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Abstract

Terschliisen, J. A. 2016. Constructing and Commissioning HELIOS — A High Harmonic
Generation Source for Pump-Probe Measurements with sub 50 fs Temporal Resolution. The
Development of Experimental Equipment for Extreme Ultraviolet Spectroscopy. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 1360. 80 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9528-2.

This thesis presents HELIOS, an in-house laboratory for time-resolved pump-probe
spectroscopy with extreme-ultraviolet (XUV) probe radiation. A wide span of pump
wavelengths can be generated using commercial laser equipment while XUV probe radiation
is generated via a high harmonic generation process in a noble gas delivering probe photons
with energies between 20 eV and 72 eV. The XUV beam path features a time-preserving
monochromator and was constructed and built in-house. HELIOS features an overall time
resolution of about 50 fs when using 800 nm pump and 41 eV probe photons. An energy
resolution of 110 meV at41 eV photon energy can be achieved. HELIOS features two beamlines.
One p-focus beamline with an XUV focal size of about 20 um can be used with experiments that
require such a small XUV focal size as well as with different end stations. The other beamline
features a semi-permanently mounted end station for angle-resolved photoelectron spectroscopy
under ultra-high vacuum conditions.

Experiments demonstrating the usability of HELIOS and the two beamlines are presented.
A pump-probe measurement on graphene demonstrates the capability of determining a large
part of the k-space in only one measurement due to the use of an ARTOF angle-resolved
time-of-flight electron spectrometer. A non-angle-resolved pump-probe measurement on the
conducting polymer PCPDTBT demonstrates the high signal-to-noise ratio achievable at this
beamline in non-angle-resolved photoelectron-spectroscopy pump-probe measurements. The
usability of the p-focus beamline is demonstrated with time-resolved measurements on magnetic
samples employing an in-house-designed spectrometer. These experiments allow the retrieval
of element-specific information on the magnetization within a sample employing the transversal
magneto-optical Kerr effect (T-MOKE).

Additionally, a Fourier transform spectrometer for the XUV is presented, the concept was
tested at a synchrotron and it was used to determine the longitudinal coherence of the XUV
radiation at HELIOS.
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Abbreviations and acronyms

ARPES Angle-Resolved Photoemission Spectroscopy
ARTOF Angle-Resolved Time-of-Flight

FEL Free-Electron Laser
fs Femtosecond (1-1071% )
FTS Fourier Transform Spectrometer

FWHM Full Width at Half Maximum
HELIOS High Energy Laser Induced Overtone Source

HHG High Harmonic Generation
ns Nanosecond (11077 s)
MCP Micro-Channel Plate

OPA Optical Parametric Amplifier
OPD Optical Path Difference

PCPDTBT poly[2,6-(4,4-bis-(2-ethylhexyl)-4 H-cyclopenta [2,1-b;3,4-

b'|dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]

PES Photoelectron Spectroscopy

ps Picosecond (110712 s)

Regen Regenerative Amplification Stage
SASE Self-Amplified Spontaneous Emission
Ti:sapphire Titanium:sapphire

TOF Time-of-Flight

TR-PES Time-Resolved Photoelectron Spectroscopy
T-MOKE  Transverse Magneto-Optic Kerr Effect

UHV Ultra-High Vacuum
Uv Ultraviolet
vyUVv Vacuum Ultraviolet

XUV Extreme Ultraviolet
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1 Introduction and background

1.1 The benefits of time-resolved spectroscopy

A huge variety of different techniques can be gathered under the term spec-
troscopy. Spectroscopy is used to obtain information about matter by analyz-
ing electromagnetic radiation and can be used for a multitude of different
applications. Its history reaches back to the time of Newton and its signifi-
cance for the history of science can hardly be underestimated. Over the
years, more and more spectroscopic techniques were developed aiming on
the study of objects of different sizes ranging from whole galaxies to single
atoms and with different energies ranging from gamma rays to radio waves.

However, spectroscopy has, for the very most of the time, been a tech-
nique which only allowed studying a steady state of an object or sample. It
was typically not able, to deliver information about how processes actually
happen (e.g. solar harvesting, photo-dissociation of molecules, phase transi-
tions). Therefore, scientists were dependent on creating models that bridge
the gap between a known initial state of a process and its known final state.
The actual dynamics of how an initial state evolves into the final state could
not be observed. Although using models is mostly possible, it is not always a
satisfying approach and might sometimes also fail in describing what actual-
ly happens.

A crash test for cars without slow-motion cameras might be an easier ac-
cessible analogy for this situation. One knows the car and the initial condi-
tions very well, one also knows the result after the crash but if one lacks the
slow-motion pictures one misses the dynamics of the impact. Hence, one can
try to model the impact to finally make the model look like the result of the
crash. However, if this is not successful, one might just have missed some
physics and it will be hard to find a fix for this problem. Even if this final
state of the modeling is looking as in reality it does not necessarily mean that
the dynamics were described correctly. As a workaround to this problem,
one can try to constantly illuminate the crash scene and take one image with
a very long shutter time. All the dynamics would be captured but in only one
image. However, this image might then only allow following traces of torn
off fragments. The actual impact dynamics are still missing, although, it is
precisely the control over these dynamics which is a major design goal for a
car.
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Now, if one chooses a more scientific example showing the same princi-
ple, one might look at a solar-cell sample. Scientist can provide rather pre-
cise descriptions of e.g. the electronic structure of a solar cell in the dark. If
one illuminates the solar cell one can in principle measure all the excited
states which electrons reach when the solar cell is exposed to light, meaning
all the dynamics at once, as one could capture the crash-test dynamics in
only one image. However, the use of a solar cell lies precisely in the electron
dynamics caused when exposed to light. A solar cell might be unusable if it
features the wrong electron dynamics even if it otherwise has good condi-
tions for high efficiency. As for a crash test one might try to model these
dynamics, relying on the feasibility and quality of the modeling. However,
as slow-motion cameras might provide important information about crash-
test dynamics, time-resolved spectroscopy might provide important infor-
mation about the dynamics in a certain process or sample as e.g. in a solar
cell.

1.2 Pump-probe spectroscopy

One can find examples of time-resolved spectroscopy dating back to 1950."
However, the time resolution in that case was 500 nanoseconds (ns) (500 -
107? s) while time resolutions in the femto- (1071% s) or even attoseconds
(10718 5) are achieved today.” A significant part of these advances were
made possible by a rapid development of laser technology and finally the
development of ultrafast pulsed lasers. These are commonly used to perform
so-called pump-probe measurements. This means that one achieves time
resolution by using two extremely short light pulses with an adjustable de-
lay, as shown in Figure 1.

source
|:| / sample
\

beam splitter \ N

Figure 1. Schematic drawing of a pump-probe setup. A short light pulse is split by a
beam splitter, creating a pump and a probe pulse. The probe pulse travels a longer
path and is hence delayed. Thereafter it is used to probe the sample which was be-
fore pumped by the pump pulse. [own work, published under CCO license]’
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The first pulse is called pump pulse and is used to excite the sample. In
the case of a solar cell, the pump pulse would excite electrons from the
ground state to excited states, as it would also be done by the illumination
with sunlight. The second pulse is called probe pulse and is used to probe the
sample after a certain time delay. One can thereby measure in which states
the excited electrons are at that time. Doing this with a set of different delays
allows monitoring the dynamics of the sample initiated by the pump pulse.
The shorter the light pulses the better time resolution can be achieved. This
is similar to achieving less in-motion blur when taking a photo with a flash
in contrast to taking a photo with a long exposure time without flash. The
result of such a measurement series could be compared with a set of images
of how the solar cell, or more general a sample, reacted to the pump pulse.
Such a series monitors the dynamics of a process as a slow-motion video
consisting of many images monitors impact dynamics in a crash test.

Although it might seem that an excitation of a sample with a light pulse
limits this technique to processes that are in anyway connected to the absorp-
tion of light, pump-probe measurements are used to perform measurement in
a huge variety of different areas. The reason for this is that photons can also
be used to deposit energy in a system and thereby to e.g. heat a sample, to
cause a phase transition, to change the samples magnetization, to trigger
chemical reactions or to excite vibrations in molecules as well as to dissoci-
ate them.

1.3 Extending the photon-energy range

Although time-resolved spectroscopy with lasers developed into many dif-
ferent directions and became a very handy tool for a lot of scientists, it was
for long times limited by the energies that could be achieved with laser puls-
es. A way of converting laser light in the infrared (IR) or visible to wave-
length in the vacuum ultraviolet (VUV), extreme ultraviolet (XUV) or even
up to soft x-rays was already found in 1987 by means of so-called high har-
monic generation (HHG). However, its use in spectroscopic applications
was rather limited. Photons with energies above the ultra violet (UV) were
rather generated by helium lamps,” x-ray tubes and synchrotrons. This made
those energies rather unreachable for time-resolved spectroscopy with
femtosecond (fs) time resolution as the mentioned sources could not provide
fs pulses.

Within the last two decades, this situation changed by the emergence of
new techniques as femto slicing at synchrotrons or new concepts like free-
electron lasers (FELs) which are described briefly in Section 3.1. However,
the access to these techniques is rather limited, which causes a rather strin-
gent working environment while the small number of these facilities often
means that they are mostly far away. Meanwhile, ultrafast commercial lasers
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got powerful and reliable enough to make high harmonic generation a useful
tool for ultrafast spectroscopy with energies above the UV region. Today,
such a light source can be built as a stable table-top setup, while leaving
experimental and financial margins to combine it with experimental equip-
ment needed for time-resolved spectroscopy. Not least the home-lab charac-
ter of these sources lets them be a valuable complement to the large facilities
described above.
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2 This thesis in context

The main work within my thesis was to build and commission a laboratory
for time-resolved spectroscopy which uses XUV radiation created from an
ultrafast laser pulse via an HHG process. The laboratory is called HELIOS,
which is an acronym for “High Energy Laser Induced Overtone Source” and
was built within the division of Molecular and Condensed Matter Physics at
the department of Physics and Astronomy at Uppsala University. This divi-
sion features a very broad research reaching from surface science on single
crystals, organic solar cells, biomolecules and spectroscopy on liquids to
gases and magnetism. Hence, one of the key parameters for HELIOS is to be
very flexible when it comes to its usability and the kind of research conduct-
ed with it.

The division of Molecular and Condensed Matter Physics also features a
strong tradition of developing and constructing new instruments for scien-
tific applications. One example for this is the development of a concept-test
Fourier transform spectrometer (FTS) for the XUV region,® which was de-
veloped trying to push the wavelength limit of Fourier transform spectrosco-
py towards shorter wavelengths into the XUV. A part of my thesis deals with
testing this new spectrometer and exploring its capabilities and limitations.
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3 Experimental techniques

This chapter describes some techniques relevant for this thesis as well as
some alternative techniques which might be used for similar research. How-
ever, the descriptions will concentrate only on the basic principles and more
detailed descriptions can be found in the references.

3.1 Optically-driven time-resolved techniques

All techniques described in the following subsections are techniques that can
be used in a pump-probe scheme as described in the introduction Section
1.2. Besides the fact that also HELIOS employs the pump-probe scheme, the
reason for this is that pump-probe measurements are widely used and allow
for gaining time-resolved data from a large variety of different samples in
different scientific areas. An advantageous feature of the pump-probe
scheme is that the time resolution is, to a high degree, dependent on the light
source and increases with shorter pump and probe pulses and a higher stabil-
ity of their delay. In addition, it is possible to perform different experiments
with the same light source while the spectrometers used (e.g. photon- or
electron spectrometers) do not have an impact on the overall temporal reso-
lution. This particularly allows using standard spectrometers already devel-
oped for non time-resolved measurements.

Each of the different time-resolved techniques described in the following
subsections are a topic on their own. The descriptions given here aim on
comparing these different approaches from a user perspective and are, hence,
rather general. This focus and briefness means that there are hardly state-
ments without exceptions.

3.1.1 Laser-laser pump probe

Since the demonstration of the first laser, laser technology progressed very
fast. The spectrum of available beam powers, pulse lengths and wavelengths
has been increasing for decades. Laser-laser pump probe is a rather simple
technique which can be fitted in one room and requires rather little upkeep.
Ultrafast pulsed lasers with pulse lengths down to a few femtoseconds are
available and can be easily handled and characterized by the use of standard
optical equipment. A laser beam can easily be split into a pump- and probe
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beam by means of a beam splitter. Using a retroreflector on a delay stage in
one of the two beam paths allows setting a precise time delay between both
pulses. As the time delay is dependent on the path-length difference between
the two beams it is rather simple to set and keep a certain delay with little
jitter. Absolute time differences of the driving laser are not of relevance in
this configuration since both pump- and probe pulse originate from the same
laser pulse. Moreover, it is possible to vary the wavelength of the laser radia-
tion by using a tunable laser or to continuously change the wavelength by
means of nonlinear optics (see Ref. 7 and references therein). This makes
pump-probe setups with variable pump- and/or probe wavelengths possible.
However, the photon energies of lasers are limited to a region reaching from
the far infrared to the ultraviolet. Higher photon energies cannot be achieved
by using standard laser equipment since photons in the vacuum ultraviolet
(VUV) are absorbed by all kind of different materials as well as in air.

Altogether, laser-laser pump probe is a very versatile and easy to use tool
for a home lab with high repetition rates up to >100 kHz,** little jitter and
very good time resolution down to a few femtoseconds. The main disad-
vantage is the very limited probe photon energy, which does only allow for
probing the valence band of a sample.

3.1.2 High harmonic generation

As discussed above (Subsection 3.1.1), the main limitation of laser-laser
pump probe is the limited wavelength/energy of the probe pulse. This can be
overcome by generating high harmonics, usually done by focusing a femto-
second laser pulse into a noble gas. That way, odd overtones of the driving
laser frequency are generated easily surpassing 70 eV in energy.'’ Even high
harmonics forming a supercontinuum that covers the water window from
280 eV to 530 eV have been demonstrated.'' However, the number of high
harmonic photons is drastically smaller than the one from the used driving
laser pulse as the conversion efficiency is about 1075 or lower."'

XUV radiation is absorbed very strongly in air, which means that the
whole XUV beam path including the sample has to be kept under vacuum.
This adds a lot of complexity and cumbersomeness compared to laser-laser
pump probe. The significantly higher probe-photon energies, however, allow
for probing the full valence-electronic structure and some shallow core lev-
els, partly even with element specificity (compare also Section 3.3). Higher
photon energies also enable angle-resolved photoelectron spectroscopy and
band mapping with access to much larger parts of the k-space, while the
coherence of the light allows diffractive imaging.'>

HHG pump probe can be seen as an extension of laser-laser pump probe
allowing for different kind of experiments due to the higher probe energies.
Furthermore, very short probe pulses with lengths in the low attoseconds can
be achieved.'® This comes at the price of a more complex and costly system,
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the need of more intense laser pulses, which practically limits the repetition
rate, and the need to keep the probe beam path under vacuum. The latter
complicates the general setup as well as well as the handling of samples as
objects in vacuum are much harder to control and access. The access to some
classes of samples, like liquids, is even limited as they are in principle in-
compatibility to vacuum. Additionally, the high absorption of high harmonic
photons in basically all materials makes this method very surface sensitive
(compare Section 3.3). The non-continues HHG spectrum, consisting only of
discrete peaks can also be a disadvantage compared to spectroscopy at syn-
chrotrons or free-electron lasers since it makes resonant excitations rather
difficult. Nevertheless, high harmonic generation is a technique that is cur-
rently developing very rapidly towards a cost-efficient home-lab solution for
the generation of very short and coherent pulses in the VUV to X-ray region.

3.1.3 Laser-pump x-ray-probe at synchrotrons

Synchrotrons provide high brilliance, very good energy resolution and a
wide range of accessible energies, while delivering photon pulses with pulse
lengths in the picosecond (ps) regime. However, their pulses in normal oper-
ation are spaced so close (e.g. 2 ns)'* that it might be very difficult to direct-
ly use them for pump-probe spectroscopy. Reasons can be that there might
not be a pump laser available featuring such high repetition rates as 500
MHz,'* the sample might simply not stand that many pump and probe pulses
per second or there might not be time for the observed system to decay back
into its ground state. Another reason, especially when using time-of-flight
spectrometers is that the spectrometer itself might not be able to handle that
high repetition rates.

In these cases, it might be necessary to reduce the repetition rate of the
synchrotron pulses delivered to the experiment. There are different ap-
proaches to this problem. A straight forward solution is a chopper system
(see Ref. 15 and references therein), which only transmits a fraction of the
pulses, thereby reducing the repetition rate. However, depending on the de-
gree of demands put on it, a chopper system can become very complex.
Problems might arise from the required synchronization of the chopper with
the light source, the impact of the radiation onto the chopper as well as its
mechanical stability.

Another approach would be to limit the repetition rate with which the
synchrotron produces photon pulses. A way of doing this is to run the syn-
chrotron in a so-called single-bunch mode. However, this strongly affects
other users of such facilities as it comes along with a rather limited photon
flux, which is why beamtime with such an operation mode is rare. Newly
developed techniques, though, allow for lower repetition rates at one beam-
line while leaving other users unaffected.'®'’
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Laser-pump x-ray-probe is a technique which has its advantages in the
large energy range of synchrotron pulses, which spans from the microwaves
to the hard x-rays. This allows a complete determination of the electronic
structure of the sample, if desired, at the same time, using the very good
energy resolution of the x-ray photons. As these experiments can only be
conducted at specially equipped beamlines of synchrotrons, their accessibil-
ity is limited. Further shortcomings are the rather poor time resolution which
is limited by the pulse length of the x-ray pulse from the synchrotron to
about 30 ps to 3 ps'*'"'® and the need of synchronizing the pump laser to the
x-ray pulse. Hereby, the fact that both pulses are of completely different
origin introduces additional jitter. To work around these problems, femto
slicing'®" is currently introduced at an increasing number of synchrotrons.

3.1.3.1 Femto slicing

Femto slicing is used to increase the time resolution in laser-pump x-ray-
probe experiments. In general, a synchrotron generates light by letting a
near-speed-of-light electron bunch pass through a magnetic structure such as
a wiggler or undulator.”” Since the electron bunches have a length of about
30 ps to 100 ps (full width at half maximum (FWHM))'® the radiation emit-
ted by them features similar pulse lengths. The idea of femto slicing is to use
a femtosecond laser pulse to modulate the energy of an electron slice within
an electron bunch as shown in Figure 2." For that, the electron bunch is sent
through a wiggler or undulator, which causes the electrons to emit light. The
wavelength of the emitted light is set so that it fits the wavelength of a
femtosecond laser pulse which is sent through the wiggler or undulator sim-
ultaneous with the electron bunch. This laser pulse then modifies the energy
of the co-propagating electrons in its electric field. This allows separating
the electrons by means of a bending magnet, based on their different kinetic
energies. Afterwards, this sliced bunch can be send through a normal undula-
tor whereupon the sliced part of the bunch emits radiation in a slightly dif-
ferent direction and with a pulse length similar to the one of the laser pulse.
This allows pulse lengths of about 100 fs at the experiment.'®

electron bunch fs x-ray pulse

b fs laser pulse

modulator i)cnd magnc‘t‘ ‘ radiator aperture

Figure 2. Schematic drawing a femto-slicing setup. The electron bunch and laser
pulse enter the modulator from the left. The energy within a slice of electrons is
altered by the fs laser pulse, leading to a different trajectory of those electrons
through the bend magnet. This altered electron slice then emits a short x-ray pulse
passing the aperture to the beamline while the ordinary radiation is blocked. [Re-
printed figure with permission from Ref. 18. Copyright 2016 by the American Phys-
ical Society.]
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The big advantage of this technique is the combination of a rather good
time resolution of a laser with a very high and flexible probe energy of a
synchrotron. The fact that the laser used for the femto slicing can also be
used to generate the pump beam reduces jitter while the repetition rate can
be about as high as the laser allows. Depending on the actual beamline, a
disadvantage might be a low photon flux. The main disadvantage, however,
clearly is the high complexity of such a setup, which leads to a rather limited
accessibility.

3.1.4 Free-electron lasers

One can almost view a free-electron laser (FEL)*' as a linear synchrotron. As
a synchrotron it uses an electron beam and undulators to generate light. The
difference is mainly in the longer undulator and the higher quality of the
electron beam, which is achieved by a linear instead of a circular accelerator.
These two conditions together lead to an interaction of the emitted photons
with the electrons as they travel through the undulator. This results in a mi-
crobunching of the electron bunches which in turn causes the emitted radia-
tion to be coherent and much more intense. To make the electrons in the FEL
emit fully coherent photons, though, the FEL has to be seeded. An FEL can
either be seeded by an external light source as a laser” or an HHG source, it
might seed itself in a controlled way” or might seed itself by basically am-
plifying its own random noise (self-amplified spontaneous emission (SA-
SE)). Although an FEL is a coherent light source the longitudinal coherence
is not very good and only an external or controlled seeded operation allows
for fully longitudinal coherent beams with goes along with even higher in-
tensities and better energy resolution. As every FEL is different, also the
range of accessible photon energies is different but spans from the micro-
waves to X-rays. This energy range might, however, be limited by seed-laser
energies. As FELs are pulsed sources, they feature repetition rates which can
also be very different. They are primarily dependent on the accelerator tech-
nology used where FELs with conventional technology feature repetition
rates which are typically about 60 Hz to 120 Hz, while FELs with supercon-
ducting technology have repetition rates in the kHz up to tens of kHz.

The advantage of FELs lies in the short pulse length of coherent radiation
at low wavelengths with extremely high peak powers in the order of 101°
W.2' Pulse lengths are typically tens of femtoseconds, however, sub 1 fs
second pulse lengths have been demonstrated.”’ This allows especially for
single-shot coherent imaging techniques widely used in biology to determine
the structure of biomolecules.**> A drawback of FELs based on the SASE
principle is their rather random pulse structure and jitter, which limits their
time resolution in pump-probe experiments. Actively seeded FELs provide
better pulse stability and energy resolution and might even allow optical
synchronization of the FEL pulse with a pump laser pulse to limit the jitter
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between them. However, actively seeded FELs are even more rare and com-
plex. The main disadvantage of FELs, however, is their large size, complexi-
ty and high price, which severely limits their accessibility.

3.2 The principle of high harmonic generation

The main technique used in this thesis is high harmonic generation (HHG)
from a driving laser. As already touched upon in Subsection 3.1.2, high har-
monic photons'®'" are generated by focusing a short and intense laser pulse
into a noble gas, resulting in radiation with photon energies of odd multiples
of the driving laser photon energy. This radiation will be referred to as high
harmonics within this thesis. Most commonly titanium-sapphire lasers
(Ti:sapphire lasers) with a center wavelength of about 800 nm are used for
this as their technological advances currently make them the laser system of
choice to generate pulses with mJ pulse energy at pulse lengths in the low
tens of femtoseconds.

1 3 "f% )
_________________________ /
field/tunnel ionization acceleration in the reoombin_atipn

laser field and photoemission

Figure 3. The principle of HHG described semi-classically by the three-step model.
[Reprinted figure with permission from Ref. 10. Copyright 2016 by the American
Physical Society.]

The process of HHG can be understood when split up in two successional
processes. As a first step one has to understand what happens to a single
atom when it is exposed to the strong electric field caused by the laser pulse.
This can be explained in an intuitive way as described in Figure 3 by the
three-step model. (1) The electric field of the laser tilts the potential of the
atom. This allows an electron to tunnel out of the atom, hence, (2) accelerat-
ing in the electric field of the laser. (3) When the laser field changes direc-
tion the electron is accelerated back towards the parent ion and can recom-
bine with it. When recombining, a high harmonic photon with an energy
equal to an odd multiple of the laser photon’s energy is emitted.
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As the electron can only gain a limited amount of energy within the laser
field it is intuitively clear that there has to be a maximum high harmonic
photon energy that can be generated this way. This energy is given by

2
Ecutoff = Ipot+3-17 Up ~ Ilaserllaser

where I, is the ionization potential of the atom and U, is the ponderomo-
tive energy of the electron in the laser field which is the average energy of an
electron driven by an oscillating electric field of a laser with intensity I},
and wavelength A;4se,.'"® This practically means that one has to use noble
gases with higher ionization thresholds in order to increase the generated
photon energies, although this proves to be less efficient at HELIOS. To
simply change the laser wavelength is not possible as it is set by the used
laser technology and could only be changed when exchanging the laser sys-
tem. The intensity of the laser, however, cannot be chosen freely but needs
to satisfy some other condition related to phase matching, explained below.

Intensity [arb. units]

T T T T T T T T T T T T

35 40 45 50 55
Photon Energy [eV]

Figure 4. A typical high harmonic spectrum recorded at HELIOS by scanning the
monochromator. The HHG process was optimized for the 29™ harmonic at 44.5 eV.
[Reprinted from Ref. 28 with the permission of AIP Publishing]

Apart from the response of the single atom to the intense laser field, phase
matching is very important for the overall process of HHG as it is for the
generation of harmonics in crystals in conventional laser physics. It is re-
quired that the laser radiation and the much higher-energetic high harmonics
have the same phase velocity in the gas they travel in. Under this condition,
all the emitted HHG radiation along the laser path interferes constructively
and adds up to bright and coherent radiation. While the phase velocity for
high harmonics in a gas is very close to the speed of light in vacuum, c, the
phase velocity of the laser is slowed down by the gas to below ¢. On the
other hand, the phase velocity of the laser can be increased by the presence
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of free electrons in the gas. This allows matching the lasers phase velocity
with the one of the HHG radiation by means of adjusting the gas pressure
and laser intensity to control the degree of ionization in the gas.

The radiation created that way is temporally shorter than the driving laser
pulse. Even lengths of tens of attoseconds can be reached.'” However, the
high harmonic radiation as used in this thesis, consists of a pulse train of
sub-fs pulses. The length of this pulse train can be estimated by half the driv-
ing laser pulse length. The high harmonics maintain the polarization of the
driving laser if it is linearly polarized. A circular polarized driving laser,
however, results in no harmonics as the electron will not return to the atom
from which it tunnel-ionized and, hence, cannot recombine. Nevertheless, it
is possible to create circular polarized high harmonics if one overlays a cir-
cular polarized driving laser with its second harmonic, circularly polarized
the opposite direction.”’

The high harmonics generated within this thesis work are linearly polar-
ized harmonics generated in a gas cell as described in Section 4.2. A typical
spectrum of such harmonics is shown in Figure 4. However, beside gas cells
there are also other ways of generating high harmonics, some of which are
summarized in Figure 5. They all have in common that the gas volume is
surrounded by vacuum since any air or even too long travel lengths of the
high harmonics in the gas, in which they were generated, would lead to ab-
sorption of the harmonic radiation. The motivations for these different tech-
niques are, in short, that a gas jet and a gas cell are rather simple solutions
while a straight waveguide maximizes the interaction region of the laser and
the gas by low-angle reflections of the laser in the waveguide while the
waveguide additionally allows for high gas pressures. A modulated wave-
guide adds a modulated structure of the waveguide which modulates the
laser intensity within the waveguide, allowing for quasi phase matching
which 29signiﬁcantly improves performance for high harmonics above
70 eV.

Figure 5. Different ways of generating high harmonics in a gas. (a) by focusing the
diving laser into a gas jet, (b) a gas cell, (c) a waveguide and (d) a modulated wave-
guide. [Pictures taken from Ref. 30 with kind permission of the author.]
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3.3 Properties of XUV radiation

The goal of high-harmonic generation as treated in this thesis is to create
laser-like radiation in the XUV to be used for time-resolved spectroscopy.
However, XUV radiation is rather difficult to work with for several reasons.
Apart from multilayer mirrors, which basically only reflect a narrow wave-
length region, there are no materials that would efficiently reflect XUV radi-
ation in non-grazing incidence. Hence, achieving grazing angles onto optics
in the XUV beam path is very important as shown in Figure 6.
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Figure 6. Reflectivity of a gold surface for different grazing angles. The reflectivity
for s- and p-polarized light is plotted for 32 eV and 58 eV as these are the photon
energies with the highest and lowest reflectivity within the energy range of 20 eV to
72 eV delivered by HELIOS.?'

XUV radiation is also strongly absorbed by any material in the beam path.
This needs to be considered when using filters, capping layers on samples or
detectors with coatings. However, it can be necessary to transmit XUV ra-
diation while blocking laser radiation, for example to separate the XUV ra-
diation from the laser after it is produced in the gas cell or to separate the
pump beam from the probe beam behind the sample. An aluminum foil can
be used for this purpose as its transmission of XUV radiation is rather high
and it can be produced as very thin foils. Nevertheless, even a 150 nm thick
foil as used at HELIOS can absorb up to two thirds of the radiation. Figure 7
shows the transmittance of such a foil and one coated with a 3 nm oxide
layer on both sides, something almost impossible to avoid in practice. Addi-
tionally, the use of such a foil in the beam path particularly means that any
radiation above the aluminum L-edge at about 72 eV is absorbed by the foil
and cannot be used for experiments.
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Figure 7. Photon transmittance through a 150 nm thick aluminum foil (dashed line)
and though the same foil with 3 nm ALO5 on each of its two surfaces (solid line).**

The probing depth of spectroscopy conducted with XUV radiation is very
low. This is due to the very high absorption of XUV radiation in matter as
already discussed, which allows only limited penetration depths, depending
on the material. Even more relevant for electron spectroscopy, though, is the
very limited mean free path of electrons with kinetic energies that corre-
spond to XUV photon energies between 20 eV and 72 eV which are accessi-
ble at HELIOS. The mean free path of an electron is the average distance an
electron could travel through a material without scattering and hence loosing
energy or changing direction. This is typically discussed in terms of the
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Figure 8. Mean free path of electrons for a compilation of elements. [Reprinted
figure from Ref. 33 with permission of the copyright holder.]
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universal curve, which is displayed in Figure 8. These two factors together
make electron spectroscopy with XUV wavelength a very suitable tool to
investigate surfaces.

An advantage of XUV radiation over conventional laser wavelength is
that the photon energies are high enough to reach absorption edges of shal-
low core orbitals of nearly all elements. This enables time-resolved element-
specific spectroscopy when using photon energies matching K-, L-, M-, N-
or O absorption edges of elements in a sample. This is for example of im-
portance when performing experiments employing the transverse magneto-
optic Kerr effect (T-MOKE) as described in Subsection 6.6.1 and Paper V.
Alternatively, ionizing electrons from weakly bound core levels can also
enable time-resolved element-specific spectroscopy.

A higher photon energy above the visible or UV is also desirable for an-
gle-resolved photoelectron spectroscopy. It allows probing a larger part of
the k-space, assuming a fixed angular acceptance of a photoelectron analyz-
er. This becomes apparent in Section 6.4.

3.4 Monochromatization

When designing HELIOS one of the goals was to monochromatize the gen-
erated high harmonics, meaning that one should be able to select a single
harmonic, or even only a part of a harmonic, to be used in experiments. This
makes the whole lab flexible in how to perform experiments and makes its
use similar to conducting experiments at synchrotrons or FELs. In general, a
better monochromatization of the high harmonics means less spread energies
within the XUV pulse which allows for better energy resolution at an exper-
iment. However, selecting a smaller energy range also means reducing the
photon flux.

Monochromatization of high harmonic radiation is typically done em-
ploying multilayer mirrors or diffraction gratings. The big difference be-
tween these two approaches is that multilayer mirrors only efficiently reflect
photons in a narrow energy band, which means that the desired photon ener-
gy needs to be known when installing them and cannot be changed easily. If
these restrictions are acceptable, monochromatization with multilayer mir-
rors offers high transmission.

A grating, however, diffracts all energies but in different directions which
separates them spatially. This is described by the grating equation

d(sin 6;, — sin0,,) = mi €))

in which d is the distance of two adjacent grooves on the grating, 6;, is the
incident angle meaning the angle between the grating’s normal and the inci-
dent beam while 64, is the angle between the grating’s normal and the di-
rection of the diffraction maxima, m the order of diffraction and A the wave-
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length of the diffracted radiation (compare Figure 9).** The intensity of the
diffracted radiation goes down as the order of diffraction increases while the
path length difference between two adjacent grooves is always one wave-
length (4) times the diffraction order. To increase the intensity around a cer-
tain diffraction angle, one can use a grating surface with a saw tooth pattern,
which features a so-called blaze angle as shown in Figure 9. By choosing the
right blaze angle one can support diffraction around the angle in which light
would also be reflected, if it hit a single blazed surface. However, as a grat-
ing is not a mirror and all observed light is purely diffracted, a reflected
beam cannot be observed.

positive order

incident light diffraction
zero order
6\‘ negative order
dm diffraction

Figure 9. Schematic drawing of a blazed grating. [own work, published under CCO
license]*

To monochromatize light with a grating, one normally uses a device called
grating monochromator which allows the selection of one photon energy at a
time and allows the change of this energy by simply rotating the grating. Up
to a certain degree, it additionally allows to trade photon flux against energy
resolution of the transmitted photons by changing the size of the mono-
chromator exit slit.

There are various ways building monochromators. In HELIOS, the main
focus was on simplicity, transmission and time resolution. In short, a para-
bolic mirror collimates the incoming light and reflects it onto a grating from
which it is diffracted. By rotating the grating a certain center energy can be
selected. This radiation is then focused by another parabolic mirror onto the
exit slit of the monochromator which’s opening can be changed to change
the transmission and energy resolution. Figure 10 shows a sketch of the
monochromator.
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Figure 10. Schematic drawing of an off-plane-mount monochromator. The light
from the source on the right diverges on a collimating mirror, hits a grating with the
grooves along the incident direction of the light and is diffracted on a mirror that
focuses on the exit slit. The rotation axis of the grating, used to select the transmitted
energies is indicated. [Picture taken from Ref. 30 with kind permission of the au-
thor.]

As HELIOS is used for time-resolved experiments it is important that the
monochromatized XUV radiation is not prolonged too much by the mono-
chromator. However, diffraction from a grating is based on the existence of a
path length difference between grooves. This means that a diffracted pulse in
any order except zero will get more prolonged the more grooves are illumi-
nated. More precisely, every single groove on the illuminated grating surface
adds a path length difference to the diffracted radiation. The consequence of
this is illustrated in Figure 11 for a white light pulse. The path length differ-
ence adds up along the beam diameter so that the upper and lower edges of
the beam feature different path lengths and the wavefront tilts. As the differ-
ent wavelengths are diffracted in different angles according to equation (1)
the beam additionally features an angular dispersion, which is in fact neces-
sary to separate the different energies but also leads to special chirp.

One could use two gratings (one in positive, one in negative order), on the
expense of a decreased transmission and higher monochromator complexity,
to avoid an effect of the diffraction onto the pulse length.* At HELIOS,
however, the grating is mounted in the so-called off-plane mount which
means that the grooves are orientated along instead of perpendicular to the
direction of the incident light.”” This minimizes the amount of illuminated
grooves and hence keeps the pulse prolongation at a necessary minimum
while allowing high transmission and a simple design. Transmissions of
above 30% have been demonstrated for such monochromators in the XUV.*®

However, minimizing the number of illuminated groves also reduced the
resolution of the monochromator. This is a disadvantage but acceptable,
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because the maximum achievable energy resolution is in any way limited by
the fact that a short pulse in time will have a broad frequency/energy spec-
trum.

To calculate the transmitted photon energies in the off-plane mount, the

grating equation (1), needs to be expended by another angle as can be found
in Ref. 38.
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Figure 11. Diffraction of a short white light pulse on a grating, resulting in a tilted

wavefront, angular dispersion and spatial chirp. [own work, published under CCO
license]*’

3.5 Fourier transform spectroscopy

A Fourier transform spectrometer (FTS) is used to measure the intensity of
light depending on its wavelength. In that sense it is like a scanning mono-
chromator where the transmitted light is recorded by a detector. However,
the working principle and construction of such a spectrometer are quite dif-
ferent from a monochromator.***! While a monochromator only allows radi-
ation of a certain wavelength to be transmitted and detected by e.g. a photo
diode, an FTS allows all radiation to be transmitted but instead introduces
interference effects which result in a so-called interferogram which in turn
can be converted into an intensity spectrum by means of a Fourier transform.

An FTS is an interferometer, like for example a Michelson interferometer
as shown in Figure 12. It splits the photon beam and lets it travel two differ-
ent paths before recombining the beam again and measuring its intensity.
However, one of the two paths can be changed in length, which allows intro-
ducing and controlling an optical path difference (OPD) between these paths.
This causes interference when the beams are recombined, which means that
the intensity of the detected radiation is dependent on the OPD. Measuring
this interference as a function of the OPD results in an interferogram. A Fou-
rier transform of this interferogram then leads to the wavelength spectrum of
the radiation (compare Figure 12).
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Figure 12. Schematic drawing of an FTS based on a Michelson interferometer. The
frequency spectrum resembles the frequencies contained in the interferogram. [own
work, published under CCO license]*

In the case of monochromatic radiation passing through the spectrometer, a
change of the OPD by one wavelength alters the interference e.g. from con-
structive to destructive and back. In this case it is easy to understand that the
Fourier transform of such an interferogram results in a spectrum with a sin-
gle peak at the wavelength of the incident radiation. The same happens when
multiple wavelengths enter the spectrometer simultaneously, only that dif-
ferent wavelength will have the interference maxima and minima at different
OPDs. Hence, the resulting interferogram will look much less clear to the
human eye. In any case, a Fourier transform of the interferogram will re-
trieve the wavelength spectrum of the incident radiation.

Fourier transform spectroscopy is widely used for the infrared and visible
radiation due to their different and often superior signal-to-noise characteris-
tic and high achievable spectrometer transmission.” In the VUV/XUV,
however, the main advantages of an FTS over grating based spectrometers
are the wavelength accuracy and potentially very high spectral resolution of
an FTS.*' The wavelength accuracy arises from the fact that the wavelength
of the measured radiation can be determined by the spectrometer itself with-
out the need of measuring a radiation source of similar energy and intensity
for calibration purposes. The high resolving power R is given by

A 2L
AL 2

where A is the wavelength of the measured radiation and L is the OPD
scanned during a measurement which means that the resolving power in-
creases, with the scanning length.
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However, utilizing these advantages gets more and more challenging as
the wavelength decreases. One reason for this is that the requirements on the
quality of the optics and the mechanical stability of the whole construction,
as well as on the precision in setting and maintaining a certain OPD increase
with decreasing wavelength. This is, because, the OPD has to be scanned in
steps about four times smaller than the shortest wavelength to be detected, in
order to achieve a clear interferogram. Additionally, the properties of
VUV/XUYV radiation discussed in Section 3.3 require the use of solely re-
flective optics in grazing incidence while keeping the number of reflections
at a minimum in order to achieve a good spectrometer transmission. For the
same reason it very challenging to produce beam splitters for this wave-
length range. Additionally, an FTS in the VUV/XUYV needs special detectors
for this kind of radiation while the whole beam path needs to be kept under
vacuum. Fulfilling all these requirements adds a lot of complexity to the
spectrometers design. This, in addition to the characteristic of an FTS to be
sensitive to detector noise, are probably the main reasons why FTSs are not
widely used in these wavelength regions.*

31



4 HELIOS

The goal when designing HELIOS was to create an HHG-based facility for
laser-pump XUV-probe experiments of various kinds, allowing for an over-
all time resolution below 50 fs. Possible samples span from well-defined
surfaces in ultra-high vacuum (UHV), via organic molecules to liquids and
gases. Accessible pump wavelength reach from 20,000 nm to 235 nm and
probe energies from 20 eV to 72 eV are available. The design paper of the
setup is Paper Il and a CAD drawing of it can be found in Figure 13.
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Figure 13. CAD rendering of HELIOS. All major components of the system are
labeled. The laser beam path is only drawn schematically. The gray line labeled BS
represents the beamsplitter while the black lines labeled RM represent removable
mirrors. A schematic drawing of the beam path can be found in Figure 17.**

4.1 The laser system

The laser system at HELIOS is shown in the context of the lab in Figure 13
and its technical specifications are listed in Table 1. It consists of an oscilla-
tor laser which generates ultrashort pulses with a very broad spectrum of
wavelengths/frequencies. This is important, since the Fourier transform of a
laser pulse in the frequency domain results in the pulse in the time domain.
Due to that, only pulses with a broad frequency spectrum can be short in
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Table 1. Specifications of the laser system, which’s dimensions can be seen
in Figure 13.

oscillator amplifier
manufacturer Coherent Coherent
model Mantis™ Legend Elite™ Duo-USP-HP
technology p ass11\; e(}lz/ercxilode— stretched pulse amplification
amplification medium Ti:sapphire Ti:sapphire
repetition rate 80 MHz 5 kHz 10 kHz
center wavelength 806 nm 810 nm
bandwidth 85 nm FWHM 46 nm FWHM
pulse length N/A <35 fs FWHM
pulse energy 6.6 nJ 2.5m] 1.1mJ
beam power 530 mW 125W 10.5W
polarization horizontal horizontal

pump laser:
repetition rate constant wave 5 kHz 10 kHz
optically-pumped diode-pumped intra-cavity

technology semiconductor laser doubled Q-switched Nd:YLF
power 54W 2W
wavelength 532 nm 527 nm
pulse energy - 14.4 mJ 7.2 m]

time. As the oscillator laser only delivers very low intensity pulses, its output
is amplified by an amplifier, which is described in the following subsections.
The number of pulses delivered by HELIOS is determined by the amplifier
and can be set to 5 kHz or 10 kHz.

4.1.1 Chirped pulse amplification scheme

The amplification of the oscillator pulses in the amplifier happens in a so-
called chirped-pulse-amplification scheme. In short, the oscillator pulses first
enter the stretcher, which features a grating to spatially separate the laser
light. Thereafter, different wavelengths experience a different path length
through the stretcher before they are recombined again. A schematic com-
pressot/stretcher design is shown in Figure 14.

The resulting laser pulse is stretched in time by a factor of about 10,000
and spectrally ordered, which means that it is positively chirped since longer
(redder) wavelength are in the front of the pulse while shorter (bluer) wave-
length are in the back of it (compare Figure 14). This pulse stretching is
applied as it allows amplifying the pulses while keeping the peak power in
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Figure 14. Schematic drawing of a stretcher. The compressed pulse from the oscilla-
tor laser enters from below and leaves positively chirped to the left, indicated by
black arrows. Gray arrows indicate the use as a compressor for negatively chirped
pulses. [own work based on image from Ref. 45]

the amplifier crystals and on optics rather low, which in turn prevents dam-
ages of optical components. After the amplification, the pulses are sent
through a compressor, which is basically a reversed stretcher (compare Fig-
ure 14). The pulses get compressed so that they get short in time and have a
high peak power when they leave the laser system.

4.1.2 Regenerative amplification

The amplification of the oscillator laser pulses happens in the amplifier after
the pulses passed through the stretcher. A regenerative amplification stage
(Regen) is used, which is basically a laser resonator containing a Titani-
um:sapphire (Ti:sapphire) crystal which is pumped by the pump laser. When
the oscillator-laser pulses reach the Regen, they are successively reflected
out without being further amplified. Only if a Pockels cell turns the polariza-
tion of one of the oscillator pulses, this pulse is not reflected out of the Re-
gen but captured inside it. This means that it passes the pumped Ti:sapphire
crystal over twenty times, thereby being amplified. Another Pockels cell
then turns the polarization of the amplified pulse again so that it leaves the
Regen. That way, the repetition rate of the oscillator is reduced to either 5
kHz or 10 kHz while the pulse energy is increased up to 1.5 mJ.

Another feature of the regenerative amplification is the fact that the Re-
gen is a laser resonator which determines the direction of the amplified laser
beam emitted from it. Hence, a change of the incoming beam from the oscil-
lator laser might make the amplification process less efficient but does not
change the alignment of the amplified beam which is a big advantage when
it comes to stable measurement conditions. Behind the Regen follows a sec-
ond amplification stage, where the pulses pass once through a single pass
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amplifier which is another pumped Ti:sapphire crystal. That way, the pulse
energy increases up to 3.3 mJ. The beam is then expanded and passes the
compressor where it is compressed to about 35 fs and loses some energy so
that the resulting pulse only features a maximum pulse energy of >2.5 mJ.
Note that the pulse energies in the amplification process were given for
5 kHz operation.

4.1.3 Pulse shaping

The laser system at HELIOS also features a Fastlite Dazzler™ which is an
acousto-optic programmable dispersive filter'™*’. The Dazzler system was
installed during the buildup of HELIOS to gain more control over the laser
pulses. The motivation for that was that the compressor of the amplifier
lacks a scale to read its position, which makes it impossible to go back to a
previous setting. This means that it is possible to change the linear chirp
(second-order spectral phase) of the laser pulses using the compressor but
with limited control over its settings. The Dazzler however, allows using
discrete, restorable settings to alter the spectral phase of the laser pulses as
well as to change the spectral amplitude. It directly allows compensating for
potential second-, third- and fourth-order spectral phase, ultimately allowing
for better pulse compression.

The Dazzler can only be installed in front of the regenerative amplifica-
tion of the oscillator pulses in the Regen. This is because the amplified puls-
es are much too intense and would damage the Dazzler. Additionally, the
transmission efficiency of the Dazzler is about 30% which would be an un-
acceptable loss of laser power if used after pulse amplification. Positioning
the Dazzler in front of the amplification process on the other hand means
that the loss of pulse energy of the oscillator pulses can be compensated by a
higher amplification in the Regen. However, it also means that one has to be
very careful in what settings to apply to the Dazzler. Incorrect settings could
lead to too narrow bandwidths during amplification, which would nullify the
concept of chirped pulse amplification and could lead to laser intensities
inside the Regen that risk damaging the amplification crystals.

The working principle of the Dazzler can be described in short as follows.
The linearly polarized light from the oscillator laser enters the birefringent
crystal in the Dazzler as an ordinary ray as shown in Figure 15. An acoustic
wave generated by a piezoelectric transductor travels along the propagation
direction of the light. As the light is much faster than this acoustic wave, the
acoustic wave can be regarded as a fixed crystal modulation. The acoustic
wave is built such that it locally only features one wavelength. Every wave-
length of the laser pulse that should be transmitted through the Dazzler can
find some position in the crystal where the acoustic wave is phase matched
with it. At that place in the crystal, a part of the energy of that very
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compressed pulse

stretched pulse

Figure 15. Sketch of the principle of operation of the Dazzler. In this example, a
positively chirped pulse enters the Dazzler and leaves as a compressed pulse. The
pulse enters the crystal as an ordinary ray and the different wavelengths are then
successively diffracted, becoming a slower extraordinary ray. As the wavelength of
the acoustic wave in the crystal (drawn in pink) is longer on the side where the pulse
enters, redder wavelength are diffracted earlier and bluer wavelength can catch up.
[Image published under Creative Common license]*

wavelength from the ordinary ray is diffracted and becomes an extraordinary
ray. By modulating the amplitude of the optical wave it is possible to shape
the diffraction efficiency and hence the amplitude of the diffracted spectrum.
As ordinary and extraordinary ray feature different phase velocities in the
birefringent crystal it is also possible to shape the phase of the diffracted ray.
This can be achieved as the position in the crystal at which a wavelength is
diffracted determines the average phase velocity of the wavelength on its
way through the crystal. Finally, the original (ordinary) and the diffracted
(extraordinary) rays both leave the Dazzler with a slight angle which allows
separating them spatially, which is used to amplify only the diffracted
(shaped) pulse.

4.2 Probe-pulse generation

After the laser pulse left the amplifier it is first expanded and then sent to a
beam splitter (compare Figure 17 in Section 4.3). Different beam splitters
are available and the used one should be chosen so that a laser pulse with at
least 0.4 m] is reflected. The reflected beam is then expanded again, passes
an adjustment iris to manipulate its intensity and is thereafter focused into a
vacuum chamber in which a gas cell is placed.

The positioning of the gas cell along the beam axis relative to the laser fo-
cus is possible by means of a linear piezoelectric translation stage, controlla-
ble from outside vacuum. The gas-cell entrance and exit consist of one 100
um thick copper plate each, which can easily be replaced. This allows the
laser to drill through these plates which makes the gas cell self-aligning. To
achieve bigger holes and, hence, more laser intensity within the gas cell one
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can substitute the copper plates by 40 um thick titanium plates. This con-
struction allows for gas pressures of above 1.2 bar in the gas cell, achieved
with helium. In the early phase of HELIOS, a lens with a focal length larger
than 500 mm was used to focus the laser into the gas cell. At the same time,
there was no beam expansion by telescope 2 in front of the lens as displayed
in Figure 17. It turned out that the aluminum foils in the monochromator
could not stand the resulting laser intensities reliably, so that the lens was
changed to a 500 mm focal-length lens while the beam diameter was en-
larged. This made it necessary to reduce the length of the gas cell from orig-
inally 16 mm to 2 mm as this fits much better to the confocal parameter of
the 500 mm focal-length lens currently used."'

All optics in the XUV beam path are gold coated and used in grazing in-
cidence while the whole beam path is kept under vacuum. The grazing an-
gles are displayed in Figure 16, which also displays the XUV beam path.
After the laser enters the gas-cell chamber it generates XUV radiation in the
gas cell. Thereafter, both the laser and the XUV radiation reach the mono-
chromator which’s general design is described in Section 3.4. A 150 nm to
200 nm thick aluminum foil reflects the laser radiation out of the beam path
while the XUV radiation is transmitted, then collimated by a parabolic mir-
ror and sent to the grating. A translation stage can be used to position differ-
ent gratings in the beam path. The translation stage and, hence, the grating
can then be rotated to select the energy to be transmitted. Three different
gratings featuring different groove densities for different energy resolutions
and different blaze angles for different energy ranges as well as one mirror
for the transmission of the full spectrum are available. Their specifications
can be found in the appendix of Paper III. The XUV radiation is then fo-
cused onto the exit slit by another parabolic mirror behind the grating. The
exit slit consists of two razor blades mounted so that they leave a small gap
between them, which can be changed steplessly by rotating their mount. A
new design based on translating the razor blades is built and will be installed
soon, promising a much better restorability of the slit opening.

Two parabolic mirrors on a translation stage in the beam-routing chamber
behind the monochromator allow reflecting the XUV beam into one of the
two beamlines which are described in Section 4.5 and 4.6. The monochrom-
ator and beam-routing chamber are built with transparent acrylic-glass lids,
which allows monitoring all components while the chamber is under vacu-
um. This proved to be very advantageous in a day-to-day operation.

High harmonics were generated in the gas cell using argon, neon and he-
lium. As a rule of thumb, harmonics produced from argon efficiently reach
to about 48 eV while those produced from neon reach up to the absorption
edge of the aluminum filter at 72 eV but are only less than 10% as strong as
the ones from argon. Helium can be used instead of neon, which was done as
neon was not available due to a collapse of its production.
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Figure 16. CAD rendering of the XUV beam path. XUV radiation is drawn in blue,
800 nm driving laser radiation is drawn in red. Grazing angles on the XUV optics
are noted.**

It should be noted that the generation of high harmonics with neon or helium
is much more challenging than with argon. The most reliable way of produc-
ing harmonics in neon or helium at HELIOS is to first produce harmonics in
argon in order to optimize the phase of the laser pulse by means of the Daz-
zler. This is done by reducing the intensity of a certain harmonic from argon
to below half its original intensity by means of decreasing the laser intensity
with an iris. Thereafter one can optimize the Dazzler settings to retrieve as
much intensity in this harmonics as possible. This procedure leads to a short-
er pulse in the gas cell which compensates for the smaller initial pulse ener-
gy. These settings can then be used for the generation of harmonics with
neon or helium directly, one can try to repeat the same procedure or repeat it
with the actually desired gases.

4.3 Pump-pulse generation

The pump pulse consists of the laser pulse transmitted by the beam splitter
(compare Figure 17). A Coherent OPerA Solo (sold by Coherent but built by
Light Conversion) optical parametric amplifier (OPA)’ can be used to con-
vert this pulse to wavelengths between 235 nm and 20,000 nm. Different
nonlinear processes are used inside the OPA to enable output in different
wavelength ranges. This means that the output power and pulse characteris-
tic can be rather different depending on the desired wavelength.
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Figure 17. Schematic drawing of the beam path at HELIOS.

The output of the OPA is sent to a delay stage described in Section 4.4 and
thereafter through a window into the beam-routing chamber from where it is
sent towards one of the two beamlines. The beamline can be chosen by
means of a flip mirror in the beam path behind the delay stage and a tele-
scope in each beamline is available to manipulate the beam size of the pump
beam on the sample.

Instead of the OPA radiation, one can also use the original 800 nm driv-
ing laser as a pump pulse. In that case the OPA is bypassed on a beam path
with about the length of the inner-OPA beam path. The original driving laser
beam can also be used to generate 400 nm in a frequency-doubling or 266
nm in a frequency-tripling process shortly before the beam-routing chamber.
This promises an easier accessibility of lower pump wavelength with a high-
er photon flux compared to the OPA. Especially, as the beam path from the
OPA to the sample features six to seven reflections more than the beam path
from the doubler or tripler stage to the sample. The reflectivity for aluminum
mirrors is quoted to be 93% which adds up to a theoretical value of about
35% to 40% extra losses. However, the actual reflectivities of these mirrors
were found to be lower, leading to significantly higher losses.
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4.4 Delay control

The delay between pump and probe pulse is generated by a relative path-
length difference in the beam paths of the two beams. An Aerotech
ANT130-160-L linear-motor driven linear-translation stage is used for this
purpose, allowing a maximum delay of 1 ns (160 mm travel) and a bidirec-
tional delay repeatability of 1.3 fs (=100 nm). It is placed in the pump beam
path behind the OPA. Currently, two silver mirrors are mounted on the delay
stage in a 90° angle as shown in Figure 17. This configuration can also be
used for aluminum or dielectric mirrors, should this be needed to increase
the beam intensity on the sample. The use of these mirrors, however, limits
the maximum delay to some hundred ps as the delay stage tilts slightly in the
vertical when moving. This tilting is within specifications and can be ne-
glected when mounting a silver coated retroreflector, which is also available.

As already mentioned, the OPA can be bypassed on a beam path with
about the same length as the inner OPA beam path while also the beam paths
towards beamline 1 and 2 are about equally long facilitating changing the
pump wavelength and beamline.

4.5 Beamline 1 — p-focus beamline

As already displayed in e.g. Figure 16, HELIOS consists of two beamlines.
A p-focus beamline called beamline 1 and a UHV beamline called beamline
2. The p-focus beamline is primarily designed for high vacuum and meant to
be used for experiments on gases, liquids and particle beams, while slitless
spectrometers also benefit from the small focal size. The XUV focus is de-
signed to be well below 30 pm and a FWHM of 20 + 3 pum has already been
measured. However, it is primarily the flexibility in exchanging end stations,
which distinguishes it from the UHV beamline. This combination of small
focal size and flexibility was the main reason for using the p-focus beamline
for testing the liquid jet setup at HELIOS as described in Section 0. For the
same reasons, this beamline is also very suited for measurements with the T-
MOKE spectrometer described in Section 6.6.

The flexibility of beamline 1 has its origin in the design of the refocusing
chamber, which is where possible end stations connect to HELIOS, as well
as in the overall optical design of the beamline. The refocusing chamber can
be positioned at any distance from the beam-routing chamber, which adds a
lot of flexibility when mounting end stations. This is possible because the
pump as well as the probe beam are collimated and travel collinearly to-
wards the refocusing chamber. Both beams are then focused onto the sample
by means of the same gold coated, parabolic mirror. The gold coating of the
mirror, however, limits p-polarized (horizontally polarized) pump
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Figure 18. Reflectivity of s- and p-polarized light on a gold surface calculated for a
grazing angle of 7° as for the refocusing mirror. Calculations employ data from Ref.
49 in the wavelength range from 200 nm to 500 nm and data from Ref. 50 in the
wavelength range of 500 nm to 20,000 nm.

wavelengths to about 600 nm to 20,000 nm while s-polarized (vertically
polarized) pump beams are practically not limited. The reflectivity of the
mirror surface is shown in Figure 18.

The refocusing chamber itself has two main functions. It hosts the refo-
cusing mirror and offers different flanges to connect to an end station (com-
pare Figure 19). The mount for the refocusing mirror is placed on a flange so
that it can easily been taken out together with all its connections. Two gold
coated, parabolic mirrors with 400 mm and 600 mm focal length are availa-
ble to be mounted. The refocusing mirror as well as all mirrors in the beam-
routing chamber can be directed by means of piezoelectric motors from out-
side vacuum. The refocusing mirror can additionally be moved a total of 14
mm towards or away from the end station in order to allow positioning of the
focus precisely onto the sample. When the mirror is moved to its center posi-
tion, the distance from its middle to the flange surface, which connects to the
end station, is only 186 mm. Within this distance, the refocusing chamber
features a vacuum valve as well as a differential pumping stage. This allows
using the chamber with end stations which feature higher pressures like e.g.
a liquid jet setup.

The design of the refocusing chamber allows mounting it on any flange
from DN 40 to DN 200 by just replacing the front flange with one of the
appropriate size. Generally, the refocusing chamber can always maintain an
upright position by matching the hole pattern of the front flange to that of the
end station. In order to ease mounting of the refocusing chamber to an end
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Figure 19. CAD rendering of the refocusing chamber. The radiation drawn in red
enters from the left, reflects of the mirror surface and is focused outside this image
to the right. Coloring marks two vacuum pumps in light blue (one hardly visible
behind the chamber), a vacuum valve in yellow and the front flange to connect to an
end station in green.”!

station, the valve can be swapped to the other side. Additionally, the focal
length of the refocusing mirror must match the distance from the mirror to
the sample which might require additional spacer tubes to be mounted.

4.6 Beamline 2 — UHV beamline for angle-resolved
photoemission spectroscopy (ARPES)

Beamline 2 at HELIOS is dedicated to electron spectroscopy in UHV condi-
tions and, hence, also called UHV-beamline. The original plans envisioned
that a Scienta SES100 hemispherical electron analyzer should be mounted
semi-permanently at this beamline to be used for electron spectroscopy in
high vacuum (HV) and ultra-high vacuum (UHV). This situation is also de-
scribed in the design paper of HELIOS (Paper III). However, we had the
possibility to perform tests using a Scienta ARTOF 10k (Angle-resolved
time-of-flight)** spectrometer at this beamline which resulted in Paper IV.
As these tests were very successful, it was decided to exchange the hemi-
spherical electron analyzer at the UHV-beamline with an ARTOF 2 angle-
resolved photoelectron spectrometer, which is a successor of the ARTOF
10K. The following description of the beamline will, hence, describe the
beamline as it is currently built featuring an ARTOF 2 and a new analysis
chamber as shown in Figure 21 in Subsection 4.6.3.
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The purpose of the UHV beamline is primarily to perform standard and
angle-resolved photoelectron-spectroscopy experiments on solid samples
under HV or UHV conditions. However, also a gas needle will be mounted
to be used for gas-phase experiments as well as for the calibration of the
temporal overlap of pump and probe pulse. A gold coated, parabolic mirror
is mounted in the beam-routing chamber, focusing the XUV radiation from
the monochromator directly into the UHV end station. The pump beam is
focused outside vacuum by means of a telescope and then directed onto the
sample by means of a plane, mirror in the beam-routing chamber. This mir-
ror and the XUV mirror can be controlled from outside vacuum using piezo-
electric motors. This design is rather simple and features a much larger XUV
focus than at the p-focus beamline, which is beneficial for electron spectros-
copy as it reduces the risk of space charge on the sample surface.

4.6.1 Space charge

The risk for space-charge problems at HELIOS is much higher than at a
synchrotron beamline although the average photon flux is typically lower.
This is because HELIOS features a lower repetition rate and, hence, more
photons per pulse than a synchrotron. Additionally, photo ionization at HE-
LIOS happens within only a few tens of femtoseconds which leaves hardly
any time for a charge transfer from the bulk of the sample to the surface,
hence, leaving a charged area at the surface where the sample was hit by the
XUV pulse. This charge then influences the emitted electrons which, hence,
smear out in energy, and hinder spectroscopy. This is somewhat different
from the typical effect of space charge at a synchrotron where space charge
normally leads to an energy shift of the spectra instead of a smearing. The
high acceptance angle of the ARTOF spectrometer counteracts space charge
as it minimizes the photons per pulse needed to perform electron spectrosco-
py. This was one important consideration why to change from a hemispheri-
cal electron analyzer to an ARTOF spectrometer.

4.6.2 The ARTOF 2 angle-resolved photoelectron spectrometer

The ARTOF 2 electron spectrometer is an angle-resolved time-of-flight
spectrometer. As all time-of-flight (TOF) spectrometers the ARTOF needs a
pulsed photon source in order to achieve the same start time for all photoe-
lectrons caused by one XUV pulse. Based on knowing this start time, the
kinetic energy of the detected electrons is then calculated from their flight
time. The main difference from non-angle-resolved TOF spectrometers is
that the ARTOF allows the electrons to take different paths inside the spec-
trometer based on their kinetic energy and emittance angle. Non-angle-
resolved TOFs try to prevent this as it leads to a smeared out arrival time of
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electrons of the same kinetic energy, which would decrease their energy
resolution.

The ARTOF, however, uses an electrostatic lens system that controls the
flight path of the electrons through the spectrometer as shown in Figure 20.
The lens voltages can be set so that the spectrometer has well defined and
unique flight paths for electrons within a certain acceptance angle and a cer-
tain energy range around a center energy. The trajectories of these electrons
can then be calculated which results in a so-called “lens table”. This allows
retrieving the initial kinetic energies and emission angles of the electrons
from the measured flight times and detector positions. This retrieving does
not work reliably for electrons outside the accepted emission angle and ener-
gy range, so that these electrons are neglected if they were not already dis-
criminated by the lens system.”
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Figure 20. Schematic drawing of the lens system of the ARTOF illustrating the
different paths of the electrons inside the spectrometer. The electron trajectories start
at the left from a source with 0.2 mm diameter. The setting of the lens system allows
measuring electrons with emittance angles up to +15° relative to the ARTOF center
axis. Trajectories are drawn for 10 eV kinetic energy and with a spacing of 2°. [Re-
printed from Ref. 52, Copyright (2016), with permission from Elsevier]

The ARTOF 2 can achieve an energy resolution of 1.6 meV FWHM at 10
eV kinetic energy and an angular resolution of 0.06°.* However, these spec-
ifications are for a sample which is positioned in a limited volume in the
focus of the ARTOF. The resolution will get worse if the illuminated sample
reaches out of this volume, may it be because the XUV focal size is too big
or the sample is tilted too much relative to the ARTOF. At least a degraded
energy resolution is not a problem for experiments at HELIOS, though, as
the spectrometer resolution is much better than the XUV energy resolution.
Due to the wide acceptance angle of the ARTOF 2 it is possible to meas-
ure all electrons emitted into a cone of 30° (measured from one side of the
cone to the other) corresponding to a solid angle of 17/1000 - 41 which is
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two orders of magnitude larger than that of a traditional hemispherical ana-
lyzer.>

Being able to measure such a large part of the k-space simultaneously is a
big advantage compared to an angle-resolved measurement with a hemi-
spherical electron analyzer with which it would only be possible to measure
a slit-like solid angle, which would only be a slice in k-space. To get more of
the k-space, in the case of a hemispherical analyzer, one would then need to
measure many times while rotating the sample. This would result in meas-
ured slices in k-space with unsurveyed volumes in between while drastically
increasing the data acquisition time.

The large collection angle of the ARTOF also allows to measure with a
low XUV intensity preventing space charge as discussed above. The fact that
the ARTOF is a TOF results in a very good signal-to-noise ratio, which was
not achievable with the Scienta SES100. This is, because a TOF only has a
small time window in which e.g. dark counts could contribute to noise. All
events detected at times not corresponding to reasonable electron energies
are neglected. Such events would contribute to background in a hemispheri-
cal analyzer, though.

However, there are also disadvantages of the ARTOF. As it uses a micro-
channel plate on top of a position sensitive delay line detector, it can only
reliably detect one electron per laser shot. This practically limits the detecta-
ble number of electrons to about 0.7 times the repetition rate of the laser,
where this number is only a guide value and depending on the sample. The
detector could in principle be upgraded to be able to detect five to eight elec-
trons per shot using a so-called hexanode delay line detector but this would
add significant extra cost. The high acceptance angle of the ARTOF requires
a large opening of its lens system towards the sample, which means that the
sensitive MPC is always under the risk of being hit by a reflected pump
beam. A lot of attention has hence to be paid to prevent damaging the MCP.
This big opening in line with the MCP detector also means that stray pump
light could create counts in the detector system if the energy of the pump
photons is high enough to eject electrons from the MCP surface. This was
observed for 266 nm but not for 400 nm pump photons.

4.6.3 The experimental end station

The tests performed with the ARTOF 10k were conducted inside an old vac-
uum chamber which was available but did not fully satisfy the needs of
pump-probe experiments. In parallel with purchasing the new ARTOF 2 a
new UHV-compatible vacuum chamber is currently under construction and
will be installed as an analysis chamber. It features an in-vacuum mu-metal
layer to shield the inside of the chamber from external magnetic fields and is
displayed in Figure 21. This chamber will have two different flanges
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Figure 21. Rendering of the new analysis chamber and the ARTOF 2.%*

(marked in red in Figure 21) to connect to HELIOS, one with a 65° angle
relative to the ARTOF and one with 84°.

The analysis chamber will be equipped with a five-axis manipulator
mounted on the top flange (marked in yellow in Figure 21) hosting a sample
holder which can be cooled to 5 K by means of liquid helium. The manipula-
tor will reach the height in the analysis chamber at which the HELIOS
beams enter and the ARTOF is mounted (red and blue flanges in Figure 21).
In addition to this height there is a lower level of the analysis camber, which
will also be reached by the manipulator. This second level will host the sam-
ple transfer via a wobble stick to a transfer rod reaching in from the prepara-
tion chamber (connected on the partly covered green flange in Figure 21) as
well as an evaporator to prepare samples. Additionally, the analysis chamber
features a lot of flanges for viewports, a leak valve to let in gases, a gas nee-
dle for gas-phase experiments and a DN 160 CF flange on the bottom of the
chamber which might potentially be used for molecular beams. Annealing
the sample will also be possible but details are not yet decided on.

Attached to the analysis chamber will be a preparation chamber for sam-
ple preparation equipped with a load lock for the transfer of samples into
vacuum, a mass spectrometer for monitoring the gas purity inside the cham-
ber, a sputter gun to clean sample surfaces and a system to perform low-
energy electron diffraction (LEED)> to investigate the surface structure of
samples.
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5 The Fourier transform spectrometer (FTS)

Beside HELIOS, which is without doubt the main project within my PhD
thesis, testing the in-house-built Fourier transform spectrometer, very similar
to the one described in detail in Ref. 6, was another project carried out at the
synchrotron as well as at HELIOS. These two projects benefitted from each
other more than once and resulted in a common publication, which is
Paper I1.
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Figure 22. Schematic drawing of a Mach-Zehnder type interferometer as used in this
thesis. The XUV light (drawn in blue) and the reference laser (drawn in red) enter
from the left. The beams are split at the left and merged at the right to interfere on
the detector. The left beamsplitter and mirror are mounted on an arm rotatable
around an axis drawn in black.

The goal of developing this instrument was to push the wavelength limit for
FTS further down into the XUV and to achieve a high acceptance to allow
for emission spectroscopy. The design is based on a grazing incidence
Mach-Zehnder interferometer as displayed in Figure 22 using a wavefront-
dividing beam splitter. The beam splitters are a key component for the func-
tion of the spectrometer. They are high quality mirrors which feature an area
with a comb-like structure of alternating 100 um wide slits and 100 pm
broad mirror stripes as shown in Figure 23. These structures are both used as
beam splitter and beam mixer where incident light is both reflected and
transmitted. The optical path difference (OPD) inside the spectrometer is
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controlled by the rotation of an arm by means of a Piezo stage. One beam
splitter and one mirror are mounted on this arm. As a linear movement of the
Piezo stage leads to a non-linear change of the OPD, a 650 nm diode laser is
transmitted through the spectrometer in parallel to the XUV beam (compare
Figure 22). The interference pattern of that laser is used as an optical ruler to
measure the OPD for every Piezo stage setting.

Theoretically, it would be possible to focus the merged beams onto one
spot and to measure its intensity for the interferogram to be Fourier trans-
formed. Practically, though, the mirrors are not absolutely flat so that they
introduce a spatial phase difference to the light, which would cancel a lot of
the interference if focused to one spot. Hence, the beams are overlapped
unfocused on a position sensitive MPC detector in front of a fluorescent
screen, which is in turn recorded by a camera outside vacuum. An example
of the resulting interference pattern is shown in Figure 24. Every pixel in
this interference pattern is then Fourier transformed separately, nullifying the
influence of different phases in different pixels.

200 nm
-

Figure 23. Photo of a beamsplitter as used in the Fourier transform spectrometer.
The insert shows a scanning electron microscope picture of the reflective bars and
slits, repeating with a period of about 200 um.
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Figure 24. a) Interference pattern of the 650 nm reference laser passing through the
Fourier transform spectrometer. b) Interference pattern of 25 eV XUV radiation
from a synchrotron as used for Paper I. Note that the XUV interference pattern is
enlarged by a factor of three relative to the laser pattern.
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6 Experimental results

This chapter lists the milestones achieved within my thesis and puts them
into context. They are listed in a chronological order except for the liquid jet
experiments, which were actually performed at a rather early stage, between
the temporal coherence measurements and writing the HELIOS design pa-
per.

6.1 Concept test of the Fourier transform spectrometer

De Oliveira at al.” presented impressive results using an FTS with a resolv-
ing power of 1+ 10° down to wavelengths of 40 nm (31 eV). However, their
design prevents much further reduction of the wavelengths as it features non-
grazing reflections, which lead to a significantly weaker signal the shorter
the wavelengths. In Paper I, we point out that it is possible to build wave-
front-dividing beam splitters for the XUV (compare Figure 23). Employing
these beam splitters enables a Mach-Zehnder-type FTS which’s design also
allows for detecting radiation with wavelengths shorter than 40 nm.

We demonstrate measurements of wavelengths from 124 nm (10 eV) to
22.5 nm (55 eV) with such an FTS as described in Chapter 5. These meas-
urements were conducted at the beamline I3 at the MAX-lab synchrotron,
Lund, Sweden.”” The FTS was placed so that the focus of the beamline was 1
m in front of the spectrometer and the radiation diverging from it was direct-
ly passing through the FTS. The fact that no sample was used excluded all
potentially disturbing influences of a rough and poorly reflecting sample
surface. This setup, hence, allowed for the simplest test of the spectrometer
with XUV radiation of tunable energy.

Figure 25 shows the spectra measured with the FTS at the synchrotron
beamline. It is clear that the spectrometer is capable of determining the pho-
ton energy from 10 eV to 55 eV. However, it is also apparent that this de-
termination is not very precise and that a lot of artifacts around the detected
wavelength occur especially for the measurements above 30 eV. The reasons
for this are numerous. The photon flux at the beamline decreased drastically
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Figure 25. Spectra measured with the FTS at a beamline which delivered mono-
chromatized radiation of tunable energy. [Reprinted figure from Ref. 58 with per-
mission of the copyright holder.]

for energies above 30 eV. At the same time, the number of interference pat-
terns recorded per OPD-change of one XUV wavelength decreases with
shorter wavelengths. In parallel, the ratio between the XUV wavelengths of
the detected radiation and the 650 nm diode laser wavelength, used to meas-
ure the OPD, gets worse with higher XUV energies. In addition to these
wavelengths related factors, the unstable operation of the diode laser and the
rather simple analysis software available at that time, further reduced the
precision of the OPD measurement. All these factors together resulted in
imprecise measurements of the OPD causing artifacts in the Fourier trans-
form of the interferogram.
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6.2 Measuring the temporal coherence of the high
harmonics

By combining the FTS described in Chapter 5 and HELIOS in an early stage
of its buildup process as shown in Figure 26, it was demonstrated that the
FTS spectrometer is capable of measuring different wavelengths at the same
time which could never be tested at the synchrotron before. However, inter-
ferences could only be observed as long as the path length difference in the
spectrometer was smaller than the temporal coherence of the photons. This is
actually a disadvantage for the spectrometer but meant that it was possible to
extract the temporal coherence of the photons from the data of a normal FTS
measurement. Not many measurements of temporal coherences of photon
sources with photon energies above the UV were ever published, especially
not with a rather mobile and flexible device as the FTS.

-% e @_T

Fourier transform 1 gas cell

spectrometer monochromator
Figure 26. Schematic drawing of the setup used to measure the temporal coherence
at HELIOS. The FTS was placed directly behind the monochromator. [Reprinted
from Ref. 59, Copyright (2016), with permission from Elsevier.]

In Paper II we demonstrate the possibility of measuring the temporal coher-
ence of an XUV photon source with an FTS, even with some spatial resolu-
tion. To obtain the temporal coherence, one needs to evaluate the OPD de-
pendent visibility V(OPD) of the interference fringes, which is

Imax(OPD) - Imin(OPD)

Imax(OPD) + Imin(OPD)

V(OPD) =

where I,4,(OPD) and I,,;,,(OPD) are the intensities of constructive and
destructive interference for a small range of OPDs (compare Figure 24 (b)
for an interference image). The visibility of the interference fringes in a typi-
cal OPD scan is shown in Figure 27. From that, temporal coherence lengths
of about 1.6 um (5.5 fs), for high harmonics directly behind the mono-
chromator, were obtained (compare Paper II for details). Please note that the
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Figure 27. Visibility of the interference fringes of the 27" harmonic (42 eV) meas-
ured on the whole detector image. A constant background has been subtracted.

temporal coherence should not be confused with the pulse length. A second
order process is required in order to measure pulse lengths and the FTS does
not feature such a second order process but is based on a field autocorrela-
tion.

6.3 Performance of HELIOS

The main work performed for my thesis was building, testing and improving
HELIOS to a point where it was possible to use it for experiments. The fact
that this was achieved is represented in the following chapters where it is
demonstrated that both beamlines are operational and different kinds of ex-
periments could be conducted at HELIOS. To set a solid base for future pub-
lications we wrote a design paper (Paper III) about HELIOS, which de-
scribes the design and characteristics of the laboratory.

For Paper III we determined the XUV photon flux behind the mono-
chromator with a calibrated aluminum coated X-ray photo diode. As all data
in this paper, the photon flux was determined with a laser repetition rate of 5
kHz. For harmonics generated in argon, we achieved 2-101° pho-
tons/second of the 29™ harmonic at 44.5 ¢V with an energy resolution of 250
meV, using a gas pressure of 83 mbar. Alternatively we achieved 1 - 10°
photons/second in the full 45™ harmonic at 69 eV, generating high harmon-
ics in 400 mbar of neon.

An essential part of determining the characteristics of HELIOS is to de-
termine the XUV energy resolution and pulse lengths and how they are in-
fluenced by the monochromator settings. For that, we measured so-called
sidebands as shown in Figure 28, which are basically a cross-correlation
between the XUV pulse and the 800 nm driving laser. The sidebands were
produced by focusing the laser and the XUV pulse into a helium gas jet so
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Figure 28. Left: Sidebands of He 1s from the 27™ harmonic (41.4 ¢V) and 800 nm
driving laser pulses measured for three different energy resolutions of the mono-
chromator employing a grating with 500 lines/mm. Right: Corresponding temporal
envelope of the sidebands with FWHM of the envelope. The energy resolution of the
XUV radiation and the determined XUV pulse length are noted. [Reprinted from
Ref. 28 with the permission of AIP Publishing]

that photoelectrons were emitted and measured by the Scienta SES100 hemi-
spherical electron analyzer. A photoelectron in a sideband can have energies
according to the XUV photon energy plus or minus the energy of one or
several driving laser photons. However, sidebands can only be observed if
both pulses overlap in the gas at exactly the same time. Measuring a side-
band by changing the delay between XUV and driving laser pulse, hence,
allows determining the XUV pulse length from the temporal width of a side-
band. This is achieved by deconvoluting the sideband’s temporal width with
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the driving-laser pulse length, which, in turn can be measured easily by
means of an optical autocorrelator.

Figure 28 displays sideband measurements conducted with different slit
openings of the monochromator to observe the XUV pulse lengths for differ-
ent energy resolutions. These measurements revealed that the XUV pulses
actually got shorter when closing the monochromator exit slit for increased
energy resolution, which might be an effect of a non-perfect monochromator
alignment. It also demonstrates that 110 meV energy resolution at the 27"
harmonic at 41.4 eV photon energy can be achieved with an overall time
resolution of 52 fs. We also showed that the XUV pulse length of the same
harmonic in zero order diffraction is 17 fs while it is 23 fs for first order
diffraction from the 120 lines/mm grating and 52 fs from the 500 lines/mm
grating. This clearly shows the pulse prolongation due to the illumination of
additional grooves.

It should be noted that the sideband measurements were conducted for
800 nm driving laser photons with a pulse length of 35 fs. Different pump
wavelength might feature different pulse lengths which would, in turn, also
alter the overall time resolution of HELIOS for these pump wavelengths.

In addition, Paper III demonstrates that HELIOS can be used for pump-
probe measurements as it contains a photoelectron-spectroscopy measure-
ment of a conducting polymer, which is described in detail in Section 6.5.

6.4 Angle-resolved photoelectron spectroscopy

By removing the hemispherical electron analyzer at the UHV-beamline used
in Paper III, it was possible to install an ARTOF 10k (which is the predeces-
sor of the ARTOF-2) at the UHV beamline for proof-of-principle experi-
ments. The ARTOF 10k was only available for three months, hence, the goal
was to test how the spectrometer would work in combination with an HHG
source.

One concern that had been voiced was that the count rate achievable at
HELIOS would not be high enough for an ARTOF to measure good data
within reasonable time. The number of detected electrons is especially im-
portant as the ARTOF measures the emission angles as well as the kinetic
energies of the emitted photoelectrons, which means that the detector counts
distribute over three dimensions (two solid angles and one kinetic energy).
The single hit characteristic of the detector in the ARTOF, however, reduced
the maximum usable XUV intensity to a level where the ARTOF measures
in average below one electron per laser shot. The laser repetition rates avail-
able were 5 kHz and 10 kHz, which is much lower than the repetition rates
normally achieved at synchrotrons. BESSY II e.g. achieves a repetition rate
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of 1.25 MHz in single bunch operation. This seems to result in a tremendous
difference in count rate. However, a closer look reveals, that the radiation at
a synchrotron also contains higher energetic photons of higher diffraction
orders of the monochromator. They feature a multiple of the desired photon
energy and, hence, cause a lot of additional counts in the spectrometer. In
order to not overload the detector, the photon flux then has to be reduced to a
level where the electron count rate in the desired energy window is typically
at maximum 50 kHz which is much closer to the laser repetition rate.

It might be worth noting that HELIOS inherently features less of such
problems with higher-diffraction-order photons as it is an HHG source. The
reason for that is that the HHG process only delivers odd overtones of the
driving laser frequency. The photon energy twice as large as transmitted by
the monochromator in first order diffraction, which could be parasitically
transmitted at the same grating angle in second order, is not produced in the
HHG process as it would be an even harmonic. Additionally, HELIOS uses
an aluminum foil that blocks radiation above 72 eV.

Time and Angle-resolved photoelectron spectroscopy of a graphene layer
on a 6H-SiC(0001) substrate (Si terminated)* was performed in a pump-
probe manner employing 800 nm as well as 400 nm pump pulses. The gra-
phene layer was kept under UHV and annealed at 500° C for some minutes,
while the measurement was performed at room temperature. An excerpt of a
pump probe measurement on graphene, showing the Dirac cone of graphene
at the K point is displayed in Figure 29. The data at the left shows a meas-
urement taken at a negative delay of -1870 fs (before the pump pulse). A
subtraction of this data set from a measurement at +50 fs delay is shown at
the right. Both spectra were measured for 10 minutes at 10 kHz repetition
rate with 42 eV photon energy.

Although the measurements were very successful, a detailed analysis of
the recorded 4D data was delayed. The analysis will screen for more physics
in the data than what is already known from previous “sliced” measurements
with hemispherical analyzers." However, we were already able to show that
the measured angle-resolved data is of high quality and features a very high
signal-to-noise ratio. Additionally, the data acquisition time for one spectrum
turned out to be acceptable for pump-probe measurements. During these
tries, no space-charge problems were observed and the spectrometer worked
in the presence of an 800 nm and 400 nm pump beam.

It should be noted that especially angular resolved measurements benefit
from the increased energy of high harmonics compared to standard laser
energies. This increased energy allows a simultaneous probing of wider are-
as of k||. In the case of the Dirac cone of graphene, a photon energy of at
least 16 eV is necessary to probe it,”' meaning that this kind of measure-
ments would not be possible employing laser-laser pump probe.
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Figure 29. At the left: Slices through a 3D dataset of graphene at negative delay of
-1866 fs (probe first). At the right: Difference dataset; left dataset at negative delay
subtracted from a dataset at +47 fs delay. The slices feature a resolution of 71 meV
and 0.0083 A", Gray lines indicate the position of the other displayed slices. Note
that the color scale is different for every slice.
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6.5 Photoelectron spectroscopy (PES)

The data from the ARTOF 10k can of course also be analyzed angle inte-
grated, which then effectively makes it a “normal” photoelectron spectrome-
ter. Samples related to organic solar-cell research were prepared in order to
test the ARTOF’s capabilities in a non-angle resolved measurement.
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Figure 30. Molecular structure of PCPDTBT in a) and a valence photoelectron spec-
trum in b). Zero binding energy was set to the onset of occupied states, as shown in
the inset. [Picture taken from Paper IV with kind permission of the author.]

Out of the prepared samples, time-resolved photoelectron-spectroscopy (TR-
PES) measurements were conducted on a thin film of PCPDTBT®* * result-
ing in in Paper IV. PCPDTBT is a low-bandgap polymer and its molecular
structure is displayed in Figure 30 together with a photoelectron spectrum of
its valence electrons. Pump-probe measurements were conducted with 800
nm as well as 400 nm pump and 39 eV probe radiation with a positive delay
up to 4 ps (pump first). The pulse lengths of the 800 nm and 400 nm pump
pulses were 35 fs and 110 fs FWHM respectively, while the XUV probe
pulse had an expected pulse length of 38 fs FWHM (for more details see
Paper IV). A clear excitation of the valence electrons could be observed for
both pump wavelengths as displayed in Figure 31 a) and b). More precisely,
pumping with 800 nm (1.55 eV) photons allowed a detection of excited elec-
trons up to about -1.2 eV binding energy, whereas pumping with 400 nm
(3.1 eV) photons allowed a detection of excited electrons up to about -2.1 eV
binding energy.

Figure 31 ¢) and d) display spectra measured at different delays. It is al-
ready apparent from these spectra that the excitation of the electronic struc-
ture mostly decays during the first 4 ps. A closer analysis of the transient
behavior was carried out by introducing three different binding-energy re-
gions (Rgl, Rgll, Rglll) as marked in Figure 31. The electron signal within
each region was integrated for each delay position revealing that the elec-
trons excited by the 400 nm pump pulse in Rglll decay rather fast with a
decay constant of below 50 fs. The excitation in Rgll, however, decays with
a decay constant of about 1100 fs while electrons from RglII seem to decay
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Figure 31. Time resolved PES measurement of PCPDTBT. a) and b) display a spec-
trum at 30 fs positive delay compared to an unpumped reference spectrum at nega-
tive delay. c) and d) display pumped spectra for different delays each in comparison
to the same unpumped reference spectrum measured at -1000 fs negative delay. a)
and c) were pumped with 800 nm radiation, b) and d) with 400 nm radiation. [Pic-
ture taken from Paper IV with kind permission of the author.]

into RglI shortly after the pump excitation. When pumped with 800 nm radi-
ation, the decay constant for Rgll is found to be 600 fs while no excitation
could be observed in RIII. The overall excitation of electrons indicated by
Rgl, appears similar to the excitation into Rgll, for both pump wavelengths.
The ARTOF 10k turned out to be also very well suited also for non-angle
resolved measurements as it features a large acceptance angle, allowing
measurements at low XUV photon flux where no space charge could be ob-
served. The data acquisition time was acceptable for these kinds of meas-
urements, although only up to one electron could be detected per laser shot,
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due to the ARTOEF’s detector characteristic described in Subsection 4.6.2.
More precisely, the data acquisition time per delay stage position was one
minute, repeated eleven times to result in spectra as shown in Figure 31. The
ARTOF’s high signal-to-noise ratio turned out to be an important feature.
This is because the weak signal from electrons which were excited by the
pump beam would easily have been obscured by noise. The low signal level
of the excited electrons compared to the neighboring valence-electron signal
is apparent in Figure 30 a) in comparison with Figure 31 a) and b). This
high signal-to-noise ratio is especially important, as the choice of PCPDTBT
as a sample was motivated by the fact that it is a well-known polymer in
solar cell research. Hence, it was not an option to increase the pump intensity
until one would see the excited states emerging from a potential background.
This is, since the dynamics in the polymer are only of relevance to solar cell
research as long as one only excites a small fraction of the molecules in the
sample at a time, as one would do in solar-cell applications. Additionally,
too high pump intensities are likely to damage the sample.

6.6 Designing, constructing and commissioning the T-
MOKE spectrometer

Employing the transverse magneto-optic Kerr effect (T-MOKE) allows
measuring magnetization dynamics at HELIOS. Such measurements were
performed by Mathias et al.”’ in a laser-pump XUV-probe HHG setup and
allow for time-resolved element-specific measurements of the magnetization
dynamics of thin films of magnetic materials.

6.6.1 Employing the T-MOKE eftfect

The basic idea behind these measurements is to place a sample in an external
magnetic field which’s direction can be reversed, hence, also reversing the
magnetic field in the sample itself. The full spectrum of linearly-polarized
high harmonics is generated without monochromatizing them and is reflect-
ed 90° off the sample surface as displayed in Figure 32. By measuring the
change of reflectivity of the sample when reversing the magnetic field, one
can calculate the so-called asymmetry which is related to the magnetic mo-
ment inside the material.”’ The asymmetry is given by
ROETR @
+ _
where I,(1) and I_(1) denote the intensity of the reflected radiation of
wavelength A for opposite directions of the magnetic field. A T-MOKE
measurement requires that the polarization vector of the incident radiation is

A(A) =
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Figure 32. Diagram showing the geometry used for T-MOKE measurements. The
change of reflectivity due to different orientation of the magnetization of the sample
is indicated. [own work, published under CCO license]’

parallel to the plane of incidence (compare Figure 32). The asymmetry then
probes the component of the magnetic moment perpendicular to the plane of
incidence.

The asymmetry is most pronounced at the absorption edges of elements,
which allows probing the magnetic moment with element specificity as e.g.
the M-absorption edges have different energies in different elements (com-
pare also Figure 35).

A simultaneous probing of the asymmetry at different absorption edges,
hence, allows for a measurement of element-specific magnetization dynam-
ics without relative temporal uncertainties, as they would be introduced by
consecutive asymmetry measurements. A simultaneous probing thereby al-
lows reaching a relative time resolution that is better than the time resolution
of the cross-correlation of the pump-probe setup. In the case of HELIOS,
this means that relative time resolutions of below 10 fs are achievable while
the time resolution of HELIOS in an absolute asymmetry measurement
would be above 40 fs.

To make use of this technique, one needs a way of simultaneously resolv-
ing and recording the intensity of different XUV energies of reflected HHG
radiation. Mathias et al.”’ used an approach where they put a grating
structure onto their sample, hence, making the sample itself a grating that
disperses the HHG radiation onto an MCP detector. At HELOS however, we
decided to build a spectrometer that can be placed behind almost any plane
sample. That way one can avoid any potential interaction between the sam-
ple and the grating structure and simplifies sample production. Additionally,
using a dedicated T-MOKE spectrometer led to an improvement in resolu-
tion compared to previously published results.”*”*7
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6.6.2 Rowland spectrometer

A spectrometer, capable of separating the incident high harmonics without
difficulty was deemed necessary. For that purpose, a slitless Rowland type
spectrometer was constructed which is described in detail in Paper V.

A Rowland type spectrometer is a grating spectrometer which is designed
so that the sample, the grating and the detector are positioned on a circle
called the Rowland circle (see Ref. 76 and references therein).”’ The grating
is not plane but has a cylindrical shape with a radius of curvature twice as
large as the Rowland circle. The radiation emitted from the sample diverges
onto the grating and is then diffracted and focused onto the Rowland circle
as drawn in Figure 33. As the T-MOKE setup is placed at the u-focus beam-
line, which tightly focuses the XUV radiation onto the sample, the spectrom-
eter can be built slitlessly.

CURVED GRATING

Figure 33. Schematic drawing of a Rowland spectrometer with a Rowland circle
radius of R. [Drawing is based on a drawing from Ref. 78].

6.6.3 Spectrometer design

Apart from achieving a resolution which is sufficient to separate the high
harmonics produced by HELIOS, the main focus of the development was on
easy sample exchange and a robust operation. The spectrometer is meant to
fit onto a MOKE vacuum chamber that was already available. This chamber
features two in-vacuum water-cooled electromagnets on an iron yoke at
which a newly designed sample holder was added. The spectrometer itself
uses the same detector flange as the FTS described in Section 5 which fea-
tures a chevron MPC in front of a fluorescent screen, filmed by a CCD cam-
era outside vacuum. The delay stage of HELIOS, the electromagnets and
camera are controlled by the same program allowing efficient and fast data
acquisition. To avoid damages of the grating or detector, a 150 nm thick
aluminum foil is placed in front of the grating to block the pump beam. A
sketch of the spectrometer can be seen in Figure 34.
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Figure 34. Schematic drawing of the spectrometer mounted at the p-focus beamline
of HELIOS. The inset displays a part of the data-acquisition program showing lines
with different photon energies recorded by the camera. Image based on an image
from Paper V. [Picture taken from Paper V with kind permission of the author.]

The spectrometer can disperse and measure all incoming energies within an
energy window of 35 to 70 eV simultaneously. This allows performing
measurements on all 3d transition metals (V, Cr, Mn, Fe, Co, Ni and Cu) as
well as on many 4d transition metals.

6.6.4 Spectrometer performance and first results

By using the mirror in the monochromator instead of a grating, the full high
harmonic spectrum can be transmitted. Figure 35 a) shows such a typical
spectrum reflected off a Permalloy (NiggFe,) sample for two opposite direc-
tions of magnetization, measured within about 3 seconds each. The high
harmonics in the spectrum feature a width of about 400 meV FWHM, which
is by far sufficient to resolve them. This width is primarily the energetic
width of the high harmonics while the spectrometer resolution was deter-
mined to be about 170 meV at 42 eV photon energy.”

The overall spectrometer performance was tested by measuring the ele-
ment-specific magnetization dynamic of a 10 nm thick Permalloy film,
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capped by 2 nm of Ta to avoid oxidation. An 800 nm pump laser pulse with
a pulse length of 35 fs FWHM was used to heat the electronic structure of
the sample in order to demagnetize it, while a XUV pulse with an expected
pulse length of 17 fs FWHM was used to probe the asymmetry. An extract of
the recorded magnetization dynamic is displayed in Figure 35 b). The whole
delay scan took less than 48 hours and contains 75 pump-probe delays dis-
tributed over 500 ps. Details can be found in Paper V.
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Figure 35. a) Recorded high harmonic spectrum reflected off a Permalloy sample.
The large magnetization-dependent difference in reflectivity around the iron and
nickel absorption edges is apparent. An asymmetry can be calculated from this data
by means of equation (2). By averaging this asymmetry in each gray area, one ob-
tains element-specific asymmetries. b) Element-specific asymmetries for iron and
nickel plotted against the pump-probe delay. The asymmetries were normalized to 1,
using values recorded at negative delays. [Picture taken from Paper V with kind
permission of the author.]
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When fitting the measured asymmetries with a triple-exponential
function, it gets apparent that nickel demagnetizes 23+4 fs later than iron
which is in agreement with Mathias et al.”’. The demagnetization time con-
stants for iron and nickel were measured to be nearly identical (Fe: 212+13
fs, Ni: 214.3+£9.2 f5).

6.7 Liquid-jet experiments

Time-resolved photoelectron spectroscopy on liquids is potentially very in-
teresting. We tested how to perform pump-probe measurements on liquids,
using an existing liquid-jet setup, which has been regularly used at synchrot-
ons.” A lot can be learned from these tries, although they were not very

successful.
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Figure 36. Schematic drawing of the liquid-jet setup. The insert shows the interac-
tion region where the liquid jet is hit by the photon beam, which is coming in or-
thogonal to the plane of this drawing. Ejected electrons then leave through a skim-
mer into the electron spectrometer. A photo of the liquid jet shooting out of the nee-
dle is seen at the right. Blue arrows indicate pumping by vacuum pumps. [Image
based on image from Ref. 80 with kind permission of the author.]

The liquid jet setup used employs a glass needle with a thin hole through
which a liquid (normally water) is pressed into a vacuum chamber. The re-
sulting jet has a diameter of 20 um and is shown in a drawing of the setup in
Figure 36. In order to preserve vacuum to allow electron spectroscopy on the
liquid, the jet is shot in a cold trap, which is cooled by liquid nitrogen and is
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installed opposite to the jet. Additionally turbomolecular vacuum pumps are
used to maintain acceptable vacuum pressures. The liquid jet is contained in
a tube inside the vacuum chamber. This is done to separate the poor vacuum
around the liquid jet from the rest of the vacuum chamber and beamline, and
especially from the electron spectrometer which requires high vacuum. The
tube only features three small holes, two pinholes for the radiation of the
light source to enter and exit the tube and one hole in a skimmer very close
to the jet allowing emitted photoelectrons the leave the tube into the electron
spectrometer. The geometry of the jet, the tube, the holes and the skimmer
relative to the photon beam is illustrated in Figure 36. A Scienta SES 100
hemispherical electron analyzer is used as an electron spectrometer.

A general problem that is hard to avoid is that a 20 um thick liquid jet in
vacuum is a rather complex sample. The nozzle of the jet can clog or the
liquid jet can freeze which requires venting its chamber to bring it back to
operation. However, we faced more problems which made it impossible to
perform pump-probe measurements on the jet but are generally avoidable if
one knows about them.

Although proven to work at synchrotrons, a major problem was related to
the liquid-jet setup, especially the tube around the jet itself. As HELIOS
does not only feature one photon beam as at a synchrotron but a pump and a
probe beam which come with a slight angle towards each other, the pinholes
for the radiation were rather small. Additionally, the measurement of the
photon flux inside the tube, which contains the jet, was not possible under
vacuum. Hence, sufficiently large pinholes at the right places along the beam
axis would have been necessary to transmit the beams through the tube. This
would have allowed to determine whether the beams clip at the pinholes, as
well as to determine the pump intensity in the interaction region by measur-
ing the photon flux outside the tube. However, there was no way of position-
ing the radiation pinholes reliably and independently on the beam axis. Apart
from that, the view onto the jet and the pinholes was rather limited and even
the movement of the skimmer was coupled to the movement of the radiation
pinholes. These shortcomings resulted in a situation where it was never clear
whether the XUV beam is clipped, misses the jet or whether the spectrome-
ter entrance is blocked by a malpositioned pinhole.

Beside these alignment issues, it turned out that an electron spectrometer
based on the concept of a hemispherical analyzer as used for these trials,
most likely features a too poor signal-to-noise ratio for this kind of experi-
ment. It would have been necessary to detect a minority of pumped electrons
energetically close to a vast majority of electrons in the ground state. How-
ever, the noise level in our spectra was about as high if not higher than what
we would have expected as a signal from pumped electrons, making such
time consuming and complex measurements rather pointless.
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If one wants to perform pump-probe measurement on liquids, the issues
described above have to be solved by completely redesigning the liquid jet
chamber. An electron spectrometer with much better signal-to-noise ratio
has to be used. This probably means to use a time of flight electron spec-
trometer instead of a hemispherical one.

Additionally, one should rethink the overall geometry of the setup. Photo-
electrons will only be ejected on the illuminated side of the liquid jet, since
XUV radiation below 72 eV, as available at HELIOS, only has an attenua-
tion length of below 100 nm in water.’> Photoelectrons with such low ener-
gies have a mean free path corresponding to only few monolayers, as dis-
cussed in Chapter 3.3. It would, hence, be beneficial for the observable count
rate to place the spectrometer on the side of the liquid jet where the XUV
radiation hits it.

A positioning of the spectrometer on the XUV-beam axis would also be
beneficial for the controllability of the pump intensity on the jet surface. This
is because the regions of the liquid jet with a surface perpendicular to the
pump-beam propagation direction are observable in such spectrometer ge-
ometry. In contrast to that, the liquid jet setup, as it is now, observes the part
of the jet, where the pump beam hits the jet rather grazing, so that the pump
intensities on the jet surface are rather variable, if not unknown. Alternative-
ly, one could use a flat liquid jet, which would add additional cost and com-
plexity.

In the current setup, however, the spectrometer is placed in the magic an-
gle®™ of 54.7° relative to the XUV-photon polarization and perpendicular
to the beam propagation direction (the first is not apparent from Figure 36).
That way, the influences of electron-emission anisotropies on the measured
photoelectron signal are minimized due to the positioning of the spectrome-
ter in the magic angel. Parallel to that, the signal from dipole emission rela-
tive to the influence of quadrupole emission is increased due to the position-
ing of the spectrometer perpendicular to the XUV propagation direction.

A new geometry of the setup has to be chosen carefully taking all these
considerations into account, while aiming for fast and reliable data acquisi-
tion as well as for easy and reliable data analysis.
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7 Outlook

While writing this thesis, the p-focus beamline at HELIOS is operational and
taking data using the T-MOKE spectrometer described in Section 6.6. The
new analysis chamber for the UHV beamline is currently being built in the
workshop. In parallel, the characteristics of an ARTOF 2, as it will be in-
stalled at the analysis chamber, are tested and evaluated in comparison to the
ARTOF 10k which was used for photoelectron spectroscopy as presented in
Section 6.4 and 6.5. To do so, the Scienta SES100 hemispherical electron
analyzer which was used at the UHV beamline for the HELIOS design paper
(Paper III) was moved into a separate lab. It will become an independent
system for UHV sample preparation and analysis. In the long run, it is envi-
sioned that sample transfer under UHV conditions from this system to HE-
LIOS or vice versa will be possible, using a vacuum suitcase. That way, it
will be possible to characterize samples before and/or after a pump-probe
measurement by means of electron spectroscopy with x-rays from an x-ray
anode or UV light from a UV lamp.

Although HELIOS is operational, there are a number of improvements
which still need to be implemented in a short term. A new exit slit for the
monochromator is built and needs to be installed to improve the restorability
of the slit setting, as well as to ease the alignment of the XUV beam path. An
automated system, allowing a stabilization of the pointing and positioning of
the laser output was purchased. It was not installation yet, but is planned for
the short term, leading to a new layout of the first halves of the beam paths.
This upgrade is meant to ease the day-to-day operation of HELIOS, making
it more time efficient and, thereby, meant to free time for other lab activities.
The XUV photon flux at HELIOS is likely to be increased by recoating some
of the XUV mirrors, primarily in the monochromator, as they suffered from
the 800 nm laser radiation they were exposed to in the beginning of the lab
operation. These mirrors have been recoated before but the result could still
be improved. The most used grating in the monochromator will be replaced
for the same reasons. All these upgrades will allow to use HELIOS more
efficiently, freeing lab time and manpower for experiments.

From a scientific point of view, there are numerous experimental areas for
HELIOS to be explored. The T-MOKE spectrometer allows investigating
element-specific magnetization dynamics of magnetic samples. Beside
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measurements on Permalloy and related alloys as Fe;,Ni,, it is planned to
perform measurements on multilayer systems related to superdiffusive spin
currents. At the UHV beamline, the ARTOF 2 will allow for a variety of
different experiments. Time-resolved photoelectron spectroscopy on solar
cell related materials, aiming on investigating charge transfer in donor-
acceptor interfaces, is planned to be performed. Alternatively, the setup
could e.g. be used for measurements on organic molecules related to photo
catalysis. If used for angle-resolved measurement, the ARTOF will e.g. al-
low for an investigation of the dynamics of correlated materials. Using a gas
needle and an electron spectrometer will allow for probing dynamics in gas-
es as e.g. in the photodissociation of O;,

HELIOS, as described in this thesis, features two beamlines and delivers
photon energies up to 72 eV. However, both parameters could potentially be
upgraded. The use of zirconium foils instead of aluminum foils in the mono-
chromator would allow for higher photon energies. Attempts with 200 nm
thick foils failed but thicker foils in combination with limited laser power for
the generation of high harmonics might allow for the transmission of XUV
radiation above 72 eV while blocking the driving laser. If it is desired to
have the T-MOKE setup as a permanent end station, this setup could be
moved to connect to the monochromator directly. Such a configuration is
displayed in Figure 37. It features a rather large grazing angle of the mirror
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Figure 37. CAD rendering of the T-MOKE spectrometer being connected directly to
the monochromator, freeing the p-focus beamline for other experiments.**
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in the monochromator but would still provide a reflectivity about equal to
the overall reflectivity of the monochromator-beam-routing-chamber beam
path currently used. To practically move the T-MOKE beamline in front of
the monochromator is an option as this end station does hardly benefit from
the monochromator. That way one could free the p-focus beamline for other
activities, while still allowing for fast access to the T-MOKE spectrometer.

The FTS was tested at synchrotron beamlines but it seems not possible
yet, to measure any radiation from an emission process of a sample. A main
reason for this is that the signal level on the MCP is currently only sufficient
to measure XUV radiation reflected from a sample surface. A weak signal is
especially problematic as it is additionally spread over large parts of the
MCP detector, which leads to a poor signal-to-noise ratio, which in turn is
very undesirable for an FTS. Hence, it might be an option to install a refo-
cusing mirror behind the beam mixer to focus the transmitted radiation onto
a smaller spot, which should lead to an increase of the signal-to-noise ratio
as it reduces the amount of detector noise in the measurement. This method
would, though, also lead to some cancelation of the interference signal due
to the uneven phase front transmitted by the spectrometer.
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8 Popularvetenskaplig sammanfattning

Spektroskopi var en av de viktigaste teknikerna i vetenskapens historia, och
var involverad i manga historiska upptiackter. Under en ldng tid anvéndes
spektroskopi for att undersdoka materias statiska egenskaper medan dyna-
miska processer skedde for snabbt for att kunna undersdkas. Dock fanns det
alltid ett intresse for tidsupplost spektroskopi i det vetenskapliga samhillet,
och tidsupplosningen drevs framat av den tekniska utvecklingen.

Pulsade lasrar med ett par femtosekunders pulslingder mojliggoér anvin-
dandet av tekniker som kan uppldsa processer som ocksa sker pa sé korta
tidsskalor. For att fa en ide om hur snabba dessa processer sa gar det att jam-
fora foljande; en femtosekund forhéller sig till en sekund pa samma sétt som
en sekund forhéller sig till 32 miljoner ar. Dessa processer kan t.ex. vara
molekyldra vibrationer, kemiska reaktioner, magnetiserings- och fasover-
gingar. Den mest vanligt forekommande tekniken for tidsupplost spektro-
skopi dr den sa kallade pump-prob tekniken. Hér anvinds en ljuspuls (som
kallas pump-puls) for att dverfora energi till det prov som skall undersokas
och for att sitta igang den process som skall studeras. Efter en kort tidsfor-
dréjning sd anvénds en annan ljuspuls (som kallas prob-puls) for att gora
spektroskopi pa provet. Om flera sddana métningar gérs med olika tidsfor-
drojning s& kan man folja processen i tiden. Detta kan jamforas med att
lagga samman flera bilder till en film som visar dynamiken i t.ex. en kemisk
reaktion.

Pump-probmétningar har gjorts med lasrar i artionden, dock ér de foton-
energier en laser kan ge begrinsade till under 7 eV. Denna begrinsning i
probfotonenergi kan ocksé begrinsa den information som probpulsen kan ge,
till exempel eftersom detta endast tillaiter undersdkningar av valensbandet
hos ett prov, och ibland endast leder till exciterade elektroner. I kontrast till
detta gér det, genom att anvénda laserpulser for att dvertonsgenerering (eng-
elska High Harmonic Generation — HHG) att generera probfotoner med
mycket hogre energi, upp till flera hundra eV. Detta gors genom att fokusera
en ultrakort laserpuls (med pulsldngd i femtosekundsomradet) i en ddelgas
dér det skapas fotoner med udda multiplar av den ursprungliga laserfotonens
frekvens.
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Denna avhandling beskriver HELIOS, ett laboratorium for tidsupplost
spektroskopi med extreme ultraviolett (XUV) stralning skapad i en dver-
tonsgenereringsprocess. HELIOS édr baserat p4 pump-prob-tekniken och har
en tidsuppldsning pa ca. 50 fs. HELIOS byggdes samt driftsattes inom ramen
for avhandlingsarbetet och de forsta experimenten gjordes som visade pa
dess anvindbarhet samt potential.

Ett kommersiellt lasersystem som ger 35 fs l&nga pulser med en vaglangd
pd 800 nm anvinds. Dessa pulser delas sedan upp i tvd genom en optisk
straldelare. En av dessa tva pulser anvéinds sedan som pumppuls for att exci-
tera provet eller, om en annan vaglingd onskas sd kan pulsens véglingd
andras 1 spannet 235 nm till 20 000 nm via kommersiell utrustning, t.ex. en
optisk parametrisk forstirkare. For att bestimma tidsfordrojningen mellan
pump- och probpulsen sa ar ett fordrojningssteg en del av den optiska vigen
for pumppulsen, detta kan anvindas for att dndra vigldngden och darfor
tidsfordrojningen mellan pump- och probpuls.

Den andra pulsen som kommer fran stréldelaren fokuseras i en ddelgas for
att generera overtoner. Denna XUV stralning kan sen separeras fran 800 nm
laserstralningen via en 150 nm till 200 nm tjock aluminiumfolie. Efter denna
sé finns det 6vertoner mellan 20 eV och 72 eV kvar, pa grund av transmiss-
ionen av aluminiumfolien. Eftersom dessa viglingder snabbt absorberas av
vilket material som helst likasa av gaser, som luft, sd méaste hela stralgdngen
for XUV stralningen héllas under vakuum.

En monokromator, placerad efter gascellen, mojliggor att vilja endast en
liten del av det totala energi/vaglingdsomradet hos de genererade Gvertoner-
na, denna anvinds slutligen for experiment. Monokromatorn &r designad sé
att den bibehaller en kort pulsldngd hos de genererade XUV pulserna, nagot
som inte dr vanligt forekommande. Stralningen som passerat monokroma-
torn kan sen guidas till en av de tvé existerande strilréren. HELIOS har en
halv-permanent experimentstation pé ett av stralroren som é&r tiankt for fotoe-
lektronspektroskopi, dven med vinkelupplosning och under ultrahdgt va-
kuum (UHV). En ARTOF 2 vinkelupplésande fotoelektronspektrometer ar
installerad pé detta strilror. Det andra stralroret slutar med en fokuserings-
kammare som fokuserar bade pump- och probpulsen pé provet. Denna kam-
mare kan positioneras relativt flexibelt och kan enkelt anslutas till flertalet
experimentstationer, samtidigt som den utgdr ett differentiellt pumpsteg for
att separera HELIOS fran potentiellt hoga tryck i experimentkammaren.
Detta, och det faktum att XUV-fokuset endast dr kring 20 um i diameter gor
detta stralror idealt for experiment som kréver ett litet XUV fokus, som har
hoga tryck i experimentkammaren eller som endast ér anslutna till HELIOS
under en begrinsad tid och som kriaver extern utrustning.
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I den hir avhandlingen finns en artikel som beskriver HELIOS-
laboratoriet, dir beskrivs pump-prob métningar med 800 nm pumppulser
samt XUV stralkning som probe pulser, en tidsuppldsning pa 50 fs visas. Det
visas ocksé att det 4r mdjligt att samtidigt uppnd en energiupplosning pa 110
meV vid 41 eV fotonenergi. Funktionaliteten hos UHV experimenten de-
monstrerades via tids och vinkeluppldst fotoelektronspektroskopimétningar
pa grafen. For att demonstrera denna uppstéllnings funktionalitet for tidsupp-
losta fotoelektronspektroskopiska métningar utan vinkelupplosning genom-
fordes en mitning pa den ledande polymeren PCPDTBT.

p-focus stralroret anvindes for att forsoka genomfora tidsupplost fotoe-
lektronspektroskopi pa prover i vétskefas, samt for att genomfora métningar
av magnetiseringsdynamik, i ett permalloyprov, med elementspecificitet. Det
senare genomfordes genom att uppgradera en existerande vakuumkammare
som redan var utrustad med en elektromagnet. Uppgraderingen bestod i en
egenutvecklad provhéllare samt en XUV spektrometer. Senna uppstillning
kan nu anvéndas for att utféra experiment som utnyttjar den transversella
magnetooptiska Kerreffekten. Detta &r av specifikt intresse d& dessa mit-
ningar kan ge information om olika element i ett magnetiskt prov vid en och
samma matning, detta mdjliggdr métningar av relativa differenser i de olika
dmnenas magnetiseringsdynamik med en tidsuppldsning pa under 10 fs.

Vid sidan om HELIOS sa har en Fouriertransformspektrometer (FTS) for
XUV omréadet undersokts i denna avhandling. Det var mgjligt att visa att
denna spektrometer kunde méta den infallande stralningens vaglidngd. Vidare
anvéindes denna spektrometer for att méta den temporéra koherensen av den
monokromatiserade XUV stralningen vid HELIOS.
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