments with high photon
flux in the XUV spectrum have been performed at Free-Electron lasers (see Section 2.3).
Due to the complexity and novelty of both components, reaction microscopes have only
been combined with High Harmonic Generation light sources at very few laboratories
worldwide, and most sources produce a strongly limited output of photon flux.

In the years prior to this project, a group at Lawrence Berkeley National Laboratory
(LBNL) had developed a HHG source, driven by a high power femtosecond laser system.
The source produces an extremely high photon flux that opens the perspective for studying
molecular photo-excitation and ionization in the time domain using VUV-XUV pulse pairs.

Under the direction of Dr. Thorsten Weber, I worked on the development and construction
of a new experimental setup, called Momentum Imaging Spectroscopy for TimeE Resolved
Studies (MISTERS), a reaction microscope for performing time-resolved 3D momentum
imaging spectroscopy using the high-flux HHG light source that was being built in the
laboratory. Due to the novel experimental approach of combining such a high-flux XUV
source with a COLTRIMS type end-station, numerous technical challenges had to be
resolved and new techniques developed in order to record nuclear motion with a reaction
microscope in the time-domain.

The electronic transitions that are excited by a sequence of multi-color pulses with
varying energy and polarization can be complex and may differ strongly from the strong-
field or single photon experiments that have been performed extensively over the past
years. However, even in simple molecules, such as molecular hydrogen, the multi-photon
absorption of IR,VUV, and XUV pulses has only been studied sparsely, so far. Using
3D momentum imaging, information about the energy as well as the angular momentum
of the states involved can be obtained. Specifically, the MISTERS setup allows for the
investigation of the influence of the molecular orientation in multi-photon multi-color
absorption and the role of dark states that cannot be reached by the absorption of a single
photon.

Moreover, the inherent attosecond stability of the infrared driving field to the phase
locked attosecond pulse train, generated in HHG, can be used to perform quantum control
experiments on an attosecond time scale; by delaying the IR probe pulse with respect to
the XUV/IR pump pulse, one can manipulate optical and quantum interference processes
of electronic wave-packets. In such coherent attosecond control experiments, the optical
transparency, ionization probability, or the branching ratio of dissociation channels can be
modified. Meanwhile, the phase of such quantum beatings can reveal useful information
about the electronic potential structure or the field induced states. Experiments have
demonstrated these processes in the attosecond time domain mainly in atoms, but one
objective consists in extending such techniques to molecular targets.

In the following chapters, I will first describe the various components of the experimental
setup that had to be developed and constructed in order to perform 3D momentum imaging
experiments with XUV /VUV/IR multi-color pulse pairs before presenting and discussing
the observed molecular processes.

In Chapter 2, I will give a brief overview of the light sources available for studying
femtosecond molecular dynamics in the extreme ultraviolet regime and present the standard
technique. A summary of experiments with VUV-XUV pulse pairs as well as an overview
of experimental efforts on the photoionization of hydrogen and oxygen molecules with a
focus on molecular dynamics will be presented.

In Chapter 3, I will review the process of High Harmonic Generation and the challenges
for building a high flux source, as well as the solutions in the laboratory at LBNL. The
various tools developed for selecting specific photon energies and the characterization of the
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XUV beam are described in Chapter 4. The design of the MISTERS reaction microscope
and its specific technical features are shown in Chapter 5. In Chapter 6, the results of first
experiments with argon atoms and small molecules will be presented. The experiments
showcase not only the capabilities of such a novel experimental tool for studying molecular
dynamics, but I will identify complex reaction pathways induced by multi-photon multi-
color absorption and track and control molecular dynamics on femto and attosecond time
scales. I will conclude with a summary of the achieved results and an outlook on future
experiments and improvements to the setup specifically and the technique in general.



2 Physical Background

This chapter provides background information to put this dissertation into the context of
current research. The advent of femtosecond lasers opened a new field of research where it
became possible to observe the dynamics of atoms and molecules in real-time. Achmed
Zewail founded the field of Femtochemistry by combining femtosecond lasers with ion
spectroscopy and other techniques to achieve a time resolution that made the observation
of molecular dynamics possible [188]. Since then, using different imaging techniques such
as COLTRIMS and VMI (see Chapter 5), the tracking of molecular dynamics has been
brought to a more fundamental level. It allowed a direct comparison of experiments with
quantitative theoretical models for describing the interaction of individual particles that
are not feasible with large scale systems (yet). Using High Harmonic Generation, the
time-resolution of experimental methods has been pushed to the attosecond regime which
has enabled the observation of electron dynamics.

Most small molecules have high photo-absorption probability, in the vacuum ultraviolet
(VUV) and the extreme ultraviolet (XUV) spectrum, at wavelengths shorter than ~ 200
nm [44, 16]. Femtosecond lasers that allow to observe the dynamics of those excited states
have their spectrum in the visible or infrared. It is extremely difficult to obtain high
gain at shorter wavelengths due to the scaling of 1/\* of the power required to create
the population inversion for lasing in a medium [153]. High energy conversion on the
order of ~ 50 % can be obtained from frequency doubling in crystals through second
harmonic generation (see Section 3.1). However, this is still insufficient to reach most
excitation energies. Therefore, most experiments require the non-sequential absorption of
multiple photons. The strong laser field required for multi-photon absorption, however, can
influence the electronic structure and the nuclear dynamics of a system. Furthermore, in a
strong field, the ionization occurs successively starting from the weakest bound electron
which is located in the highest occupied molecular orbital (HOMO). In order to investigate
specific neutral or ionic states, the excitation or ionization with a single photon is therefore
preferred. XUV and VUV pulses can be used to probe the evolution of a nuclear-wave
packet on the potential energy curves or surfaces at every point of the reaction, herby
tracking the nuclear dynamics without disturbing the system.

In section 2.2, the types of light sources available for experiments with ultrafast light
pulses in the XUV spectrum will be presented. The main experiments using two-photon
excitation and ionization in the XUV regime that have been published so far will be
presented. An overview of the research on O and Hy molecules, focusing on the time
domain, will be given in the last section.

2.1 Femtosecond Time Resolved Measurements

Information on the timing of an electronic process can sometimes be obtained from
spectroscopic information such as the fragment energy or the momentum. In streaking
measurements, the phase locked infrared field is delayed with respect to a single attosecond
pulse. The momentum transferred from the electric field to the electrons depends on the
direction and amplitude of the infrared field and allows to map the measured momenta
to an attosecond time delay [37]. Similarly, the emission angle of electrons can be used
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to measure the delay of a process using the well known rotation frequency of a circularly
polarized IR pulse in a technique called attosecond angular streaking [38].

In double-photoionization, the energy of measured photoelectrons changes according to
the emission time of a much faster second electron. This can be used to map the electron
energy to emission times on a femtosecond level. Trinter et al. [171] demonstrated this
technique in the ICD of helium dimers showing the Kinetic Energy Release (KER) for a
varying decay time.

2.1.1 Pump-Probe Spectroscopy

A more direct approach to investigate molecular dynamics in the time domain is taken in
pump-probe spectroscopy. Here, the timing information is obtained from actively initiating
molecular dynamics with a pump pulse and then probing the process with a second pulse
at various time delays. This can be realized by splitting a pulsed laser beam into two
arms using a beam splitter or a split-mirror. In the interferometer, the pathway of the
light in one arm is lengthened or shortened using a translation stage. The difference
in propagation length creates a variable time-delay between the two pulses. The first
pulse, called the pump pulse, promotes the molecular system to an electronic intermediate
state, hereby starting a dynamical process. The second pulse, the probe, projects the
intermediate configuration to a final state by ionization. If the probe characteristics are
known, information about the process can be obtained from the measurement of the
properties of the electron and ion fragments on the detectors of the experimental apparatus.
A snapshot of the dynamics of the intermediate state can be recorded at many instants
in time by repeated measurements of the pump-probe sequence while varying the delay
between the two pulses. The pump-probe interferometer developed in this work is presented
in Section 4.2.

2.2 Ultrafast XUV light sources

A light source that is suitable for studying molecular dynamics in the time domain without
the influence of a strong field needs to provide both an adequate photon energy as well as
sufficiently short pulses. The ionization limit of hydrogen, oxygen, and small hydrocarbon
molecules are in the range of ~ 10 — 20 eV. The binding energy of inner shell electrons
usually requires several hundred eV. In order to cover the full range of neutral states,
the photon energy produced by the light source should be on the order of the ionization
potential, but an ideal light source provides a sufficient flux in the entire spectral range.

In order to resolve a dynamical process, the pulse duration of each pulse needs to be
shorter than the dynamics to be observed. The timescale of geometry changes in small
molecules is usually on the order of tens of femtoseconds for vibrations and up to hundreds
of femtoseconds to picoseconds for more for complicated migration and rearrangement
processes. Depending on the specific process, temporal and spatial coherence of the pulses
can also be necessary to observe the process, as different phases could mix various signals
such that no clear trace of the dynamics can be obtained.

Plasma sources and other discharge sources reach energies in the soft X-ray regime, but
due the characteristics of the electron plasma, the short bursts are incoherent in space and
time.

Synchrotron light sources have been a major source of photons in the soft X-ray regime,
and they are accessible in various places around the world. Synchrotrons exhibit a high
brilliance and reach energies from ~ 10 €V - 10 keV with great spectral resolution (1:5000
or better). Modern, third generation synchrotron facilities use undulators for creating high
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probe arm
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Figure 2.1: Schematic illustrating the pump-probe technique for time-resolved mea-
surements. The laser beam is split into two arms that are reflected off mirrors in an
interferometer. The path length of the laser beam in one arm is changed by means of a
translation stage. The path difference between pump and probe arm results in a time
delay between the pulses in each arm. The Split-Mirror Interferometer introducing the
pump-probe delay in the current setup is shown in Figure 4.10.
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brightness photon radiation from electron bunches. They consist of an array of dipole
magnets arranged along the beam propagation direction. Electrons traveling through the
device are forced onto oscillating trajectories by periodic dipole magnets herby emitting
Bremsstrahlung. In the undulator, the spacing of the magnetic dipoles is adjusted in a way
such that the radiation of each oscillation adds constructively. In wvariable gap undulators,
the energy of the emitted spectrum can be adjusted using a variable spacing between the
dipoles. In the simplest case, the pulse duration of the photon bursts depends on the
length of the electron bunches. Short electron bunches can be obtained using pulsed lasers
to create the initial electron cloud from a cathode. They can be compressed further using
bunch compression schemes. The pulse lengths of tens to hundreds of picoseconds, however,
are much too long to observe dynamics of individual molecules.

2.2.1 Free-Electron Lasers

Free-electron lasers (FELs) create laser like radiation with high spatial and temporal
coherence in the X-Ray regime at pulse lengths from hundreds to a few femtoseconds
[40]. They use linear accelerators to feed electron bunches into arrays of undulators. The
density of the electron bunches is increased prior to entering the undulators, such that the
electromagnetic wave interacts with the relativistic electron cloud to form micro-bunches.
In this process, the radiation adds coherently and the power increases exponentially along
the undulator. The shot noise in the long undulator sections is sufficient to start the
process of micro-bunching. This is called self-amplified spontaneous emission (SASE) [10].
It can also be initiated through seeding from an external laser source [187, 4]. Most current
sources operate in SASE mode as it is technically less challenging.

Current FELs provide approximately 10'? photons per shot at low repetition rates of
tens of Hz [1, 40, 4]. While the pulse length can be as short as a few femtoseconds, shot
stability and synchronization are very challenging and the final temporal stability is often
on the order of hundreds of femtoseconds. Recently developed schemes might improve
those difficulties [146], but the synchronization of an external laser to an FEL source, in
order to provide a combination of UV and soft X-ray pulses, still remains challenging.

A practical challenge consists in the very short experimental as well as preparation time
available for users at FEL sources. Usually, only a few days or shifts are allocated for any
approved experiment. This renders complicated experimental efforts involving pump-probe
setups extremely challenging. Any problems that delay the experiment, which regularly
appear in complex experimental setups such as momentum imaging detectors and gas
jet sources, can forge an experimental effort if the time required to fix the issue exceeds
a few hours. Low repetition rates or unsuitable energy ranges for specific experiments
will be addressed with future light sources. The short time window for experiments will
likely not improve significantly because of the expensive generation process of FEL light
involving linear electron accelerators. Therefore, the development of lab based approaches
is indispensable to advance time-resolved measurements in the XUV to soft-Xray regime
for a broad range of research.

2.2.2 High Harmonic Generation

High Harmonic Generation (HHG) is still the most promising laboratory based technique
to obtain ultra-short pulses with photon energies in the XUV to the soft-Xray regime.
When a high power laser is focused into a medium, the strong optical field ionizes the
medium and drives the free electrons. Electrons passing in the vicinity of the nuclei can
recombine with the ions. The energy acquired in the optical field is coherently emitted as a
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photon with an energy multiple times higher than the driving field. A detailed discussion
of the process will be given in Chapter 3.

High Harmonic Generation has been realized in noble gases [48], molecules [92, 67, 150],
clusters [36], liquids [35], and even solids [111, 53, 145]. Nevertheless, noble gases are still
the most successful medium for High Harmonic Generation, and they are used in most
studies.

Pulse durations of tens of femtoseconds are routinely obtained in HHG. The worlds
shortest pulses of just tens of attoseconds have been created using HHG in combination
with pulse shaping and gating techniques [189]. If challenges concerning the compression
are overcome, pulse lengths of a few attoseconds or even zeptoseconds might be achievable
in the future [124, 28]. Even with pulse envelope of tens of femtoseconds, the inherent
synchronization of the driving field to the attosecond pulse train obtained in HHG can
be used to perform time-resolved measurements on an attosecond time scale, as will be
demonstrated in the experiments presented in Chapter 6.

Depending on the generation medium, the spectrum obtained in HHG spans from
~ 1 —100 eV but can be extended to energies in the keV regime using longer driving
wavelengths and higher laser intensities [124]. There are ongoing efforts to extend both the
energy range while maintaining a sufficiently high photon flux for performing experiments
in low density targets such as gas sources. The latter is still the biggest challenge to the
prospective of replacing other XUV sources with HHG in the laboratory. High harmonics
pulses are coherent in space and time and are therefore an excellent source for molecular
experiments.

The current setup uses a high power Ti:sapphire laser system to drive High Harmonic
Generation in a gas cell. Photon energies of few to tens of eV at pulse lengths of tens
of femtoseconds are obtained. A detailed discussion of the process of High Harmonic
Generation, as well as the implementation in this setup are presented in Chapter 3.

2.3 XUV Experiments in the Time Domain

As mentioned above, the only sources that deliver photons in the VUV and XUV spectrum
in combination with a femtosecond temporal resolution are free-electron lasers and High
Harmonic Generation sources. In HHG, the low conversion efficiency makes it extremely
difficult to produce a sufficient flux in the VUV and XUV spectrum that allows for a
considerable two-photon absorption probability in the VUV /XUV. The low availability
of FEL sources and the challenges connected to the synchronization and the temporal
resolution have inhibited a large amount of pump-probe experiments at such facilities so
far. For those reasons, only few pump-probe experiments on single molecules using VUV
and XUV pulse pairs have been published so far.

Experiments with High Harmonic Sources

The attosecond pulse train created in HHG is perfectly synchronized to the femtosecond
driving laser. This enables a variety of techniques of combining the generated XUV light
with the fundamental field with attosecond precision. A variety of such pump-probe
experiments in hydrogen and oxygen molecules are cited in the Sections 2.4 and 2.5. The
use of a strong infrared field, however, requires a rigorous consideration of its effects on the
molecular system. A more selective approach consists in the direct excitation and probing
of the molecular dynamics using VUV and XUV pulse pairs that only represent a small
perturbation to the molecular system.
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First experiments observing two-photon ionization in the XUV were reported in 1996
[186]. Two-color two-photon ionization in Helium was realized by Papadogiannis et al.
[114]. Most pump-probe studies consisted of pulse metrology type studies such as the
autocorrelation measurements using two-photon absorption of the 9** harmonic using split
mirrors [79] or four-photon absorption of the 5™ harmonic [148], as well as TPI FROG
measurements [149]. The direct second-order autocorrelation of an attosecond pulse train
was first measured by Tzallas et al. [172] and later extended by the measurement of the
attosecond chirp [110]. Double ionization of helium and others gases through two-photon
absorption of high order harmonics was reported by Nabekawa et al. [109] and Benis et al.
[15].

Two-photon autocorrelation traces with VUV pulse pairs were recorded with a variety of
atomic and molecular targets [118], representing a first step towards studying molecular dy-
namics in the VUV. Allison et al. [6, 7] demonstrated two-color time-resolved spectroscopy
with VUV-pulse pairs in several measurements of gaseous water, oxygen, and ethylene.
The measurements were limited to measuring the fragment yields by selecting individual
ion species according to their time-of-flight.

In Xenon atoms, Tzallas et al. [173] traced electron dynamics on a one-femtosecond
scale by direct and sequential two-photon ionization through overlapping a pair of single
or double attosecond XUV pulses. Recently a new interferometer using comb-shape delay
mirrors was reported that achieves a very high quality two-photon autocorrelation signal
[51]. This setup, however, is unsuitable at this time for two-color measurements which are
desired for studying molecules.

Experiments with Free-Electron Lasers

Free-electron lasers deliver sufficient flux for multi-photon absorption in the XUV spectrum.
Shot noise, temporal synchronization, and technical challenges at the facilities have limited
the amount of successful pump-probe experiments thus far.

At the first free-electron laser, FLASH, the autocorrelation in No molecules was measured
by Jiang et al. [70] as well as nuclear wave packet dynamics in Dy [71]. Further investigations
included the ionization dynamics in clusters [83]. Using a momentum imaging spectrometer,
Schnorr et al. reported the measurement of the decay time in Interatomic Coulombic Decay
(ICD) in neon dimers using a pump-probe scheme [141] as well as a charge rearrangement
in dissociating Io"" molecules [142].

2.4 Dissociative lonization of Hydrogen Molecules

Hydrogen atoms form the simplest neutral molecule consisting of just two protons and two
electrons. It can be fully described theoretically and has therefore been one of the major
subjects to test and benchmark theoretical modeling and calculations. Hydrogen molecules
are also an ideal candidate to investigate fundamental processes such as interference and
correlation.

In experiments, hydrogen molecules are often replaced by deuterium as the target.
The additional mass of two neutrons in deuterium has no influence on the electronic
states of the molecule, but it results in a slight shift of the vibrational levels. The
findings in investigations of either molecule are therefore equivalent. For practical reasons
measurements with deuterium are often preferred, because the different mass-to-charge
ratio makes deuterium distinguishable from HT fragments stemming from reactions in the
background gas.
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The dissociative photoionization of hydrogen and deuterium molecules has been studied
since the 1970s. This includes early experiments using single and multi-photon absorption
(see [133] and references therein) and theoretical works [135, 73, 136]. Measurements in
the molecular frame by Lafosse et al. [86] yielded rich information about the electronic
states and pathways involved. Other spectroscopic studies were aimed at identifying the
predissociation energies and pathways [94] as well as the role of super-excited states [55, 56].

The complete photo-fragmentation of the deuterium molecule with a coincident measure-
ment of the 3D momenta of both ions and electrons was experimentally realized by Weber
et al. [179]. The complex influence of the molecular geometry to the observed electron
angular distributions was interpreted by a numerical solution of the Schrédinger equation
by Vanroose and coworkers [175].

Photoionization of hydrogen as the simplest double slit experiment was used to investigate
fundamental quantum-mechanical processes such as interference and entanglement [3, 23].
Interference between different dissociation pathways leads also to surprising effects such as
the single-photon induced symmetry breaking observed in hydrogen [103].

Using focused laser beams, strong fields effects such as bond-softening in above-threshold
ionization of Ho™ molecules were discovered in the 1990s [21, 54]. Here, the optical field
modifies the electronic structure of the molecule enabling dissociation at lower energies
than in the field free case.

The photo-fragmentation in strong fields was further studied in various experiments
[125, 161, 162, 112] highlighting the complexity of the interaction of strong optical fields
and the attosecond time dependence of the intensity of infrared lasers even in a simple
molecule such as Ho™ . Strong-field effects in Hs , such as on the electron-nuclear energy
sharing, remain an active topic of research [184, 155].

Time resolved experiments

With the advent of femtosecond laser systems, it became possible to probe nuclear dynamics
in the time-domain. Nuclear wave packets in neutral Hy and D5 and in their cations were
mapped spatially and temporally on femtosecond time scales using strong infrared fields in
combination with momentum imaging techniques [43, 42, 18]. The effects of the strong
laser field on the nuclear dynamics were also investigated theoretically [99].

The direct observation of the nuclear wave packet in Do™ in the time domain without
the use of an infrared field was realized by Jiang et al. [71] in one of the first pump-probe
experiments at the FLASH free-electron laser. Only recently, Cao et al. [25] investigated the
photo-dissociation of Dg using long (~ 100) femtosecond pulses created by High Harmonic
Generation in combination with the infrared field. Using a monochromator, they were able
to select a specific harmonic order, identifying competing dissociation pathways that are
very sensitive to the photon energy.

High harmonic spectra can also be used for probing nuclear dynamics. Baker et al.
[12] demonstrated how the structural information of the molecule is encoded in the high
harmonics spectrum due to the correspondence of electron trajectories and their emission
time to the harmonic energy (for details see Section 3.3).

Kling et al. [78] demonstrated that the localization of electrons in Do molecules can be
controlled on a sub-cycle timescale. Using phase-stabilized few-cycle pulses, the localization
causes a preferred dissociation pathway that is observed in a phase-dependent DT energy
using Velocity Map Imaging (VMI) (see Chapter 5 for details about VMI). Even when
symmetrical femtosecond circular laser pulses are used, electron localization can lead to a
phase dependent asymmetry of the photo-fragmentation of Hs , as observed by attosecond
angular streaking measured in a COLTRIMS setup by Wu et al. [185].
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In High Harmonic Generation, the attosecond bursts of XUV pulses that are inherently
synchronized to the infrared driving field opened the way to investigate and control
dynamics on an attosecond time scale. Kelkensberg et al. [75] used a two-color XUV-pump
IR-probe scheme to follow the wave packet dynamics in Ho™ molecules. They highlight how
the dynamics, even in a small molecule such as Hy , depend strongly on the characteristics
of the infrared field. Using a similar XUV-IR pump-probe scheme, Singh et al. [156]
observe localization in the dissociation of Do ions on an attosecond time-scale using a
COLTRIMS momentum imaging apparatus (see Chapter 5 for details about COLTRIMS).
These measurements were further refined by using a single attosecond pulse in combination
with a few-cycle infrared field to trace the electronic motion of photo-excited Dy™ [138].
Half-cycle yield oscillation of D™ from the dissociation of Dy™ were observed in another
experiment [76]. Here, an attosecond pulse-train (APT) in the XUV spectrum was delayed
with respect to an infrared field. The oscillation was attributed to the interference of
different electronic pathways enabled by the coupling of the infrared field that varies with
the intensity.

The attosecond experiments mentioned above were almost exclusively performed on the
dynamics of cations, while the states of neutral molecules have only been investigated
scarcely. Therefore, little is known about the evolution of neutral states which is equally
important. This is because most excited neutral states are in the VUV spectrum, beyond
the spectral range reached by frequency doubling with crystals, and below the energy of
single attosecond pulses. Single attosecond pulses are not available in the VUV so far,
as they can only be created above the ionization threshold near the peak of the laser
intensity (see [28] for a recent review of techniques). Ranitovic et al. [129] presented first
measurements of the neutral excited states of hydrogen using an attosecond pulse-train
combined with an infrared field and used attosecond coherent control techniques to change
the dissociation pathways.

While many experiments have been performed in the VUV and XUV regime, there are
still many questions open. Different electronic transitions induced by multi-color pulses
might induce new dissociation pathways of excited neutral hydrogen that are not accessible
in single-photon ionization or the application of a strong field, and therefore, they have
not been studied. In this context, the role of dark states in the electronic transitions
and dynamics needs to be investigated. Additionally, combining photons with varying
polarization axes could lead to a stronger restriction of the optically allowed transitions or
instead, it could cause more complex electron angular distributions. Using 3D momentum
imaging such questions, as well as the influence of the molecular orientation in the selection
of specific dissociation pathways could be investigated.

2.5 Dissociative lonization of Oxygen Molecules

In contrast to hydrogen molecules, the large amount of electrons (16) in oxygen molecules
form a complex electronic structure. This renders the theoretical modeling of experimental
observations very challenging. The orbital structure obtained from combining the electronic
orbitals of atomic oxygen to molecular orbitals is shown in Figure 2.2.

The importance of this molecule in nature and as a fundamental system of strong
electron correlation stimulated many spectroscopic studies. Already in the 1970s and 1980s,
dissociative states of the Os™ ion were discovered and studied in photoelectron-photoion
coincidence experiments [59, 2, 131]. The production of auto-ionizing states states by
predissociation was the topic of a study by Wills et al. [182]. Baltzer et al. [14] performed
high resolution photoelectron spectroscopy of inner-valence photoionization measuring the
vibrational progression of the electronic states of the O2™ ion. This work was further
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Figure 2.2: Schematic of the electronic structure of oxygen atoms and their combina-
tion to molecular orbitals. The 3D renderings represent the electronic wavefunction W.
Positive and negative values of ¥ are encoded in blue and red color (image curtesy of
T.Wright [183]).

extended by Merkt et al. [106]. Around 22 eV Guyon et al. [60] observed a dissociation
channel of super-excited Os™ that produces aligned O ions as a result of autoionization
with electrons ejected preferentially along the molecular axis. The ion kinetic energy and
the dissociative photoionization efficiency in the range of 18 - 25 eV were studied in detail
by Lu et al. [95].

Using coincidence 3D momentum imaging spectroscopy, Lafosse and coworkers iden-
tified dissociation channels in the photoionization of O™ in the range of 20 - 28 eV by
analyzing the electron and ion kinetic energies [84] as well as from the photoelectron
angular distributions [85]. High-resolution threshold photoelectron spectroscopy in combi-
nation with configuration interaction calculations of O™ at slightly higher energy (24 -
50 eV) was performed by Hikosaka et al. [65]. The double photoionization of Oz above
and below the double-ionization threshold at 36.1 eV was the subject of a study using
photoelectron-photoelectron coincidence spectroscopy by Feifel and coworkers [46]. A vari-
ety of publications present calculations of the neutral and ionic states of the O2 molecule
(see [93] and references therein). The dissociation pathways created from ionization in a
strong field were analyzed using the COLTRIMS technique in a detailed study by Sayler et
al. [140].

Time resolved experiments

The molecular dynamics in O™ have been investigated using strong-field ionization and
ultra-short XUV pulses generated in High Harmonic Generation. Sandhu et al. [137] were
able to track the dissociation of excited O™ in the time-domain observing the formation
of auto-ionizing states in the form of negative binding energy Feshbach resonances at large
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internuclear separation. The competition of autoionization and predissociation of super-
excited Rydberg states of the neutral Oy molecule was measured using XUV attosecond
pulse trains and infrared pulses with varying delay in a study by Timmers et al. [168].

The nuclear wave-packet dynamics in the cations of O , Ny, and CO initiated by strong
few-cycle infrared pulses were investigated by De et al. [34] using a VMI spectrometer.
Zohrabi et al. [192] employed momentum imaging with both VMI and COLTRIMS type
spectrometers to further investigate the strong-field driven dissociation of O™ ions. They
identify vibrational structures at low kinetic energies that correspond to the dissociation of
metastable exited O™ ions through the bond-softening mechanism enabled by the infrared
field. The relevant adiabatic curves in the dissociation dynamics were calculated in a
theoretical work by Magrakvelidze et al. [100].

In a recent kinematically complete experiment, Corlin et al. [30] were able to track the
evolution of such a nuclear wave-packet in the a*II, state of Oo". They prepared the
nuclear wave-packet using an XUV attosecond pulse train and probed the nuclear dynamics
with a time delayed infrared field. Additionally, the measurement allowed to benchmark
theoretical calculations by comparing the measured results to calculations using different
potential energy curves (PEC from [101] and [100]).

A first approach towards employing attosecond coherent control techniques, such as
performed in the experiments with hydrogen molecules presented in the previous section,
was taken in a work by Siu et al. [157]. In this experiment, an attosecond XUV pulse train
was used to coherently excite several metastable states of the Os™ cation. By varying the
phase of an infrared probe pulse, they observe a modulation of the O yield at twice the
frequency of the infrared field. This points towards the interference of coherently exited
electronic wave-packets that are being coupled by the infrared field. While the experiments
on attosecond control were mainly performed in atomic targets as well as hydrogen and
deuterium, the latter measurement indicates the possibility of coherently controlling the
dissociation pathways of larger molecules on an attosecond time scale. Further efforts
applying attosecond coherent control in oxygen or other molecules are needed to advance
in the understanding of these quantum processes. This is very important, as the technique
promises to yield information about the dissociation dynamics in strongly-correlated systems
and to advance efforts to manipulate photo-chemical reactions such as photo-dissociation
of more complex molecules.
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In this chapter, the ultrafast XUV light source used in this setup will be presented. A brief
review as to how frequency conversion works at low to moderate intensities follows.

With rising intensity, the perturbative description breaks down and transitions to
the strong-field regime. This gives rise to a new process of frequency conversion called
High Harmonic Generation (HHG) that yields ultrashort pulses in the vacuum ultraviolet
(VUV) to the soft X-ray spectrum. The 3-step model represents an intuitive and successful
description of this process. The temporal and spectral characteristics and their implications
for the generation of high harmonics will be discussed in this chapter. Understanding the
macroscopic effects of phase matching and reabsorption are key to the generation of a high
flux source. The theoretical description of optical fields and the basics of strong fields and
HHG can be found in a variety of review papers and textbooks. Unless otherwise noted,
the formulae can be found in [153, 19, 119, 115, 8]. A large amount of literature has been
published on the efficient harmonic generation, attosecond pulses, and the extension of the
harmonics spectrum. References will be given throughout the text for further reading.

The propagation of an ultrashort pulse in a dispersive medium gives rise to a variety
of effects that need to be considered in the design and operation of such a light source.
Because of their relevance to the design of several components of the XUV source and the
beamline, the important terms will be described. The experimental realization of a high
flux HHG source in the laboratory at LBNL is presented in the second part of this chapter.
Information on the spectral manipulation and characterization will be discussed in the
Sections 4.1 and 4.3.

3.1 Frequency Conversion in Optical Fields

The presence of an optical field in a dielectric medium induces an electron density shift.
The resulting electric dipole moments can be written as the polarization density

P=¢xE. Polarization in a medium (3.1)

Here ¢y is the vacuum permeability, E the electric field, and x the susceptibility of the
material. The latter describes the material’s response to an electric field. At low intensities
of light, the electric field strength is on the order of few V/cm, not strong enough to modify
the optical properties of the medium. As a result, the total polarization of the medium is
the sum of the polarizations by the different field contributions:

P(Ey + Ey) = P(Ey) + P(E?). Polarisation in linear optics (3.2)

The phenomena of linear optics include reflection and refraction.
At moderate to high intensities, the polarization behaves non-linearly and is treated as
a perturbation. It can be expanded in a Taylor series:

P =¢ (X(l)E + X(Q)EQ + X(3)E3 + .. ) . Polarization in the perturbative regime
(3.3)
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Inserting the expression for an oscillating electric field of the form F = FEjcos(wt) in
Equation 3.3, we obtain

1 2
PR — X(2)E§ <+CO2S(Wt)) Second order perturbation (3.4)

for the second order term. The polarization now contains oscillations at 2w, twice the
frequency of the driving field. Further terms introduce higher oscillations at multiples of
the fundamental frequency called harmonics. Hence, a sufficiently strong optical field will
create radiation oscillating at integer multiples of the frequency of the driving field. A
variety of other phenomena emerge in non-linear fields including wave-mixing and self-phase
modulation (see Section 3.4.3 and Appendix A.1).

The effects of frequency conversion was known before the invention of the laser and
tested in the microwave regime. With the first implementation of the optical laser in 1960,
it became suddenly possible to study the interaction of strong optical fields in dispersive
media. Franken and coworkers observed the first optical harmonics in 1961 when they
shined a ruby laser in a quartz crystal and generated the second harmonic at 347 nm
[49, 11]. In the 1970s - 80s, multiple harmonics were created in noble gases but the intensity
of harmonics generated in the perturbative regime drops fast with increasing harmonic
order. Moderate yields could only be achieved by taking advantage of specific resonances
in Xe, Li vapor or other gases [63]. Only low harmonic orders were observed and photons
in the extreme ultraviolet were generated by up-conversion from UV driving lasers, such as
248 nm KrF excimer lasers.

3.2 The Strong-Field Regime

In the previous section, the perturbative expansion of the polarization was shown in
Equation 3.3. This expansion is only valid if subsequent orders are much smaller than one.
In order to estimate this limit, we consider an atomic system with resonance frequency w;,
for a transition of state ¢ to state k, that is driven by an electric field with amplitude E
and frequency w. If ionization is ignored, quantum mechanical perturbation theory yields
the following simple expression for the successive terms of the polarization:

XEDERL B eFap
Y®EF T hAw T hAw

Perturbative terms (3.5)

Here, 1 = eap is the transition matrix element between the states ¢ and k, ap is the
Bohr radius, and Aw = |w;; — w|. For optical lasers, the detuning is on the order of a few
eV and the perturbative terms are ~ 1 at fields of V/ A, equivalent to intensities around
1014 /em?. In other words the electric field substantially changes the coulomb potential of
the atoms. In reality, the strong-field regime is reached already at slightly lower intensities
because of ionization, which was ignored in the expression above.

In the perturbative regime, ionization occurs through successive absorption of multiple
photons (multi-photon ionization). In the strong-field regime, the atomic coulomb potential
can be sufficiently suppressed by the laser field to allow the electron to tunnel into the contin-
uum (tunneling ionization). At even stronger fields, the atomic potential is completely sup-
pressed and the electrons escape directly without tunneling (barrier suppression ionization)
[81, 147]. The ionization in a strong-field is well described in a general analytical theory by
Ammosov, Delone, and Krainov (ADK theory) [9] and more recent generalizations [190].

Keldysh introduced a very useful parameter for distinguishing between the perturbative
and the strong-field regime [74]. In the present form, it describes the ratio of multi-photon
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to tunneling ionization in terms of the ionization potential of the atom, I,, and the
ponderomotive energy, U, of the laser field [119].

yo= =2 Keldysh Parameter (3.6)

The ponderomotive energy is given by

e E?

U = &=
P dmew?’

Ponderomotive Energy (3.7)

where e and m. are charge and mass of the electron, F is the amplitude of the electric
field, and w its frequency.

For v > 1, ionization occurs mainly through multi-photon absorption. For values of
v < 1, tunneling ionization dominates and the strong-field regime is reached. It should be
pointed out that the intensities required to reach the strong-field regime increase with the
frequency. Optical lasers create sufficient intensity to reach the strong-field regime but the
electric field of high harmonics can typically be treated perturbatively.

3.3 High Harmonic Generation

In 1987, McPherson and coworkers observed the generation of harmonics up to the 17" order
of the fundamental radiation of a KrF laser (248 nm) [105]. Previously, only harmonics up
to the 7'M order had been created with this laser. The intensity of the observed harmonics
only declined slowly with increasing order, in contrast to previous experiments. This
is considered the first observation of High Harmonic Generation (HHG), the process of
frequency conversion in the strong-field regime.

3.3.1 The 3-Step Model of High Harmonic Generation

In contrast to the frequency conversion in moderate fields where bound transitions dominate,
ionization plays a key role in High Harmonic Generation. The 3-step model, introduced
by Corkum in 1993 [29, 82], provides an intuitive description of the process of frequency
conversion in a strong-field. The model describes the conversion process for an individual
atom and divides it into three independent steps (see also Figure 3.1).

1. The electric field of the laser distorts the coulomb potential binding the electrons
of the atom. An electron is ionized by quantum mechanical tunneling through the
suppressed potential barrier.

2. In the continuum, the coulombic potential is considered negligible and the electron
motion is dictated by the electric field of the laser. Starting with zero kinetic energy,
the electrons gain kinetic energy in the field and follow classical trajectories that vary
depending on the release time.

3. Some trajectories lead back to the ion. With a small probability, the electron
recombines to the ground state forming a neutral atom by emitting a photon.

In the 3-step model, recombination can only occur for a linearly polarized electric field
because a rotating electric field would prevent the electron from returning near the ion.
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Increasing the ellipticity of the driving laser field strongly suppresses the high harmonic
emission. This has been confirmed in several experiments [22]. Under certain conditions,
however, rescattering and harmonic emission in a circular polarized driving field has been
observed [104, 191].

Step 1: Tunneling lonization =~ Step 2: Classical Propagation Step 3: Recombination

E. field E. field E. field

/2 8/2n phase phase

Figure 3.1: Schematic illustrating the concept of the 3-step model of High Harmonic
Generation. (Step 1) The electric field of the laser suppresses the barrier of the atomic
coulomb potential allowing the electron to escape by tunneling. The emission occurs
in a time interval near the maximal intensity of the field. (Step 2) The free electron
propagates in the laser driven electric field on classical trajectories depending on the
time of emission. In a linearly polarized field, some electron trajectories lead back to
the ion. (Step 3) The electron has a small probability of recombining with the ion
emitting a photon equal to the sum of the ionization potential and the kinetic energy
acquired during the propagation in the laser field. As this process repeats for every
half-cycle of the laser field, a train of attosecond pulses is created. This corresponds to
a discrete spectrum of frequencies at odd integers of the fundamental field.

Photon Energy

The energy of the photon is dictated by the ionization potential of the medium I, and the
kinetic energy gained in the electric field of the laser.

hw = I, + Ejp. Photon energy (3.8)

Tonization occurs in a short interval around the maximal field strength. The electrons
emitted at different phases of the field follow different trajectories and reach different
velocities. Therefore, the photon energy depends on the phase of the field. Recombination
and emission happen near zero field strength, and there are usually two trajectories leading
to the same energy. Figure 3.2 illustrates the energy dependence of electrons emitted at
different phases of the field and their recombination resulting in the emission of photons of
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different energy. Electrons released at a phase of 18° acquire the highest kinetic energy
equal to ~ 3.17U,. This can be expressed in terms of the ponderomotive energy, Up,
presented previously in Equation 3.7. This is called the cutoff law of High Harmonic
Generation.

Epaz =1, +3.170),. Mazimal Harmonic Energy (3.9)

Higher photon energies can be obtained by increasing the laser intensity, because the
ponderomotive energy depends linearly on the laser intensity. However, phase matching,
described in the following Section (3.3.2), and ionization can adversely effect the harmonic
yield. Alternatively, the 1/A? dependence can extend the generated photon energies into the
soft X-ray spectrum by choosing laser systems with longer wavelengths. From an intuitive
perspective, the electron has more time to gain kinetic energy as the field is varying slowly.
High energies into the water window have been obtained using short high intensity pulses
from Ti:sapphire lasers [27, 158]. Using mid-infrared lasers, photon energies as high as 1.6
keV have been generated [124].

The cutoff law is well established and has been reproduced in many experiments [82, 176].
However, the maximal energy observed might be lower than predicted from the maximal
intensity of the pulse. The highest photon energy requires tunnel ionization near the peak
of the laser pulse. If the overall pulse length and intensity is such that ionization has
saturated the medium before the maximal intensity of the pulse is reached, the harmonic
cutoff will be lowered to a value corresponding to the intensity near saturation. An effective
intensity can be defined for which the cut-off law provides the correct value for maximal
intensity [108]. This indicates the importance of the pulse length for the creation of high
harmonics. In a long pulse, multi-photon ionization can fully ionize the medium before the
pulse intensity required for tunnel ionization is reached, completely frustrating HHG. This
might have been the case for some experiments prior to McPhersons study that created
sufficient intensities but with pulse lengths on the order of 10s of picoseconds.

Coherence Properties

The 3-step process described above is repeated for every half-cycle, T'/2, throughout the
duration of the laser pulse. The result is a burst of pulses, each a few hundred attosecond
long and spaced by T'/2. As every emission is locked to the phase of the driving field, the
emission of harmonics is coherent in time and space [96, 87]. A Fourier transformation of
this attosecond pulse train, yields a frequency spectrum with discrete peaks spaced at odd
integers of the frequency, wg, of the fundamental laser field.

Wy = Nwo. Frequency of the n'* harmonic (3.10)

Odd and even harmonics can be obtained when the inversion symmetry of the harmonic
medium (gas) is broken and coherent emission only occurs once every cycle. This can be
achieved by mixing of the fundamental and the second harmonic of the laser, which is
usually generated by non-linear conversion in a crystal [87].

The effect of coherent superposition of single-pulses is illustrated in Figure 3.3. The
measured harmonic spectra of pulses of two different lengths are shown in Figure 3.4. The
short pulse produces a much less pronounced comb pattern than the longer pulse due to
the coherent addition of fewer bursts. In the case of an ultrashort pulse of only few cycles,
the highest photon energies can only be produced at one specific time because the required
intensity is only reached once during the entire pulse. This manifests in a continuous
spectrum near the high energy cutoff.
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Figure 3.2: Schematic showing the different emission times and corresponding trajec-
tories of High Harmonic emission. The electrons tunnel into the continuum near the
peak of the electric field. Depending on the exact emission time, two sets of electron
trajectories are formed where the electrons can recombine with the ion. For the short
trajectories, electrons combining earlier have lower energy than electron arriving later
in time. This energy dependance is reversed for the set of long trajectories (Figure
inspired by Lou DiMauro).
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Figure 3.3: Sketch of the time-dependent dipole moment d(t) induced by an oscillating
laser field with optical cycle T' (top row) and the corresponding frequency spectrum
of the emitted photons (bottom row). If we consider only the electron emission
near the maximum of one half-cycle, we obtain a single attosecond pulse (left). The
corresponding spectrum in the frequency domain is continuous. For emission at every
half cycle T'/2, the Fourier transform to d(w) yields a frequency comb with spacing 2w
(figure inspired by [8]).
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Figure 3.4: Harmonic spectra generated in neon with pulses of 7 and 30 fs duration.
The 30 fs pulse produces a frequency spectrum of discrete peaks up to the cutoff. In
the case of the short pulse the peaks become broader and completely disappear near
the shortest wavelength. The highest photon energies are only created at maximal
intensity which is only reached once during the short pulse leading to a continuous
spectrum near the cutoff. Harmonics generated in neon (250 Torr) at a wavelength of
~ 0.8 um and an intensity of ~ 3 x 101 W/cm? (data from M.Schniirer in [19]).
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Single Attosecond Pulses

It becomes clear that a single attosecond pulse can be generated if the electric field of
the laser is either short enough or modified in a way that the harmonic emission occurs
only in one half-cycle of the pulse. Single attosecond pulses shorter than 100 as have been
generated with a variety of techniques that can be found in recent review articles [26, 28].
The spectrum of such a pulse is indeed continuous and its bandwidth is very large.

Quantum Mechanical Model and Limitations

The simple classical description of High Harmonic Generation in the 3-step model was later
recovered in a quantum mechanical treatment by Lewenstein et al. [89]. In this description,
the time-dependent dipole moment of the medium can be written as the product of three
terms: a) the ionization given by the transition probability to the continuum, b) the
propagation of the electron in the field, and c¢) the recombination to the ground state, given
by the complex conjugate of a).

Intrinsically, the 3-step model and the quantum mechanical description is only valid for
energies above the ionization potential. For low orders, the electron trajectories remain
near the ion and the coulomb potential, neglected in the model, influences the electron
trajectories. The calculations become inaccurate for low energies as bound states play a
significant role in this part of the spectrum [87].

For completeness it should be noted that HHG generation represents only one of the sev-
eral processes of electrons in a strong-field. Only a small fraction of the electrons returning
to the vicinity of the ion actually recombine emitting photons. Inelastic scattering of the
electron leads to non-sequential double ionization and elastic scattering is responsible for
above-threshold ionization (ATI) that produces a well investigated characteristic sequence
of peaks in the electron spectrum.

3.3.2 Phase matching

In the previous section, High Harmonic Generation was explained in terms of the induced
dipole moment of a single atom. In order to produce a measurable amount of harmonic
photons, a coherent superposition of the emission from many atoms is required.

For constructive interference of the harmonic radiation in the generation volume, the
oscillations of the respective fields with wavevector k(w) need to occur in phase. Ak
represents the mismatch of the velocity of the phase of the fundamental to the harmonics.
A mismatch results in destructive interference of the harmonic emission. In order to achieve
a high flux of harmonic photons, Ak needs to be kept small. Phase matching is the process
of adjusting the experimental parameters to minimize the phase shift. The mismatch of
the phase velocities of the fundamental frequency, wg, and the harmonics wy = qwg can be
written as

Ak = qk(wo) — k(wy)- Phase wvelocity shift (3.11)

In vacuum, this mismatch is zero as can be seen by inserting k4. = 27w/c into Equation
3.11. However, High Harmonic Generation occurs in a dispersive medium where the
diffractive index n(w) changes with frequency (see also Appendix A.1). Aside from neutral
dispersion, the free electrons created in the strong-field of the laser form a plasma that
modifies the refractive index of the medium. Furthermore, the laser beam needs to be
focused resulting in a position dependent phase. This adds a geometrical term to the
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frequency dependence of the wavevector. Adding the different contributions, the total
mismatch can be written as

Ak = Akgisp + Akplasma + Ak foc. Phase matching terms (3.12)

Neutral Dispersion

The wavevector for a dispersive medium is given by

w
kq = n(wq)?q. Wavevector in a dispersive medium (3.13)

The contribution of the neutral dispersion to the phase change is therefore

Akgisp = qko — kg = ¢ ] (n(wo) - n(wq)). Dispersion mismatch (3.14)
c

Dispersion is caused by resonances in the medium. For photon energies below a few eV,
the refractive index can be approximated with the Sellmeier equation using measured
coefficients (see Appendix A.3). For higher energies, atomic scattering factors are available
to obtain an estimate of the dispersive phase shift (see [8] for details).

We can see that the neutral dispersion rises linearly with the harmonic order. Therefore,
phase matching becomes increasingly harder for higher harmonics.

Plasma Dispersion

Only few electrons that are created by ionization in the strong laser field recombine with
the ions. The large amount of free electrons in the medium creates a plasma with resonance

frequency
2N,
wp = 4/ c =, Plasma frequency (3.15)
€0 Me

where N, is the free-electron density, ¢g is the dielectric constant, and e, m, are the charge
and mass of the electron. At usual gas pressures of 10s of Torr, this frequency is much
lower than optical or harmonic frequencies, w. The refractive index induced by the plasma
can then be approximated by

Mptas(0) = 1= (fj)2 (3.16)

The wavevector kpqs is obtained by inserting the refractive index of the plasma in Equation
3.13 giving

wf, (1- q2)

Plasma phase shift (3.17)
2q cwy

Akplas =dq kplas(WO) - kplas(wq) =

for the phase velocity mismatch caused by the plasma.
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Geometric effects

Achieving a high electric field intensity requires focusing the laser beam. Using a lens or
mirror of focal length f, a gaussian beam of radius w converges to a minimal size of

f

wo = ——A. Gaussian beam waist at focus (3.18)
Tw

The waist of the beam remains constant for a length of

-
A
before and after the focus and increases approximately linearly outside. For simplicity, we
consider the spatial phase dependence only for the propagation direction, z. Solving the

wave equation in vacuum for an electric field with spatial phase ¢(7) (see [119]) leads to a
phase change of

ZR = Raleigh length (3.19)

bcuy(z) = arctan <)\z2) . Guy phase shift (3.20)

For (z < 2zR) this can be approximated by

d 1
kfoc(z) = £¢Guy(z) ~ % (3.21)

The mismatch of the phase velocity from focusing is then given by

qg—1

ZR

Akfoc = qkfoc(wo) — kfoc(wq) = Geometrical phase shift (3.22)

This expression is only valid at the focus and in vacuum. A more rigorous treatment of the

geometrical phase mismatch that includes the variation resulting from points away from

the focus, as well as including the intensity dependent dipole moment, can be found in [8].
In summary, we obtain the following terms for the phase shift:

Ak = Akdisp + Akplas + Ak‘foc (3.23)

w2 1_2 1
7’(7(]) _|_q7

.24
2q cwy ZR (3.24)

w
= ¢ (nlwo) —nlwy)) +
In practice, phase matching can be optimized by changing the pressure, which affects
the plasma dispersion. The position as well as the intensity of the laser focus change the
geometrical phase shift. Different focusing schemes such as the use of hollow waveguides
can be used to keep a constant high intensity over a longer interaction length and usually
improve geometrical phase mismatch. Multiple cells or jets have also been used to reduce
the phase mismatch. For a more detailed review of phase matching in free focusing
geometries and waveguides see [90, 13, 107, 97, 123] and references therein.

3.3.3 Reabsorption

Since the materials used for High Harmonic Generation have electronic states in the
spectral range of the harmonics (~ 10 - 100 eV), the generated photons will be reabsorbed
in the medium. The length after which the intensity has dropped to 1/e is defined as the
absorption length, L.

Ly, = po Absorption length (3.25)
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where p is the particles density and o the photoionization cross-section. The intensity
of the q*® harmonic can be written as the integral of the emission along the propagation
direction, z, of the single particle amplitudes A,(z) and the respective phases, ¢4(z) [119]:

L—z 2

oo | [ o aater e (<575 explin(2)) do

Assuming the amplitude remains constant over the length L (which is a reasonable
assumption for the loose focusing geometry used in this experimental setup, the integral
yields the following expression:

412 L 7L L
I, < p A2 2 (1 + ex <—> — 2cos () ex (— )) 3.27
C P g (Lo/Le)? PATL, L.) P\ 2L, (3.27)

Here, the coherence length, L., has been used, which is defined as the distance at which
the phase shift is equal to m

(3.26)

™

Le=—.
Ak

Coherence length (3.28)
When phase matching is optimized, L. becomes large, and it represents a measure for the
quality of phase matching.

Figure 3.5 shows the effects of absorption on the yield of high harmonic photons after
going through the generation medium. The calculated harmonic photon yield from Equation
3.27 is plotted as a function of the propagation length, L, for different values of L.. Even
for perfect phase matching conditions, L. < L,, the emission of harmonics is still limited
by reabsorption of the photon in the medium. The absorption rate increases with the
number of photons in the field. When the harmonic absorption rate reaches the emission
rate, no further gain can be achieved. This regime is called absorption limited HHG.

3.4 The High Flux HHG Source at LBNL

Despite efforts to use liquid [35] and solid targets [111, 53, 145] as the generation medium,
noble gases such as argon, krypton, and neon are still the most widely used media for the
conversion process. Despite the low conversion efficiency, the overall output flux generated
is still significantly higher that with other media.

Titanium-Sapphire crystals are omnipresent as the lasing medium for ultrashort pulses.
Ti:sapphire has a variety of states that allow them to be pumped efficiently using flash-lamp
or diode based green (532 nm) lasers. The stimulated emission around 800 nm offers
sufficient bandwidth to create pulses of tens of femtoseconds. Additionally, the widespread
use of infrared lasers makes a variety of affordable optics available.

Several schemes have been implemented to generate high harmonics in a gas including
tight focusing into a gas jet, loose focusing into half-open or closed gas cells, as well as
focusing into a hollow, gas-filled waveguide. The latter has several advantages to the other
techniques [167, 123] but is limited in the laser pulse energy to a few mJ in order to prevent
damage to the waveguide.

In this setup, a loose focusing geometry combined with a gas cell was chosen in order to
achieve a high photon flux. Even in well optimized setups, the conversion efficiency from
the fundamental to the harmonic photons hardly passes 1075 to 1076, Thus, obtaining a
high flux of VUV and XUV photons requires initiation of the conversion process with a high
amount of initial laser power. As discussed in Section 3.3.2, the intensity of the field cannot
be arbitrarily increased due to phase mismatch of the emitted harmonics. Absorption sets
a limit to a reasonable length of the interaction medium. In a loose focusing geometry, the
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Figure 3.5: Plot of the high harmonic intensity versus the length of the generation
medium in units of the absorption length, L,. The curves for different coherence
lengths L. are shown in different colors. If the coherence length is on the order of the
absorption length, only minimal yield can be achieved. Decoherence quickly suppresses
the yield after propagation through the medium over several L,. When the phase
matching conditions are improved and the coherence length becomes significantly

larger than the absorption length, the yield is ultimately limited by reabsorption in
the medium.
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focal size is increased. This distributes the available power to maintain an optimal laser
intensity for High Harmonic Generation over a large area. As a result, more atoms become
active and, at a similar conversion efficiency, a higher flux can be obtained. Of course,
problems of phase matching persist but the highest total flux measurements of HHG have
been achieved with this method [170, 107].

3.4.1 Laser System

The laser system at the Lawrence Berkeley National Laboratory is a high power, low
repetition rate infrared laser. It combines a mode-locked Ti:sapphire oscillator with a two
stage amplification scheme, based on the technique of chirped pulse amplification.

The 88 MHz oscillator cavity is built around a Ti:sapphire crystal (KM-Labs Dragon
kit) pumped at 532 nm from a frequency doubled Nd:YVO, diode pumped laser (Coherent
Verdi V6). The usual output power for mode locked pulses is about 0.5 W centered at 808
nm with a bandwidth of 40 nm. In order to avoid damage and allow high amplification, the
pulses are first stretched in time and only recompressed after both amplification stages, a
technique called chirped pulse amplification (CPA ). Gratings are used to spatially separate
and subsequently temporally distribute the spectrum to create pulses longer than 200 ps
width in a common stretcher setup [164].

The first amplification stage consists of a regenerative amplifier that traps the pulse in a
cavity with entrance and exit controlled by pockel-cells. After about 30 passes through a
Ti:sapphire crystal, which is pumped by a diode laser at 532 nm (Coherent EVO 15), the
pulse energy reaches around 1.2 mJ. Pulses are released to the following stage at a rate of
50 Hz.

In the second amplification stage, the infrared pulses are amplified to about 60 mJ after
six passes through a third Ti:sapphire crystal. This crystal is pumped by a high power flash
lamp laser (Continuum Powerlite 9050, max 30 W, 50 Hz). The beam size is adjusted with
a Galilean telescope and measures about 30 mm at the output of the multi-pass amplifier.
At higher pulse energies or significantly smaller beam sizes, damage of the optics has been
observed regularly.

Such high pulse energies can cause non-linear effects such as self phase modulation or
self focusing even in air (see Appendix A.l). In vacuum, the high peak as well as the
average power cause damage to the gratings and optics within days or weeks of operation.
Therefore, the grating pair, as well as the focusing mirror and the folding optics, are kept
in helium filled vacuum chambers at a pressure of 100 Torr. At this pressure, the heat
transport in helium is comparable to air, and non-linear effects are negligible due to the
very small dispersion coefficients of helium [130]. The uncompressed infrared beam enters
the compressor chamber through a standard viewport and leaves the folding chamber
through a window gate valve (UV fused silica, 0.25 mm thickness) that separates the
helium environment from the vacuum beamline.

3.4.2 High Flux Harmonic Generation

High harmonics are generated by focusing the high power laser beam with a curved mirror
f =6 minto a 10 cm long gas cell. The cell is placed inside a vacuum chamber and can be
filled with various gases. A 1/4 in gas line connects it via a vacuum feedthrough to the
gas delivery system. The cell is sealed off at both ends with thin (0.05 mm) stainless steel
shims. After alignment of the cell to the laser beam path, the entrance and exit holes for
the laser and the generated harmonics are drilled by the laser beam itself. The average
laser power is sufficient to drill holes of approximately 1 mm diameter in the front and the
back shim within seconds. As the beam pointing is not actively stabilized, the holes widen
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Figure 3.6: Overview of the laser system and its main components. The pulse ampli-
fication occurs with chirped pulses in air. Recompression and focusing is performed
in a helium back-filled chamber. The compressed beam enters the vacuum beamline
through a thin UVFS window. High Harmonic Generation occurs in a gas cell in
differentially pumped chamber several meters downstream.
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slightly after long operation. This requires readjustment of the backing pressure of the cell
to obtain maximal harmonics yield in measurements lasting several days. The shims are
usually changed before new runs.

Figure 3.7 shows a picture of the gas cell with drilled shims. The chamber containing the
gas cell is pumped by a 1000 1/s turbo molecular pump. Continuous operation is possible
at cell pressures up to 10 Torr. Higher pressures could be achieved by adding differentially
pumped sections to the front and back of the cell.

£ 9@@/_6@
- (9 /)7

gas supply

viton seal

Figure 3.7: Drawing of the 10 cm gas cell used for High Harmonic Generation. The
cell is sealed with stainless steel shims (0.05 mm thick) that are pressed onto viton
o-rings. The inset shows a photography of shims drilled by the laser with a mm scale
for reference

Flux Optimization

Phase matching of the emission from atoms in the long interaction volume is critical to
obtaining high flux (see Section 3.3.2). In practice, phase matching is optimized on a
daily basis by adjusting the focal position, the pulse length, and the gas pressure. These
parameters are tuned until the highest flux is measured on an aluminum coated photo
diode (IRD UV). If maximal intensity for a particular harmonic is required, the XUV
spectrometer (see Section 4.3.1) could be used for optimization.

For practical reasons, the focal position with respect to the gas cell is changed by moving
the cell on a motorized stage (~ 50 cm travel). Optimal high harmonic flux is usually
obtained for a focus centered about 50 cm downstream of the cell center.

The pulse duration can be adjusted by varying the grating position of the compressor
using its motor controller. Shorter pulses usually create less plasma dispersion and produce
a higher photon yield. Due to the faster increase in intensity, less free electrons are produced
during a short pulse before the required intensity for tunneling is reached.

The gas pressure is controlled with a commercial precision pressure controller (MKS)
that operates a valve in feedback with a capacitive pressure sensor. While the overall
photon flux varies with pressure, optimal phase matching conditions are different for each
harmonic. At high pressures, neutral dispersion causes the phase mismatch to increase
with the harmonics order such that mostly low orders are obtained. This can be used to
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modify the harmonic spectrum. Spectral manipulation is discussed further in the following
section.

Figure 3.8 shows high harmonic spectra recorded with the home built XUV spectrometer
for the conversion in krypton and argon gas in a 10 cm cell at various pressures. The intensity
distribution of the harmonics varies due to the different ionization potentials (I,(Kr) = 14.0
and I,(Ar) = 15.8) and saturation intensities (for Argon ~ 2.5 x 104 W/cm?) [176] . The
maximal energy also differs, as can be calculated with Equation 3.9, although it is above
the spectral range of the spectrometer. The highest flux of high orders is usually achieved
at pressures between 4 and 6 Torr in a 10 cm long cell. For other gases a shorter cell
can be beneficial [107]. The spectral shape obtained in the measurements using the XUV
spectrometer will be discussed in more detail in Section 4.3.1.

The total high harmonics flux was measured in a very similar setup previously by T.
Allison using a helium absorption cell and ion charge counting [8]. A value of 109 - 1019
photons/harmonic/shot was obtained. The photon flux is measured daily using aluminum
coated photo diodes (IRD UV) positioned downstream of the first silicon mirror and the
Split-Mirror Interferometer (see Figure 4.2). The measured values of 300 nV /s after one
silicon mirror reflection are consistent with the previous documented values. The 3" and
the 5" harmonic cannot be recorded with either the aluminum coated diode or the XUV
spectrometer. Instead, an additional uncoated diode with a filter is used to measure the
5" harmonic after two mirror reflections with usual values of 50 - 100 nV /s.

Changes in beam mode and power can degrade the harmonics yield and daily monitoring
and optimization are required. The main factor for the observation of significantly reduced
flux was found to be non-permanent damage of the first silicon mirror resulting in a reduced
reflectivity in the ultraviolet spectrum but increased reflectivity of the fundamental IR
beam. The visible dull coating of the mirror can usually be removed by cleaning the
substrate in a commercial ozone oven in a few hours. Similarly, the gratings as well as
the optics closest to the laser focus (the last folding mirror and the UVFS window) show
damage after long periods of use due to the small spot size (~ 1 in) and the resulting high
intensity. Other groups have observed similar problems [5], and they seem to occur even at
very low vacuum pressures < 10® mbar. In-situ UV lamps or cleaning using RF-fields [117]
are promising candidates to resolve such issues.

3.4.3 Manipulation of Spectral Properties

As mentioned earlier, phase matching and the dispersion depend on the gas pressure and
the laser intensity. This can be used to intentionally modify the spectral shape and energy.
This can be seen in the spectra in Figure 3.8, and it will be discussed further in the
following.

High order suppression

As discussed in Section 3.3.2, the phase mismatch increases with the harmonic order
(Equation 3.11). Increasing the gas pressure increases the mismatch beyond a certain
pressure and suppresses the emission of high orders. This effect is demonstrated in argon
in Figure 3.9. The top graph shows the yield of the harmonic orders 11 - 21 for different
cell pressure between 4 and 12 Torr. While the overall yield decreases with pressure, the
peak of the distributions shifts from the 15" to the 13'" order. In the graph below, the
normalized yield change of the different harmonics is plotted as a function of pressure
(normalized to the yield at p = 4 Torr). At pressures above 10 Torr, only harmonics below
the 21%¢ produce a measurable signal. In comparison, the yield of the 11*" harmonic has
only decreased by about 30%.
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Figure 3.8: XUV spectra from High Harmonic Generation in a 10 cm cell. (Top)
HHG in krypton gas at cell pressures of 1.8 to 9.8 Torr. While the harmonic yield varies
with pressure, a shift of the harmonic wavelength to shorter wavelength is observed
with increasing pressure. This blue shift is discussed in Section 3.4.3. The smaller
peaks that become dominant at wavelength above 80 nm correspond to second order
diffraction from the grating. (Bottom) HHG in argon at cell pressures of 4 to 12 Torr.

See Section 4.3.2 for details on the spectral analysis.
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as a function of the harmonic order. (Bottom) Normalized intensity as a function of
pressure for different harmonic orders. The yield at p = 4 Torr is normalized to one.
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Blueshifting

The wavelength of each harmonic can also be modified by changing the cell pressure or the
laser intensity. The effect is known as blue shifting as the spectrum is shifted to shorter
wavelengths. Two effects are known to play a role. At high laser intensities near the
saturation limit of the gas, ionization produces a significant amount of free electrons which
results in a change of the index of refraction. The change depends on the spatially and
temporally changing electron density N, (r,z,t) and the frequency w of the radiation by
the following equation [176, 90]:

2 2
oni(r,z,t) = LGQNe(r, z,t). Refractive index change (3.29)
mw
The time-dependence of the refractive index results in a shifted spectrum of the fundamental
beam towards shorter wavelengths. This is well known to occur in dispersive media known
as self-phase modulation (SPM). The harmonics created from the fundamental beam at
wavelength A inherit a wavelength shift A\, according to

A, = 220,

Blueshift of the n' harmonic (3.30)
For short wavelengths, i.e. high harmonic orders, the refractive index change is negligible
as it scales with 1/w? (see Equation 3.29).

At intensities much larger than the saturation intensity, the non-adiabatic response of
the atoms to a fast changing electric field can blueshift the harmonic radiation further. For
very high orders, a shift on the order of the harmonics spacing (2w) has been reported
[151]. At such intensities, ionization can occur long before the peak intensity of the pulse is
reached, such that the free electrons are subject to a much larger field change resulting in a
blue shifted spectrum after recombination. Instead of decreasing with the harmonic order,
as seen for the shifts caused by the dispersion of the fundamental beam, the non-adiabatic
shift has been observed to rise linearly with respect to the order.

Blue shifting of the HHG spectrum was observed with the present setup in Krypton.
While the strongest total harmonic yield with the most harmonics orders present is observed
at 5.9 Torr, the spectrum in Figure 3.8 also clearly shows a shifting of the peak positions
of the individual harmonics towards shorter wavelength with increasing pressure. This is
quantified in Figure 3.10. The wavelength shifts are shown for every harmonic with respect
to the calculated position based on the harmonics of a driving laser with a wavelength
A = 808 nm. The corresponding energies are plotted below.

At orders above the 19" harmonic, the shift appears to be larger than expected from
self-phase modulation of the fundamental beam only. This could be attributed to non-
adiabatic blue-shifting or similar strong-field effects of ionization early in the pulse as
observed in [108].
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Figure 3.10: (Top)Blueshifting of the harmonic spectrum recorded in krypton at
various pressures. The wavelength shift is shown with respect to the calculated values
for harmonics from a fundamental wavelength A = 808 nm. The spectrum is calibrated
from the peak positions at 1.8 Torr where no or only a small shift is expected. The
gray line indicates the amount of shift expected from dispersion of the fundamental
only. (Bottom) Corresponding energies for the shifts of each harmonic shown in the
top graph. The estimated error is an upper limit from the peak position fit.



4 XUV Beamline Components

In this chapter, the various tools and components that are needed to deliver the photons
produced in the high harmonics light source (see chapter 3.4) to the end-station for
molecular experiments will be discussed.

Ideally, the experimenter selects specific photon energies at the molecular target initiating
only the transitions and the processes which are the subject of study. Therefore, the ability
to both select particular photon energies as well as to characterize the quality of the
selection process are key capabilities of an experimental setup for molecular dynamics
studies. Several techniques for selecting specific harmonics were employed in this setup
and are presented in Section 4.1. In Section 4.3, the XUV light spectrometer which was
developed to characterize the photon spectrum delivered to the gas target is described.

In order to create the temporal delay between pulses for pump-probe studies, a custom in-
vacuum Split-Mirror Interferometer (SMI) was developed in collaboration with the Center
for X-Ray Optics (CXRO) at Lawrence Berkeley National Laboratory. The interferometer
is described in Section 4.2.

As light pulses at several eV energy are readily absorbed in air, the entire beamline has
to be enclosed in vacuum chambers. This presents many technical challenges including
heat transport, material choice, space constraints, and the control and manipulation of
mechanical devices in vacuum. Section 4.4 provides some solutions for the engineering
challenges that were encountered for a laboratory based vacuum beamline including in-
vacuum alignment tools and differential pumping.

4.1 Energy Selection

The absorption of a single photon in the extreme ultraviolet can usually initiate a variety
of different excitations or the ionization of the molecule. Adding an additional photon of a
specific energy can furthermore initiate subsequent transitions and dissociation processes
involving a range of electronic states. Hence, a measurement involving two photons of
different color increases the complexity significantly. In many cases it is even impossible
to unambiguously determine the pathway of the reaction without controlling the photon
energy of both steps. Therefore, the ability to selectively initiate a particular process is of
prime value in determining the electronic states involved in the processes.

Synchrotron radiation sources and Free Electron Lasers (FELs) achieve this goal by
using monochromators. In the case of FELs, it is also possible to shape the electron bunch
characteristics to produce the required photon energy. The latter method is excluded for
High Harmonic Generation due to the different nature of the light generation process (see
Section 3.3).

Monochromators usually use diffractive gratings or zone plates that disperse the spectrum
spatially [121]. A particular photon energy can be selected by rotating the grating to
a position where only the desired part of the spectrum passes through a slit opening.
However, the optical path difference causes a temporal broadening of the pulse. This is
not a concern for pulses of several hundred picoseconds but in the case of ultrashort pulses,
this will cause stretching beyond the femtosecond regime. The effect can be compensated
with the judicious choice of a matching second grating that recompresses the pulse in the
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Figure 4.1: (Top) Schematic overview of the experimental setup. (Middle) The
apparatus in the laboratory at LBNL. (Bottom) A 3D rendering of the technical
drawings of the high harmonics beamline.
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Figure 4.2: Schematic overview of the experimental setup and detail graphics of the
key beamline components. After multi stage amplification in air, the infrared beam
is compressed in a helium filled vacuum chamber (see Section 3.4.1). The beam is
focused using mirror (A) (f = 6 m) into a 10 cm long argon filled gas cell (B) for High
Harmonic Generation (HHG). The broad spectrum of harmonics can be filtered using
gas filter cell (C) or with a variety of solid filters and windows further downstream (E)
(see Section 4.1). For separating the fundamental from the co-propagating harmonic
radiation, the beam is reflected off a solid flat (D) and a split pair (F) of silicon mirrors
at Brewster’s angle for 800 nm (74.9°). This results in a total suppression of the
fundamental by a factor of ~ 10~% measured with a photo-diode. The vertically split
pair of silicon mirrors is mounted on a precision motor control assembly that introduces
the pump-probe delay (see detail (F) and Section 4.2). The harmonic beam then
bypasses the XUV spectrometer unperturbed (see detail (G) and Section 4.3.1) and
enters the reaction chamber. There, the beam is focused into a vertically downwards
propagating gas jet inside the MISTERS spectrometer (H.2) using a back-focusing
mirror (f = 15 cm) at near normal incidence (see detail (H) and Section 5.3). The
molecular jet is created in a supersonic expansion through a 30 pm nozzle (H.3) above
the spectrometer. After passing through the reaction zone, the expanding light beam
travels back upstream into the XUV spectrometer and where it is refocused (G.1) and
dispersed using a transmission grating (G.2). The spectral lines on the phosphor-MCP
detector are recorded with a standard CCD camera through a viewport behind the
detector.



42 XUV Beamline Components

time domain, allowing the retrieval of a pulse length close to the initial temporal width.
Unfortunately, even with state-of-the-art optics, the use of two gratings and additional
mirrors causes a reduction of photon flux on the order of 10 or more [121, 39]. At the
photon flux rates currently obtained through High Harmonic Generation, such losses are
prohibitive if the goal of the setup is to perform VUV pump - XUV probe experiments. In
short, the low transmission of current monochromator technology does not permit its use
in a High Harmonic setup for pump-probe studies.

In the present setup, three other methods are used to select a subset of the harmonic
spectrum. Solid filters, gas filters, as well as special multilayer coated mirrors are described
in the following sections. Solid and gas filters can be used to select a particular energy
range as they have a material specific absorption spectrum. The energies obtained after
transmission through the material correspond to the harmonics that did not match any
electronic states or absorption bands in the gas or solid. There are only few materials that
are useful for this purpose. Most materials either do not have sharp absorption features
in the relevant energy range or they just cannot be obtained or produced in the form
necessary for the use in a laboratory. Multilayer coated mirrors, on the other hand, can
reflect photons at a particular wavelength. The details are discussed in the next sections.

4.1.1 Fluoride Windows

Fluoride crystal windows made of MgF'a, CaFs, and LiFy are commonly used as transmission
optics in the ultraviolet spectrum. MgF, and LiFy transmit the fundamental and all low
orders up to the 7** harmonic of 800 nm. CaF, absorbs any order above the 5! harmonic.
Furthermore, these windows can even be used to select an individual harmonic from the
transmitted spectrum by taking advantage of the dispersion in the glass.

The delay introduced by dispersion in a medium is wavelength dependent. Thus, each
harmonic acquires a different delay going through a given length of medium. The result is
a train of pulses, each corresponding to one harmonic, separated by the difference in time
delay introduced in the medium. If such a window is inserted into one arm (i.e. the pump
arm) of an interferometer, the delay stage of the interferometer can be adjusted such that
only one of the harmonic pulses overlaps in time with the other arm (the probe arm).

The delay between two co-propagating pulses, one going through vacuum, the other one
going through a material of length L and group delay i is given by

L L
tdelay = ol Pulse delay in a dispersive medium (4.1)
g

The group delay of a given material at a specific wavelength can be calculated using the

refractive index n(\) and the chromatic dispersion %'

1 1
179 == (n - A?Z) ) Group delay (4.2)

Values for the refractive indices, the group delay, and the chromatic dispersion can be
found in Table A.1 in the appendix.

Figure 4.3 shows the CoHy ™ ion yield measured with respect to the delay stage position
using the MISTERS spectrometer of the end-station. The ion yield was obtained by
integrating the charge produced from ions impinging on the MCP using a boxcar integrator.
In this measurement, a D-shaped MgFs window of 155 pm thickness was inserted into the
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top arm of the beam, spreading the fundamental IR, the 3' | and the 5™ harmonic in
time. The dashed lines indicate the calculated positions for the time overlap of harmonics
that went through vacuum with the pulses that went through the window. Two peaks
are visible corresponding to the overlap of the 5'" harmonics from both arms, as well as
to the overlap of the 50 and the 3" harmonic. As the ionization threshold of CoHy lies
at ~ 10.5 eV, above the energy of the 5'" harmonic (7.7 eV), the absorption of a second
photon is required for ionization. Therefore, an enhancement of the yield appears when
harmonics from different arms overlap in time, and two photon absorption becomes possible.
No clear peak is visible at the overlap position of the infrared beam, indicating that the
infrared beam was suppressed sufficiently in order to avoid the absorption of two or more
IR photons.

The graph, however, also indicates a limitation of this technique. Despite the possibility
of adjusting the time overlap to an individual harmonic, all harmonics transmitted will
still reach the target gas, they just arrive at a different time. In the example above, the
window thickness causes a delay of ~ 130 fs. This leaves a time window of around 100 fs
(taking into account the width of the pulses) where no other pump-probe effect occurs. One
has to carefully assess whether harmonics arriving early or after the targeted pump-probe
interaction influence the resulting dynamics of the molecule.
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Figure 4.3: CoHy™ ion yield versus delay stage position with a MgFy window inserted
in one half of the beam. Dashed lines indicate the calculated positions for temporal
overlap of the 5*" harmonic of the pump arm with the IR, the 3" and the 5* harmonic
of the probe arm.

Aside from the fluoride windows presented above, additional window materials exist
that could be used to select the 3'Y harmonic. These include NaCl or UV fused silica.
Depending on the exact fundamental frequency, a fraction of the 5'" harmonic might be
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additionally transmitted, as observed at 780 nm. These materials have not been tested
in this setup to date. A wider range of materials is available that transmit the infrared
beam, such as borosilicate (BK7) and many other glasses. Attention needs to be paid to
birefringence and stability which might render some materials unsuitable for use with high
power lasers.

4.1.2 Metal Foils

Metal filters offer a simple way to select certain harmonics in the XUV regime. Figure
4.4 shows the calculated transmission curves for the most common metal foil materials
aluminum, indium, and tin at a thickness of 150 nm. The low orders that are transmitted
by fluoride windows are absorbed in these filters.

Indium almost exclusively transmits the 9" harmonic while tin mainly transmits the
13*" and the 15" harmonic with a small contribution from the 11*" harmonic. Aluminum,
the most commonly used metal filter material has particularly high calculated transmission
above the 11" harmonic. However, a comparison to the harmonics spectra measured in
the XUV spectrometer in this setup (see Figure 4.5) shows a strongly reduced transmission.
Aluminum and indium are very susceptible to oxidization, while the foil measured here
seems to have been particularly highly absorbing. Transmission values of ~ 50 % have
been reported for aluminum foils. Indium oxidizes instantaneously and the transmission is
reduced to only a few percent. Other groups have reported moderate transmission (~ 10 %)
by keeping the foils in an argon gas environment during transport and installation, hereby
avoiding any contact with air that would initiate oxidation. This is not an easy task as
metal foils of 100 to 200 nm thickness are extremely delicate. These materials break or
rip easily and any air current by sudden movements or strain from mounting has to be
avoided.

In the XUV beamline at LBNL, a separate chamber is dedicated for solid filters. Gate
valves at the entrance and exit flanges allow the isolation of the delicate foils from the
rest of the beamline. Figure 4.6 shows an overview of the setup used to insert the filters
into the beam path. Two motorized stages hold a variety of metal filter frames, fluoride
windows as well as a photodiode for photon flux measurement. The foils and windows used
are D-shaped, which can be selectively used to cover only one half of the harmonics beam,
equivalent to the pump or the probe arm. In this configuration, two windows and three
foils enable the energy selection from a choice of six filter combinations.

4.1.3 Gas Filter Cell

Gases also exhibit an absorption spectrum that can be used to filter specific energies out of
the photon beam. Gas cells are routinely used at synchrotrons and free electron lasers but
are not very common in high harmonics laboratories. The advantage of a gas cell is the
possibility to choose the filter material simply by connecting a different gas bottle to the
inlet. The transmission can be regulated by adjusting the cell pressure. Figure 4.5 shows
the transmission curves measured for several gases. The transmission of energies that have
no matching absorption in the filter gas is extremely high as can be seen in the example of
helium.

In the present setup, the gas absorption cell is a part of the vacuum beam tube itself
and can be turned on and off by changing the vacuum pump configuration and the gas
pressure. It is placed in the beamline between the HHG cell and the first silicon mirror
(see beamline overview in Figure 4.1). Figure 4.7 shows a cross section of the gas filter
cell. Tt consists of three DN38 CF Tees connected with a long tube. Both Tees serve as
differential pumping stages to separate the gas filled center tube from the high vacuum
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Figure 4.4: Calculated transmission of solid aluminum (blue), indium (green), and tin
(red) filters at 150 nm thickness in the HHG energy range. The dotted lines correspond
to the spectral position of the harmonic orders. The transmission can be increased
by reducing the foil’s thickness. However, foils thinner than 100 nm are not robust
enough for handling. The actual transmission observed is significantly reduced due to
oxidization. A logarithmic plot of the transmission of tin at energies > 25 eV is shown
in Figure A.1 in the appendix (Data taken from the CXRO database [32]).
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Figure 4.5: XUV spectra from Krypton harmonics after transmission through a
variety of gas filter materials (top) and solid filters (bottom). For better visibility, the
spectra with low intensity have been scaled using a factor indicated in the legend. See

Section 4.3.1 for additional explanation.
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Figure 4.6: Rendering of the filter holder setup. Two motorized linear stages, placed
perpendicularly to the laser beam, are equipped with a variety of filters that can be
moved in and out of the beam path with micrometer precision. This allows a quick
change to one of the 6 possible filter combinations. On the right side, the different

mounts for the diode (A), metal filters (B), and D-shaped fluoride windows (C) are
shown.
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beamline. In order to achieve low gas conductivity between the high and the low pressure
side, each section is separated using solid copper plates with ~ 1 in diameter holes that
are covered with ~ 0.1 mm thin stainless steel foil. The pre-aligned laser itself is used to
drill holes into the foils (few mm diameter), similar to the procedure of the High Harmonic
gas cell. A pressure controller (MKS) is used to dial the desired backing pressure (~1 - 5
Torr) of the attenuation cell. The differential pumping sections before and after the cell are
pumped using a scroll pump (Varian TriScroll 600). At 3 Torr cell pressure, the vacuum
measured in the silicon mirror chamber directly downstream of the cell is ~ 7 x 10~* mbar
but less than 10~% mbar in the SMI chamber.

The gas attenuation with respect to the pressure as measured with the XUV spectrometer
is shown in Figure 4.8. With increasing pressure a strong suppression of the harmonic
orders above the 9*" harmonic is observed. At 3 Torr cell pressure, the spectrum does not
show a measurable flux of the orders 11 - 17. The detailed view of low intensity of the
spectrum shown on the bottom reveals, however, the presence of higher orders in the range
of 19 - 25.

Laser drilled Filter gas
pinholes 1-5 Torr

Laser drilled
pinholes

Scroll pump
10 mbar

Figure 4.7: Schematic of the gas cell used for attenuation. The setup is built directly
into the High Harmonics beam line. A section, 32 in long and separated by laser
drilled pinholes, can be filled with various gases at several Torr pressure. In order to
preserve high vacuum in the beamline, differentially pumped sections are added up-
and downstream of the filter cell.

4.1.4 Multilayer Coated Mirrors

A specific photon energy can also be obtained from the reflection of a multilayer mirror.
Such mirrors are coated with multiple thin films of materials such as SiC, Al, MgF5 or B4C.
They are deposited using ion beam sputtering or chemical vapor techniques at thicknesses
of just a few to tens of nanometers. The different layers can be chosen in such a way that
constructive and destructive interference results in a relatively high reflectivity (typically
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Figure 4.8: HHG spectra generated in krypton (10 cm cell) after passing through
the separate argon filled gas attenuation cell. The different spectra correspond to
varying backing pressure of the attenuation cell. (Top) Full spectrum, (Bottom) low
intensity detailed view. At 3 Torr, the orders 11 - 17 are almost completely suppressed
while the transmission of the lower orders are not affected significantly. The spectrum
was recorded with the XUV spectrometer reflected off a B4C back-focusing mirror (see
Section 4.3.1 for details).
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~ 30 - 50%) at only a specific photon energy, usually more than two orders above the
rest of the spectrum. However, it is extremely difficult to obtain multilayer mirrors in the
spectral range between ~ 10 to 20 eV. This is likely due to intermediate penetration depth
in this spectral range between surface reflection and the atomic-response at high energies.

To date, only few companies or institutions in the world can produce such custom
mirrors in the XUV spectrum including the Center For X-ray Optics (CXRO) based at
LBNL. Figure 4.9 shows the calculated reflectivity for a mirror substrate with two coatings
prepared by CXRO. Each coating was applied to only one half of the mirror creating two
D-shaped surfaces. Steering two spatially separated beams onto the different surfaces
allows for the selection of a different energy in the pump and the probe arm.

Measured reflectivity curves for energies below 30 eV are not readily available due to
the difficulty in creating such specific radiation wavelengths. Most synchrotron beam lines
do not cover this spectral range, and usually table top sources are rare or are not used to
perform reflectivity or transmission experiments in the XUV.
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Figure 4.9: Calculated reflectivity for a focusing mirror with two different multilayer

coatings. Coating A (blue) was optimized for selecting the 29'" harmonic, while coating
B (red) reflects mostly the 17" harmonic of 800 nm (data provided by CXRO [134]).

4.2 Pump - Probe Interferometer

Dynamics studies in the time domain can be performed by splitting the laser beam into
two beam paths, called the pump and the probe arm. By changing the path length of
one arm, a fixed time delay between pump and probe arm can be created. A series of
measurements at different delay positions can then be used to investigate the temporal
dynamics of a reaction.

In XUV - IR experiments the interferometer is usually placed in air before the generation
of higher harmonics. A Michelson-type interferometer with an optical beam splitter



4.2 Pump - Probe Interferometer 51

separates the infrared beam in the desired ratio and introduces a delay to one pulse. The
beam then propagates in two separate beamlines to the experiment where it is recombined.
At low power, the infrared beam is not significantly affected by non-linear effects and can
be propagated in air.

If both pump and probe pulses are in the VUV or XUV spectrum, the interferometer
needs to be placed in vacuum. The requirement for in-vacuum motor control not only
increases the price of the setup significantly but also limits the attainable vacuum. Stages
that operate below 107!° mbar are commercially available but achieving these pressures in
a complete setup is very challenging.

Only a few split-mirror interferometers operating in vacuum exist around the world, as
only few sources produce a sufficient amount of flux for performing VUV-XUV pump-probe
studies [70, 6, 172, 166].

While semitransparent optics can be used to split the beam in the optical spectrum,
such optics do not exist in the XUV without affecting the temporal profile. The spatial
separation of the two arms is usually created by directing the beam onto two closely
positioned mirror surfaces that can be controlled individually.

Two geometries that differ in the position of the split-mirror interferometer in the
beamline are commonly used. The advantages and disadvantages are discussed in the
following.

In the first design, the interferometer is positioned directly downstream of the interaction
region holding a split back-focusing optic. As the focusing optic consists of two separate
mirrors, the overlap of the pump and the probe arm are very sensitive to alignment and
stability. Fluctuations and instabilities are a common problem at very high power because
of the non-linear nature of the process of high harmonic generation. In some experiments,
the low repetition rate of the laser requires measurements for several days. Therefore,
stability and ease of alignment are important factors for the interferometer design in this
setup.

Furthermore, in this design, the interferometer would have to be placed in a differentially
pumped section, in order to achieve very low background pressures (< 107!? mbar). This
limits the focal length that could be used. A short focal length is required to reach the
high intensity necessary for a strong pump-probe signal.

The Split-mirror interferometer design at LBNL

For this beamline, an alternative geometry was chosen where the Split-Mirror Interfer-
ometer (SMI) is placed upstream of the experimental end-station (see (F) in Figure 4.2),
independent from the focusing optic. The interferometer holds two super polished flat
silicon substrates (Gooch and Housego, wavefront error = A/20 at 630 nm, roughness <
1) that split and transport the beam. The focusing is performed by a solid back-focusing
mirror close to the interaction region in the MISTERS endstation.

Figure 4.10 shows a rendering of the setup and its placement in the beam path. The two
mirror substrates (D) are vertically separated by a small gap of less than one millimeter,
required to allow free movement of the individual surfaces. The top mirror is equipped
with two pico-motors actuating tip and tilt for adjusting the overlap of both arms. The
bottom mirror is mounted on a precision encoded stepper motor stage (C) with closed-loop
position readout (Micos VT-21 with Corvus Eco encoder). The stage has a travel of 10
mm (17.3 ps delay) and a minimal step size of 100 nm (170 as). Both mirrors can be
rotated and translated together using a rotational stage (B) and a vertical stage (A). The
stage can be moved out of the beam path, allowing the beam to exit through a window
for diagnostics or alignment. Two aluminum plates serve as beam stops for the top and
the bottom arm. They can be moved quickly in and out of the beam with electrically
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actuated rotating flappers (E) and can be positioned to precisely cover each mirror using a
pico-motor. The ratio of pump and probe arm can be adjusted by changing the illumination
of top and bottom mirror using the vertical stage. This geometry improves and eliminates
some problems inherent to the first design mentioned above.

Design advantages

The photon beams of the top and the bottom arm are reflected off a solid curved focusing
optic near normal incidence. The foci of the pump and the probe arm are therefore
inherently overlapped. This largely eliminates the need to find spatial pump-probe overlap.
The tip and tilt of the top arm of the interferometer can be adjusted visually to form a full
beam. Slight angle changes have not been observed to affect the overlap. This becomes
more important when a back-focusing mirror with different coatings on the top and the
bottom half are used (see Section 5.2).

The temporal overlap of the pump and the probe pulses is adjusted by translating the
delay stage. In the case of a split focusing optic, the focal position in the beam propagation
direction is coupled to the delay stage position. Hence, the overlap in the propagation
direction is lost when the delay is equal to the Rayleigh range. In the case of high harmonics
at focal distances of a tens of centimeters, the Rayleigh range is on the order of a few
hundred microns. This limits the time range available for the dynamics study (to ~ 1 ps).

In the present setup, the time delay introduced in the bottom arm of the harmonics
beam has virtually no impact on the focal position. This is not entirely true, because the
translation of the delay stage moves the beam perpendicular to the propagation direction
(see Drawing 4.12). Nevertheless, this should only become problematic near the maximal
travel of 5 mm from the overlap position where a deterioration of beam intensity might be
observable due to astigmatism of the focusing optics.

Suppression of the fundamental beam

Due to the low conversion efficiency of HHG (~ 10~%), most photons of the fundamental
beam are still co-propagating with the harmonics. The infrared intensity needs to be
significantly reduced in order to avoid its influence on the molecular target. Aluminum
filters can be used for this purpose but the high intensity of the pulse used in this setup
would damage the foil without prior attenuation of the power in the beam.

Instead, silicon mirrors were chosen for separating the harmonics from the fundamental
beam. At the Brewster’s angle, 74.9° incidence angle for 800 nm, the theoretical reflectivity
of a purely p-polarized beam is zero. Any deviation from this angle causes a measurable
reflectivity (~ 1073 at 76°).

Figure 4.11 shows calculated reflectivity curves for the XUV as well as the fundamental
radiation. At shallow grazing angles (large incidence angles), the reflectivity for energies in
the XUV is high. The infrared beam is reduced by two reflections of the silicon mirror
surfaces at the Brewster angle (see Figure 4.1 (D) and (F)). The substrates have a length
that accommodates for the elongated beam profile footprint at shallow angles.

In practice, the total attenuation was ~ 10* — 10°. This was likely the result of the
ellipticity of the beam which produces s-polarized light that is well reflected (R = 0.74).
Misalignment of the silicon surfaces with respect to the Brewster angle might also have
contributed to the reflectivity. In order to obtain a precise value for the reflected infrared
beam, a specifically designed IR detector consisting of a photodiode and a calibrated filter
could be used. Such a measurement using a bandpass filter for 157 nm did not produce
reliable numbers as the attenuation factor of the filter was insufficiently characterized at
800 nm.
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Figure 4.10: Rendering of the Split-Mirror Interferometer (SMI) chamber (right)
and a detail view (left) that separates the XUV beam into pump and probe pulses.
The incoming beam is reflected off a pair of vertically separated silicon mirrors (D) at
15° incidence angle (Brewster’s angle for 800 nm). The top mirror is equipped with a
Picomotor driven tip and tilt mechanism.The bottom mirror is mounted on a precision
translation stage (C) that introduces the time delay between pump and probe arm. A
vertical translation stage (A) is used for adjusting the ratio of pump and probe by
moving the entire mirror setup vertically. The beam alignment downstream can be
controlled additionally with a rotational stage (B). Each mirror half can be shadowed
by two motor actuated aluminum plates (E) that serve as beam stops for top and
bottom arm respectively.

1 1
— - | e I e o
— ggonnmmbf’pgf’l Silicon | Silicon — 757 p-pol
: —
0.8 : 0.8
1 \
> I
s o6 ! 0.6
3 |
s |
o 04 | 0.4
I
I
I
0.2 | 0.2
74.91
I
0 I 0
0 20 40 60 80 30 40 50 60
Angle of incidence [deg] Energy [eV]

Figure 4.11: (Left) Theoretical reflectivity for a silicon mirror versus angle of
incidence at 800 nm (1.55 eV, red line) and at 50 nm (30 eV, blue line) for p-polarized
light (axis out of mirror plane). (Right) Energy dependence of the reflectivity for
silicon at 75°incidence. The actual reflectivity for high harmonics observed in the
laboratory is usually on the order of 0.5 - 0.7. This is due to the formation of oxide
layers and hydrocarbon contamination on the mirror surface. For measured reflectivity
curves see [8]. Data compiled from [32] and [130].
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Delay stage characteristics and stability

In setups where the back-focusing mirror is mounted on the delay stage, one micron travel
of the delay-stage corresponds to a delay of 2 x 3.34 = 6.68 fs because the beam travels to
the stage and back. At the grazing angle of 15° in this setup, the delay, AL, introduced by
the translation of the stage, D, is

— c0s(30°)

1
AL =D Sin(15°) SMI delay calculation (4.3)

This results in a delay of 1.73 fs per pnm stage travel. This is almost a fourfold increase in
precision in comparison to a translated back-focusing mirror.

Mirror Face A

Mirror Face B

Figure 4.12: Schematic of the delay introduced by the two split mirrors at grazing
angle of 15°. The shallow angle increases the delay precision. This also results in a
small translation of the beam orthogonal to the propagation direction.

Figures 4.13 and 4.14 show autocorrelation measurements that demonstrate the attosec-
ond resolution and the stability of the Split-Mirror Interferometer. A stability better
than 200 as is observed, possibly limited by the stage resolution of ~ 170 as. In order to
avoid the coupling of vibrations from the vacuum pumps to the beamline, the fore pumps
are decoupled from the turbomolecular pumps (TMPs) using weights and sand buckets,
dampening the vibrations on the interconnecting vacuum hoses. The chamber housing the
Split-Mirror Interferometer (SMI) is pumped using a TMP with magnetic bearings. The
other sections of the beamline are decoupled using very soft, edge welded bellows. The
reduced sensitivity of the pointing instability to the focal overlap mentioned earlier limits
the impact of vibrations or thermal instabilities introduced in the system.

The decoupling of interferometer and focusing optic also allows for a simple adjustment
of the pump-probe ratio. The amount of beam that is reflected off the top and the bottom
mirrors can be adjusted precisely by moving the vertical stage (see (A) in Figure 4.10).
Contrary to a setup with a split back-focusing mirror arrangement, this does not move the
focal position at the target.

One disadvantage that is inherent to split mirrors should be mentioned at this point.
There is a loss of photon flux due to the small gap between the two silicon mirror halves.
The mirrors were polished to the edges but the quality of the mirror surface up to the sharp
edge is very important. As the beam is diverging constantly starting from the generation
cell, the loss of flux increases the further upstream the mirror setup is placed, favoring
a placement of the split-mirror as far downstream as possible. Assuming a symmetrical
gaussian beam profile, the amount of photon flux lost in the gap of width d, can be
estimated with the error function

dvin2

w

Ligwy =erf ( ) Beam lost in mirror gap (4.4)
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Figure 4.13: O,7 ion yield measurement with respect to pump-probe delay using
two infrared pulses. The data shows a yield oscillation with a frequency of one optical
cycle (2.7 fs at 808 nm). This autocorrelation signal is a result of the electrical field
intensity modulation from constructive and destructive interference of the pump and
probe arms. The trace demonstrates the sub-cycle stability even over long time delays
larger than 100 fs.
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Figure 4.14: Ar ionization using infrared pulses at small delays. At a step size of 200
as, the ion yield clearly retraces the intensity oscillation of the infrared field with a
cycle time of 2.7 fs.

where w is the full width at half maximum (FWHM) of the gaussian profile (see Appendix
A.2). At a beam size of 6 mm and a gap width of 0.9 mm, about 14 % of the beam is lost.

4.3 Energy Characterization

In sec 4.1, the various methods for selecting particular energies have been presented.
Calculations for the transmission or the reflectivity of most materials are readily available
(see i.e. [32, 130]). The spectra created from High Harmonic Generation with noble gases
have also been published extensively ([176, 98, 108]). However, with complex experiments
triggering rich dynamics that can strongly depend on the photon energies involved, it is
important to characterize the photon beam delivered to the target. In some cases, a mirror
or a foil might be lacking the required markings, it might have been placed in the wrong
container, or has heavily degraded over time resulting in an unexpected photon spectrum.
Hence, control of the photon beam is very important for successful experiments.

Furthermore, the use of solid focusing mirrors with different D-shaped coatings requires
ensuring that the reflected spectrum of the pump and the probe arm produce the expected
outcome, i.e, that the top and the bottom beam arm each illuminate only the intended
surface. Therefore, a spectrometer was needed that covers the relevant spectral range of
the high harmonic source after reflection and transmission through all energy modifying
optics, particularly designed to mitigate the mixing of pump and probe energies.

4.3.1 XUV Spectrometer

The spectrometer developed for this beamline is based on a design developed at LBNL
from Kornilov et al. [80]. They reported a transmission grating based spectrometer and
beam profiler mounted on a CF 200 flange that can be inserted into the beam path using
an in-vacuum translation stage.
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A photon beam that illuminates a transmission grating with a spacing on the order of
the wavelength spatially separates the spectrum. The interference of the diffracted waves
from different points of the grating structure with spacing d creates intensity maxima at
angles « for every wavelength A\ according to the formula:

n-A=d sin(«a) Diffraction on a grating (4.5)

Recording the diffraction pattern on a position sensitive detector allows for the reconstruc-
tion of the wavelength spectrum from a measured and calibrated configuration using a
precisely known geometry.

For the current configuration, it was necessary to characterize the spectrum after
reflection off the last focusing optic in order to record the actual photon energies delivered
to the target. The use of a refocusing geometry at normal incidence required the XUV
spectrometer to be mounted upstream of the experimental end-station. This made several
modifications to the reported design necessary:

e An extremely compact design was needed to fit into the beamline between the
interferometer and the end-station.

e The beam had to pass unperturbed through the spectrometer, reflected by the
back-focusing mirror before being diffracted.

e Refocusing of the strongly diverging harmonic beam in order to capture a sufficient
harmonic flux to create a spectrum.

The XUV spectrometer is depicted in Figure 4.15. All components are mounted on
a 7.0 x 3.6 inch aluminum breadboard that is attached to a custom DN160 CF cluster
flange. The incoming harmonics beam exits a differential pumping section through an
alignment iris (F) and passes through the spectrometer unperturbed. After back-reflection
off the focusing mirror in the end-station, the strongly diverging beam is refocused by a
broadband mirror at a shallow angle (UV fused silica with broadband gold coating, f = 10
cm). The mirror is mounted on a custom tip-tilt mount with minimal height in order
to avoid interference with the incoming beam path. Tip and tilt of the mirror can be
controlled manually using rotational feedthroughs that connect to the mirror mount with
flexible coupling wires. The focusing mirror is necessary to capture a sufficient amount of
flux for a high quality spectrum. No slit was used in this geometry.

A transmission nano grating consisting of a Ta structure on a SiC membrane (200 nm
pitch, 1.2 x 1.2 mm area, NTT AT) diffracts the harmonics onto a commercial multi-channel
plate (MCP) photon detector mounted on a custom holder. A one inch diameter tube
prevents stray light from illuminating the grating.

The detector (& = 40 mm, Beam Imaging Solutions) consists of two resistance matched
MCP plates in a chevron configuration with an aluminum coated back stacked with a
phosphor coated glass plate. The XUV photons generate an electron cloud in the channels
of the MCP that causes fluorescence of the phosphor screen. The diffraction pattern of
the harmonics visible on the back side of the phosphor screen is imaged through a DN63
viewport behind the detector using a standard c-mount usb camera with a zoom lens.The
strong zero-order beam transmitted through the grating is captured by a metal spiral
that traps the photons. In order to reduce the amount of stray light on the imaging
detector further, the breadboard is enclosed inside a metal housing (not shown in the
figure). Typical operation voltages for the detector are noted in Table 4.1.

When the spectrometer is not in use, a copper plate blocks the back-reflected beam from
entering the XUV spectrometer. This prevents damage to the transmission grating which
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Figure 4.15: (Left) Rendering of the XUV spectrometer setup. (Right) Drawing
of the ultra-compact breadboard supporting the spectrometer parts. The incoming
XUV beam first passes the spectrometer and continues into the MISTERS end-station
where it is back-focused into the gas jet. The diverging beam travels back upstream
and is re-focused by a mirror (A). The nano transmission grating (B) diffracts the
spectrum onto a phosphor-MCP detector. The fluorescence image is recorded with a
digital camera through a viewport behind the detector. Mirror (A) can be adjusted
using rotational vacuum feedthrough (G). The opening of the alignment iris (F) is
controlled with a linear feedthrough (E) (see Section 4.4.2).
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is especially important when a high infrared flux is used. There is a sufficient amount of
energy in the refocused infrared beam to destroy the grating. The plate is rotated into the
beam path using a feedthrough on the bottom of the chamber. It can also be used for a
relative measurement of the harmonics intensity (see Section 5.6).

The entire assembly is inserted vertically into a DN160 CF cross that is attached to the
upstream entrance of the experimental end-station. The bottom flange holds the rotational
feedthroughs for the mirror control and the beam block. Facing the spectrometer board, a
large DN160 viewport allows observation of all components including the alignment iris
(see Section 4.4.2).

Potential [V] Voltage
MCP front -1400 -1500 V
MCP back oV
Phosphor -+2400 - 2500 V

Table 4.1: Typical operation voltages for the MCP-phosphor detector of the XUV-
Spectrometer

4.3.2 Spectral Analysis

Figure 4.16 (A) shows a raw image of the XUV spectrum recorded with the camera. A
sequence of vertical, slightly curved, lines with bright spots is visible on the left side of
the image corresponding to diffraction maxima of the harmonics beam. The lines have
an additional interference structure with periodic maxima in the vertical direction. These
features are caused by diffraction from the support structure of the grating. A detailed
description and explanation can be found in [181] and [80]. Diffusely scattered photons
cause some residual illumination of the MCP mount. This is eliminated by subtraction
of a background image recorded without XUV beam. The raw image is rotated by ~
1.5° to account for camera misalignment. The resulting cropped image is shown in (B).
A projection of this slice reveals the harmonic spectrum as a function of pixel position.
The various peaks can be identified by comparing spectra using different filters. Several
additional peaks are prominent on the right part of the spectrum corresponding to second
order diffraction of higher harmonics. In the current configuration, a spectral range of
about 35 - 180 nm can be recorded covering the harmonic orders from the 7" to the 234 .

The wavelength for the recorded pixel positions on the detector can be retrieved from
the geometry parameters. Figure 4.17 shows a sketch of the diffraction geometry. The
photon detector is tilted at a small angle, 6y, with respect to the grating normal. The
position in the dispersive direction (orthogonal to the grating lines), z, for a diffraction
at a parallel detector-grating geometry can be expressed in terms of the position u with
arbitrary offset ug on the detector.

x = (u—up)cos(fy) + L sin(bp). (4.6)

Using the diffraction Equation 4.5, the formula for the wavelength with respect to the
recorded position, u, reads

A = dsin (a tan (u ;u[)) + 00> . Wavelength-position conversion (4.7)

The scaling factors, a and A, depend on the distance of the detector and the grating.
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Figure 4.16: Retrieval process of the XUV spectral data from the digital camera
image to the final spectrum.(A) Raw image of the diffracted photon beam on the
phosphor screen. The mounting ring of the detector is faintly visible on the left.

(B) After background subtraction, a subsection of the image is selected and rotated.
(C) A projection of the image shows the spectrum of the harmonics created in Krypton
at 5 Torr pressure. Additional to the 1% order diffraction peaks of the harmonics of
808 nm, several 2"¢ order peaks are visible. The low intensity of the lower harmonic
orders is due to the loss of detection efficiency (see Section 4.3.2). The gradual decline
of intensity visible for harmonics above the 15" matches the reflectivity curve for a
B4C coated back-focusing mirror (see Figure 4.20) that was used in all measured XUV
spectra.
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As the geometric factors are difficult to measure, it is practical to calibrate the spec-
trometer using a known harmonics spectrum. After identifying the maxima and their
corresponding harmonic number from known filter transmission curves (Sn, In), the wave-
length for the peaks can be labeled based on the measured spectral center wavelength of

the harmonics,
808 nm

Ag P
The parameters for function 4.7 can then be obtained using a standard minimization
algorithm of an error function using the known peak position/ wavelength pairs. This
calibration is limited to the uncertainty caused by blueshifting of the harmonic wavelength
as described in Section 3.4.3. Therefore, low pressure spectra were used to minimize such
effects.

\ L\ uv
\ \9,| beam

Figure 4.17: Sketch of the geometry of the diffraction setup. The detector is tilted
with respect to normal incidence at an angle 6y and positioned at a distance L.
Diffraction at angle « creates a maximum at position x parallel to the grating and
position u on the detector.

Resolution

The resolution of the spectrometer is influenced by a variety of factors which include the
pixel size, the electron bunch size generated by the MCP, as well as the illumination area of
the grating. The latter is believed to contribute the largest uncertainty as no slit was used
to limit the illumination area. We can estimate the resolution by looking at the width of
the harmonics observed. Measurements from T. Allison using a Rowland monochromator
with high resolution [8] yield typical harmonics widths of ~ 0.4 eV for the 11*" harmonic
and ~ 0.5 eV for the 19*" harmonic. The extracted full-width at half maximum (FWHM)
for each harmonic are plotted in Figure 4.18. The measured FWHM increases linearly
with the energy. Due to the geometry and energy conversion, the lowest energies yield the
highest resolution. The width of the second order peaks that fall in positions of low energies
reveal a much smaller spread FWHM/E than the measured spread of the corresponding
first order peak. This is a clear indication that the width caused by the spectrometer
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resolution is larger than the natural harmonic width. The estimated resolution is on the
order of ~ 250 meV at 10 eV photon energy up to ~ 1.7 eV at 33 V.
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Figure 4.18: (blue, left scale) Measured harmonic width (FWHM) across the spec-
tral range in HHG generated in Krypton at 5 Torr. (Red, right scale) Corresponding
energy resolution FWHM/E for the harmonics as well as for second order peaks in the
low energy range.

Spectral Sensitivity

The interpretation of the intensity profile of the harmonic spectrum measured is very
complex due to the multiple components that modify the spectrum. The intensities of the
diffraction maxima of the harmonics observed vary strongly. This is in contrast to the
mostly flat intensity profile of the so called plateau region of harmonics, that is expected
in the range of the present harmonic orders.

Firstly, the photon flux of a given harmonic imaged in the spectrometer does not always
correspond to the actual flux delivered to the experiment. The stronger divergence of low
orders results in a larger spot size on the back-focusing mirror. The diverging beam of
those orders expands to a size larger than the re-focusing mirror in the XUV spectrometer.
As a result, only a fraction of the low harmonic orders is captured and refocused in
the spectrometer, and a significantly reduced intensity is expected (~ 50 % for the 7th
harmonic).

Secondly, the spectrum observed is directly influenced by the reflectivity curve of the
back-focusing mirror used in the end-station. This is a desired effect as it corresponds to
the harmonics delivered to the target. However, the actual spectrum also contains the
convolution of the gold-coated uv-fused silica mirror of the XUV spectrometer used for
refocusing. The calculated reflectivity for gold, at a grazing angle of 30°, is plotted as
a function of wavelength in Figure 4.19. The reflectivity slowly decreases with shorter
wavelength but the overall change is only on the order of 20 %. Figure 4.20 shows measured
reflectivity curves for a 30 nm B4C coating, equivalent to the back-focusing mirror coating
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used in all data presented here. At normal incidence, the reflectivity remains nearly
constant from 130 nm to about 90 nm when it drops with increasing rate towards shorter
wavelengths [80]. These spectra reproduce the sharp intensity decrease of about a factor of
three observed from the 15 to the 234 harmonic order.

Furthermore, the grating transmission as well as the angle and energy dependence of
the quantum efficiency of the MCP modify the intensity profile. The grating transmission
is constant to a few percent over the range from 35 to 100 nm [80]. The MCP efficiency
decreases by a few percent with increasing wavelength. The efficiency also varies from
normal incidence to 13° by almost 50 % [62]. In combination with the loss of flux collected
by the mirror, this might be responsible for the low intensity of the orders below the 11t
harmonic.

In practice, the intensities were considered only in relative measurements to compare filter
versus open configurations. For absolute flux measurements, photodiodes were used (see
Section 3.4.2). In experiments involving the excitation or ionization of atoms or molecules,
the difference in cross-section near threshold between adjacent harmonics is likely to
dominate over a small variation in harmonic intensity. Therefore, a more quantitative
analysis including estimated harmonics beam sizes, energy and angle dependent efficiencies
of the components would include considerable error bars and was not considered necessary.
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Figure 4.19: Calculated reflectivity dependence of a gold surface in the UV to XUV

spectral range at 30° grazing incidence angle. The curve is generated using measured

data for the refractive index ( see Appendix A.3 for details.).

4.4 Vacuum Beamline Components

The strong absorption of XUV radiation in air requires the propagation of high harmonic
radiation entirely in vacuum. In comparison to the experimental end-station, where the
mean free path of the molecules is of concern, the vacuum level necessary to limit the
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Figure 4.20: Reflectivity measurement of a substrate with 30 nm B4C coating at
normal incidence from Larruquert et al. [88]. The blue points are data from a freshly
prepared coating, whereas the red points are measured after about 3 months. Oxidation
of the surface results in a slightly reduced reflectivity. The data points are connected
with spline-fits to guide the eye. The actual reflectivity is likely decreasing even more
rapidly for higher energy.
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absorption losses of the XUV beam is significantly lower. Already at a pressure of 107
mbar, the absorption in nitrogen is less than 0.1%.

Great care should be taken with the choice of materials used in vacuum and with their
handling. This is not primarily because of their outgassing rates, as the vapor pressure
of most materials only becomes important at pressures below 10, but rather due to the
hydrocarbon residues which coat the optics in the vacuum beamline. Such coatings increase
the absorption of the infrared beam which can result in damage due to the high beam
intensity. In this context, not the absolute vacuum achieved is important but rather the
composition of gases causing the pressure. Even at vacua on the order of 1077, damage has
been observed as a result of hydrocarbon deposition on the optics in combination with the
strong infrared beam.

In this setup, standard optical mounts and parts have been used where available, but
often it was necessary to disassemble mounts, strip parts of their anodization coating, and
to replace them with vacuum compatible parts.

4.4.1 Differential Pumping

In order to bridge the gap of a vacuum beamline, operated at a pressure around 107
mbar, to the experimental end-station that should be kept around 1071 mbar, a differential
pumping section was required. The pressure of a system can be lowered by increasing the
pumping speed of the volume. This is achieved by attaching more turbomolecular pumps
to the system.

Alternatively, one can restrict the flow of molecules into the system. At pressures below
103 mbar, the mean free path of particles is longer than the dimension of the reservoir. In
this regime called molecular flow, particles move straight from wall to wall in a random
walk manner. In this probabilistic system, the flow into the system can be restricted by
reducing the open area between reservoirs.

The resistance to flow is quantified by a parameter called conductivity. In the molecular
flow regime, the gas flow between two reservoirs at a pressure difference Ap with conductivity
C per unit time is given by

Q = C Ap. (4.8)
The conductivity for a orifice or area A can be calculated by

c

Cor=A Conductivity of an orifice (4.9)

S

The mean thermal velocity, ¢, is a function of temperature and mass. It is on the order
of 500 m/s at room temperature. For a long round tube of diameter d and length [, the
conductivity is a product of the orifice and a passage probability proportional to d/I.

Conductivity of a long tube (4.10)

Hence, low conductivity can be achieved by using orifices with small cross sections or long
tubes.
When placing multiple conductance limiting elements in series, the conductivities add as

— ... (4.11)

More information on conductivity and the design of vacuum systems can be found in [120].
Figure 4.21 shows a rendering of the differential pumping stage designed for this setup.
The assembly consists of a pinhole and two conductivity limiting tubes with 0.5 in diameter
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that separate two individual sections. Both sections are pumped by a turbomolecular
pump on a DN100 CF flange. In order to reduce the length of the setup in the beam line,
the pumps are mounted orthogonal to the beam direction on opposite ends of a DN100
CF cross. A custom viton rubber sealed inset separates the tube into two sections. Each
one is pumped by one TMP through a D-shaped opening on opposite sides of the inset. A
long tube along the beam axis is the only connection between the sections limiting the
conductance significantly. Each pumped section adds a pressure differential of ~1.5 orders
of magnitude. In combination with a pinhole at the entrance and a second long tube at
the downstream end, a total differential of ~10* is obtained over a length of 58 cm. It
should be noted that the reduced open area in front of the pumps also reduces their actual
pumping speed. Given the space limitations, the conductance limitation achieved by the
tube outweighed the losses in pumping speed.

Figure 4.21: Rendering of the ultra compact differential pumping setup. A pinhole
as well as two long tubes (¢ = 0.5 in) limit the conductivity. A custom inset with
D-shaped openings on opposite sides allowed for the mounting of two turbo molecular
pumps opposite to each other with each pumping one section. This reduces the
footprint of the setup significantly. The custom Tee also hosts a variety of ports that
are used to connect vacuum gauges, collimators, as well as a phosphor screen.

4.4.2 In-Vacuum Alignment Tools

With the transition to an in-vacuum photon beam line, another simple task suddenly
becomes non trivial. Irises used for alignment of the laser beam are omnipresent in laser
setups, and they are usually actuated manually. While motorizing an iris in vacuum is not
an unsolvable technical challenge, such devices are not widely available and are very costly.

For the current setup, a compact, manually actuated iris, as well as a spring loaded
non-magnetic iris were designed. Figure 4.22 shows a technical drawing of the custom
DN63 CF Tee housing an iris with 12 mm clear aperture (up to 1 in possible). The iris sits
on a standard optical post that is screwed onto a base plate, which is clamped onto the
laser table. In order to prevent misalignment after pump-down of the beam line, the iris
mounting is decoupled from the vacuum tube using a DN38 CF bellow. This method is
used on all pre-aligned in-vacuum optics including the compressor and folding chambers.
An angled viewport on the top allows a camera with zoom lens to be focused on the iris in
the center of the tube. A strong rare earth magnet is glued to the head of the iris actuator.
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The iris opening can be controlled by sliding an additional magnet around the tube surface
above the iris.

The use of magnetic materials was strictly avoided for any components near the experi-
mental end-station, as the magnetic field guiding the electron motion would be unpredictably
compromised. Therefore, a second iris design without magnetic components was necessary
for the last alignment iris close to the entrance of the MISTERS end-station.

Figure 4.23 shows a rendering of the non-magnetic iris. The iris leafs are closed by
moving a linear feedthrough that pulls a metal wire, which is connected to the iris pin. A
spring that is wrapped around the iris holder closes the iris leaves when the wire tension is
released. While the linear motion does not allow the control of the iris opening over the
full range, sufficient travel was obtained in order to cover the positions from closed to 0.5
in opening, equivalent to the inner diameter of the tube the iris was attached to.
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Figure 4.22: Drawing of the magnetical iris setup. The iris opening in the center of
a DN63 CF tube is actuated by sliding a magnet on the tube surface. The iris mount
is fixed on the laser table and decoupled from the vacuum beam line using a DN38 CF
bellow.

4.4.3 Beam surveillance

The intensity of the photon beam is sufficient to cause eye damage at virtually any stage of
the beamline if the direct beam or a significant portion is reflected into an eye. In order to
visually control all alignment tools, beam positions, and the correct movement of motorized
stages and mechanical feedthroughs, a number of cameras with the appropriate lenses were
used along the beam line. This allows to safely observe the function and position of all
beam line components. An easy, reliable, and cost effective solution was found by using
standard c-mount analogue cameras that are designed for surveillance systems. Analogue to
digital converters are readily available to connect the camera directly to a VGA computer
display, without the use of a computer. More than 10 cameras were used in this setup,
facilitating the alignment and operation of the beamline and the end-station.
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Figure 4.23: Rendering of the non-magnetic mechanic iris. The iris (B) is opened by
means of a linear motion vacuum feedthrough (not shown) that pulls on a wire which
is fixed with a set screw on the actuating lever (D). A long spring (E) is attached at
one end to the holder (F) and on the other end to a PEEK ring (C) that grabs the
iris lever. When the wire tension is released the spring closes the iris leaves. A carbon
coated front shield (A) holds the assembly together and limits direct reflections from
the surface.
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Figure 4.24: Drawing indicating the components used for alignment and control
in the XUV beamline. (A) Actuator for moving silicon mirror 1 in and out of the
beamline. (B) Beam blocks, (C) cameras, (D) photo diodes, (F) solid filters, (G)
gate valves, (I) alignment irises, (P) phosphor screen.
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Multiple techniques are available for measuring the energy, emission angles, or momenta of
ions and electrons emitted in a photoionization reaction. Each method has its strengths at
answering a particular question given the experimental parameters. Arguably the most
versatile method is three dimensional momentum imaging, where the momentum vectors
of the charged particles produced in the ionization are reconstructed. This yields the
energy and the angle of emission of the particle which are both important characteristics
to identify the electronic states and the geometry of the molecular system. Two techniques
for momentum imaging have been established over the past years.

Velocity Map Imaging (VMI) is a technique that allows measuring the two dimensional
momentum of electrons or ions in the detector plane [41, 52]. A gas source consisting of
a molecular jet, a pulsed nozzle, or a capillary injects the target into the spectrometer
where it is crossed with the laser beam. High electric fields (~ 1000 V/cm) are used to
extract charged fragments created in the laser focus. The velocities of photo-fragments are
imaged using one or multiple electrostatic lenses onto a MCP-phosphor detector, and the
2D pictures are recorded using commercial cameras.

In the imaging mode, pulsed ion extraction (or pulsed detector operation) enables the
collection of the 2D distribution of a particular molecular fragment by gating of a specific
time-of-flight (TOF). Assuming cylindrical symmetry around the polarization axis of the
photon beam, algorithms enable the reconstruction of the momentum vector in three
dimensions if sufficiently high statistics have been collected for the molecular system.
Switching to a static electric extraction field, a VMI can also collect the TOF spectrum of
all fragments.

Electron angular distributions in the molecular frame are obtained if dissociation happens
preferentially at a fixed angle with respect to the polarization axis of the photons. An
alternative method consists in the pre-alignment of the target molecules with a strong
static or pulsed electric field produced by an additional laser beam (see review article
[159] for details). However, both methods have a fairly large angular uncertainty due to
the cos?-type distribution of angles. Both, the strength and the weakness of VMI consist
in the ability of recording multiple events at the same time. The fluorescence detector
allows simultaneous detection of the position of a large amount of particles. Using a pair
of detectors for ion and electron imaging, the position of individual hits can be recorded in
coincidence if the hit rate is kept strictly below one per shot. However, the assignment
of multiple hits on one detector is not possible, limiting the ability to record ion-ion
coincidences currently. Therefore, ion-electron correlation studies are the preferred method
with VMI detectors.

The end-station developed in this work is based on a technique known as
Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS) or Reaction Microscope.
It combines a cold molecular gas jet with a spectrometer for coincident electron-ion
3D-momentum imaging. The combination of position sensitive detectors with a time-
of-flight measurement at a low extraction field retrieves the full 3D-momentum without
symmetry considerations. Several ions and electrons can be recorded on an event basis
in coincidence, but the delay-line detector used in this technique has strict multi-hit
limitations. Operation near this limit will be discussed in Section 5.7.1. The set of
kinematically complete data allows to study multi-differential reactions in the molecular
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frame and with respect to the polarization axis, without the need for prior alignment, in
cases where the Axial Recoil Approximation is valid. The ion momentum only corresponds
to the molecular axis if the molecule did not undergo a significant rotation between the
moment of ionization and dissociation. The approximation breaks down in the case of
some small molecules that can undergo fast rotations, as well as in cases of ultrafast
conformational changes around conical intersections.

In this setup, a COLTRIMS type experimental end-station was constructed named
the Momentum Imaging Spectroscopy for Time Resolved Studies (MISTERS). The exper-
imental setup consists of a molecular beam source, a multi-purpose momentum imaging
spectrometer, as well as a focusing mirror setup. All components are placed inside a
specifically designed large ultra-high vacuum chamber.

The design, characteristics and operation of cold jets and COLTRIMS style spectrometers
have been described in numerous publications. Therefore, the description of common
components are kept short in this work. References for further reading can be found in
each section.

Figure 5.1 shows a cross section of the MISTERS end-station. The height from top to
bottom is ~ 2 m and the footprint not including the Helmholtz coils is ~ 1 x 1.2 m. The
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