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Zusammenfassung

Die vorgelegte Arbeit befasst sich mit der Entwicklung und der Charakterisierung einer
Überhöhungsresonator-basierten Quelle hoher Harmonischen und deren Anwendung auf
ein erstes Photoelektronenspektroskopie-Experiment mit geringen Raumladungseffekten.
Durch die hohe Repetitionsrate (18.4 MHz) konnte der Photoelektronen-Fluss im Vergleich
zum Stand der Technik um zwei Größenordnungen erhöht werden ohne Beeinträchtigungen
durch die Coulomb-Abstoßung zwischen der innerhalb eines Pulses freigesetzten Elektro-
nen. In einem ersten Experiment mit diesem System wurde eine Zeitauflösung von sub-
20-as erzielt. Die Entwicklung der Femtosekunden(fs)-Technologie wurde zusammen mit
dem Fraunhofer Institut für Optik und Feinmechanik (IOF), in Jena, und dem Fraun-
hofer Institut für Lasertechnik (ILT), in Aachen, durchgeführt. Die Laserarchitektur ist
ein CPA (chirped pulse amplification = Verstärkung gechirpter Pulse) System, das aus
einem phasenstabilisierten Titan:Saphir(Ti:Sa)-Oszillator, einem akustooptischer Modula-
tor (AOM) Puls-Picker, einem Yb-Faserverstärker und einer nicht-linearen Kompression
besteht. Dieses neuartige fs-System speist einen Überhöhungsresonator mit bisher uner-
reichten Parametern der eingehenden Pulse (30 fs Pulsdauer bei einer Repetitionsrate von
18.4 MHz und einer Pulsenergie von 4.5µJ).

Das erste Arbeitspaket befasste sich mit der Implementierung eines Puls-Pickers, wel-
cher entwickelt werden musste, um die Pulsenergie zu erhöhen und um eine Repetitionsra-
te zu erreichen, welche für Flugzeitspektroskopie nutzbar ist. Kritisch bei diesem Prozess
ist, dass die Phasenstabilität des Systems unangetastet bleibt. Daher wurde in Zusam-
menarbeit mit dem IOF eine neuartige Methode entwickelt, das sogenannte synchrone
Puls-Picken. In diesem Repetitionsratenregime ist es notwendig, einen AOM zu verwen-
den, da die weit verbreitete Pockels-Zelle wegen des “piezo-electric ringing” nicht genutzt
werden kann. In dieser Implementierung sind alle Radiofrequenzsignale, die beim Puls-
picken verwendet werden, von der fundamentalen Repetitionsrate des Systems abgeleitet
und lassen daher die Phasenstabilität unangetastet. Dieses Schema wurde auf Intensitäts-
und Phasenrauschen untersucht und es wurde gezeigt, dass die Phasenstabilität der Pulse
aus dem Ti:Sa-Oszillator weitestgehend erhalten blieb, trotz des AOM Puls-Pickers, der
auf einer einer laufenden Welle basiert. Im Anschluss wurde der Hautverstärker (bis zu
120 W) mit Hilfe eines f-to-2f Interferometers untersucht und eine zusätzliche “feedback”
Stabilisierung, neben der “feed-forward” Stabilisierung des Oszillators, aufgebaut. Sowohl
diese Stabilisierung als auch alle implementierten Kompressionen (Festkörperfaser, multi-
Pass-Zelle (MPC) mit Festkörper und Einzelpass Festkörper), erwies sich ebenfalls als
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repetitionsratenunabhängig und es wurden Phasenrausch-Rekordwerte für Lasersysteme
dieser Leistungsklasse erzielt.

Als erste Anwendung des Systems wurde die Repetitionsratenskalierbarkeit von der Er-
zeugung hoher Harmonischen (HHG) in einem Überhöhungsresonator mit Lochauskoppler
untersucht. Dafür wurde ein 16.3 m Resonator aufgebaut, wobei die Länge der Distanz
zwischen zwei Pulsen bei 18.4 MHz Repetitionsrate (einem Viertel unserer fundamenta-
len Repetitionsrate) entspricht. Mit Hilfe des Puls-Pickers konnten nun entweder ein oder
zwei Pulse in dem Resonator zirkulieren und hohe Harmonische generieren. Es wurde her-
ausgefunden, dass trotz doppelter Durchschnittsleistung bei 36.8 MHz über einen großen
Energiebereich keine zusätzlichen hohe Harmonischen generiert wurden und der insgesamte
Fluss an Harmonischen für 18.4 MHz und 36.8 MHz auf den denselben Wert limitiert war.

Durch die hohe Pulsenergie von fast 6µJ bei der Repetitionsrate von 18.4 MHz, konnte
die neuartige Technologie der MPC zur Verbreiterung verwendet werden. Sie wurde zu-
sammen mit unseren Kollaborationspartner aus dem ILT im Rahmen dieser Arbeit imple-
mentiert und charakterisiert. Eine bedeutendes Ergebnis für die anschließende resonator-
unterstützte Erzeugung hoher Harmonischer ist, dass keine Beeinträchtigung der Stabilität
besteht, selbst wenn man das System um einen weiteren Verbreiterungsschritt erweitert,
um Pulsdauern um die 20 fs zu erreichen. Insgesamt wurde somit ein Resonator Seed von
4.5µJ und 30-40 fs bei 18.4 MHz Repetitionsrate erzeugt. Mit diesem System wurde nun
sowohl in Argon als auch in Neon HHG betrieben und Spitzenwerte für Überhöhungsre-
sonatoren sowohl für Fluss als auch Photonenenergie erreicht. Die gemessenen Flusswerte
bis hin zu 140 eV kommen nahezu an die Werte neuartiger kHz Singlepass-Systeme heran.

Mit dieser flussoptimierten Quelle für hohe Harmonische in einem Energiebereich von
40 eV bis 60 eV wurde nun Photoelektronenspektroskopie betrieben. Im Vergleich zu ande-
ren Photoelektronenspektroskopie-Quellen haben wir in diesem Energiebereich einen um
zwei Größenordnungen größeren Photoelektronenfluss von einem Festkörper gezeigt oh-
ne dabei erkennbar von Raumladungseffekten limitiert zu sein. Im Gegensatz zu ande-
ren resonator-unterstützen Photoelektronenspektroskopie-Quellen kann unser System auf-
grund der Lochauskopplung höhere Photonenenergien erreichen. Zusätzlich haben wir zum
ersten Mal eine Zeitauflösung von unter 20 as für ein MHz-Photoelektronenspektroskopie-
System gezeigt.

Momentan werden erste Festkörper RABBITT (Reconstruction of Attosecond Bea-
ting By Interference of Two-photon Transitions = Rekonstruktion von Attosekunden-
Schwebung durch Interferenz von Zwei-Photonen-Übergängen) Experimente an Wolfram
(110) durchgeführt und erste zeitaufgelösten Interferogramme wurden aufgenommen. Fer-
ner erlaubt die Phasenstabilität der Quelle, die Implementierung eines neuartigen Verfah-
rens zur Erzeugung isolierter Attosekundenpulse, das von unserer Gruppe aktuell aufgebaut
wird.



Abstract

The presented thesis deals with the development and characterization of a cavity-enhanced
high-harmonic generation source and its application to a first low-space-charge attosecond
photoelectron spectroscopy experiment. Due to the high repetition rate (18.4 MHz) the
photoelectron flux could be scaled by two orders of magnitude with respect to the state of
the art, without restrictions induced by the Coulomb interaction of the electrons liberated
within one pulse. In a first experiment with this system, a time resolution of sub-20-as
was achieved. The femtosecond (fs) technological developments were performed in coope-
ration with the Fraunhofer Institute for Applied Optics and Precision Engineering (IOF),
Jena, and the Fraunhofer Institute for Laser Technology (ILT), Aachen. The laser systems
architecture is a chirped-pulse amplification (CPA) scheme comprising a phase-stabilized
titanium-sapphire master oscillator, an acousto-optic-modulator (AOM) pulse-picker, an
Yb-doped fiber-based power amplifier and a non-linear compression. This novel fs system
seeds an enhancement cavity at unprecedented parameters of the impinging pulses (30 fs
at a repetition rate of 18.4 MHz and a pulse energy of 4.5µJ).

The first work package regarded the implementation of a pulse-picking unit which had
to be developed to increase the pulse energy and reach a repetition rate suitable for time-
of-flight spectroscopy. Crucially, this process must not disturb the phase stability of the
system. For this reason a novel method was developed in cooperation with the IOF called
synchronized pulse-picking. In this repetition rate regime it is imperative to use an AOM
device as commercial Pockels cells cannot be used due to piezo-electric ringing. In this
implementation all the radio frequency signals used in the pulse picking process are derived
from the fundamental repetition frequency and thus do not disturb the optical phase.
This scheme was examined regarding intensity noise and phase stability and it was shown
that the stability of the titanium-sapphire seed was largely preserved with the traveling-
wave-type AOM pulse-picker. Subsequently, the main amplifier output (up to 120 W) was
examined with a f-to-2f interferometer and an feedback stabilization loop was implemented,
in addition to the feed-forward stabilization of the seeding oscillator. This stabilization and
all implemented non-linear compression schemes (e.g. large-mode-area (LMA) fiber, multi-
pass-cell (MPC) bulk and single-pass bulk) proved to be repetition-rate-independent and
exhibited record long-term phase-noise values for laser systems of this power class.

As a first application of this system the repetition rate scaling of high-harmonic gene-
ration (HHG) in an enhancement cavity with a pierced-mirror XUV output-coupler was
examined. For this purpose, a 16.3-m resonator was implemented, corresponding to a round-
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trip repetition frequency of 18.4 MHz (a quarter of the fundamental laser repetition rate).
By using the pulse-picker, either one or two pulses circulated in the cavity and generated
high harmonics. It was found that the 36.8-MHz pulse train did not generate a higher XUV
flux than the one at 18.4 MHz over a large photon energy range (20 eV to 40 eV), despite
double the circulating average power.

Due to the high available pulse energy of 6µJ at 18.4 MHz repetition rate, a novel com-
pression scheme in the form of a multi-pass-cell (MPC) could be used. It was implemented
together with our collaboration partners from the ILT and characterized during the course
of this thesis. A crucial result shown for subsequent cavity-enhanced HHG is the largely
preserved phase stability, even when implementing another bulk broadening and compres-
sion step to 20 fs. Overall, a phase-stable resonator seed of 4.5µJ-pulses of 30-40-fs duration
at a repetition rate of 18.4 MHz was created. With the resulting enhancement cavity, HHG
in argon as well as neon was driven and the highest flux for enhancement cavities up to
date was achieved for photon energies up to 140 eV. The measured flux values in argon as
well as neon come close to those of single-pass kHz systems.

With the source optimized for the generation of high-flux harmonics in the range of
40 eV to 60 eV photoelectron spectroscopy was performed. We demonstrated more than two
orders of magnitude more liberated photoelectrons from a solid target than other photo-
electron spectroscopy sources in this energy range under identical space-charge conditions,
without being noticeably affected by space charge effects. In contrast to other cavity-
enhancement PES sources our setup can reach higher energies due to the pierced mirror
output-coupling method. Additionally, we demonstrated a temporal resolution better than
20 as for a MHz-PES setup for the first time.

At present, reconstruction of attosecond harmonic beating by interference of two-
photon transitions (RABBITT) experiments on tungsten (110) are underway and first
time-resolved interferograms have been taken. Finally, using the phase stability of the
source, our group is currently implementing a novel gating method to generate isolated
attosecond pulses.
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5.3 Microscope image of a pierced mirror drilled by the inverse laser drilling
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When the next pulse arrives the SP and the DP experience different expe-
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gion II) remain in the interaction region and form a phase mask that acts on
the HHG process, by either preventing phase matching for these atoms or
introducing spatial effects that reduce the output-coupling efficiency of the
pierced mirror. We can divide the interaction volume into three regions: (a)
a region with replenished neutral atoms with well-defined phase-matching
pressure; (b) a pre-ionized region with inhomogeneous phase-matching pres-
sure; and (c) a region in which the phase matching pressure cannot be reached. 77

6.1 Overview of the available XUV flux of the most prominent titanium-sapphire
based XUV sources. The lines depict the space charge limit of 100 meV for
different repetition rates at a focus size of 50µm and an XUV attenuation
of 97 %. Most titanium-sapphire systems are limited to repetition rates far
smaller than 1 MHz. For an optimized setup with less XUV attenuation from
the point of generation to the target even more severe space charge effects
occur. The limits are calculated in accordance with section 6.3.1 [180–187]. 80

6.2 Overview of the available XUV flux of the most prominent Yb-based XUV
sources. The lines depict the space charge limit of 100 meV for different
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6.3 Number of photons per pulse in several energy windows are illustrated for
different repetition rates. The diagonal lines represent the number of photons
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6.4 Experimental setup. A train of 18.4-MHz-repetition rate, 250-fs pulses with
a center wavelength of 1030 nm is generated by the femtosecond MOPA.
The pulses are non-linearly compressed to sub 40 fs and coherently stacked
in a femtosecond enhancement cavity. HHG is driven in a 40x54-µm-radius
focus between two curved mirrors, one of which is pierced (hole diameter
340µm, see inset for mode on mirror and image of the hole) for geometrical
XUV output coupling. The high harmonic radiation passing the hole can
be sent to either an XUV spectrometer or the PES measurement. The dia-
gnostics of the intra-cavity pulse include an autocorrelator (AC), an optical
spectrum analyzer and a powermeter. The PES experiment is placed under
ultra high-vacuum conditions. Via differential pumping a background pres-
sure of 10−9 mbar is reached in the sample chamber. The XUV is focused
onto the tungsten (110) crystal with a ROC 125 mm multi-layer (Scandium-
Silicon) mirror with a reflectivity between 10 % and 15 % between 30 - 50
eV. The electrons get detected by a time-of-flight spectrometer with retar-
ding grid option. Two main operation modes are available, the drift mode
(DM) without any manipulation of the electron trajectory and the low an-
gular dispersion (LAD) mode which can capture a larger angle of (±7◦)
by using complex electron lenses to image the electron emission angle onto
the detector. However, this implies a lower energy resolution of about 1 eV
for our current settings, which remains sufficient to extract photoemission
delays from RABBITT experiments [42]. . . . . . . . . . . . . . . . . . . . 84

6.5 a Auto-correlation traces of the pulses at the MOPA output (black) and the
pulses circulating in the EC with an argon target (red). In the case of the
argon target, a slight temporal broadening to 38 fs is observed, which can be
attributed to the non-linear interaction of the circulating pulse with the gas
atoms. b Spectra of the fundamental light seeding the EC (black) and the
circulating light with an argon target (red). The blueshift typical to intra-
cavity HHG [101] can be observed. c Measurement of the non-linear intra-
cavity power over a duration of 160 seconds, with experimental conditions
optimized for HHG generation. The root-mean-square intensity fluctuations
are 1.8 %. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.6 a Clamping behavior for the LMA broadening scheme with a seed pulse
energy up to 0.7µJ, illustrating slight clamping. The black line is a linear
fit to the empty cavity and the dashed red line corresponds to 65 % of this
fit. b depicts the same curve with one additional point that was taken after
changing the non-linear compression to a MPC. Now the impinging pulses
have a pulse energy of up to 4.5µJ and the cavity is strongly clamping. . . 87
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FWHM of around 100 meV to 300 meV (depending on the harmonic order).
b depicts a long-term measurement over 160 seconds for all harmonic orders.
c the normalized flux is shown as well as the RMS power fluctuations for
each harmonic which range from 3-5 %. . . . . . . . . . . . . . . . . . . . . 89
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6.12 Photoelectron flux in state-of-the-art attosecond-PES experiments versus
pulse repetition frequency and illustration of the effect of SC on the ac-
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spectively and the black symbols represent enhancement cavties. Ti:Sa sys-
tems represent the most widespread laser architecture in attosecond-PES.
The empty circles and triangles represent estimated generated electrons of
some prominent state-of-the-art HHG sources assuming the same conversion
efficiency from photons to electrons as our systems. The energy broadening
plotted as a heat map is calculated assuming a typical 50-µm spot. Ref1:
[197]; Ref2: [30]; Ref3: [190]; Ref4: [198]; Ref5: [193]; Ref6: [202]; Ref7: this
result; Ref8: [87]; Ref9: [86]; Ref10: [184]; Ref11: [187]; Ref12: [19]; Ref13:
[139]; Ref14: [7]; Ref15: [34]; Ref16: [12]; Ref17: [6]; . . . . . . . . . . . . . 94

6.13 a Photoelectron spectra taken with two different detection modes: drift mode
(DM) and large angular dispersion (LAD) mode. The energy resolution of
the LAD mode can be obtained by deconvolution of the LAD spectrum with
a Gaussian of 1 eV FWHM and reproducing the DM spectrum with well-
known resolution of 30 meV. b and c show the evaluation of the a XUV
intensity series regarding peak position and width for the DM and the LAD
mode, respectively. The error bars illustrate the error of the peak fit. Neither
the DM nor the LAD mode show space charge effect within their respective
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Chapter 1

Introduction

MEGAS - MHz Attosecond Pulses for Ultra-fast Photoelectron Microscopy and Spectros-
copy - a project in the framework of the collaboration between the Max-Planck and Fraun-
hofer institutes. The participating groups are the following:

• Fraunhofer Institute for Optics and Precision engineering (IOF), Jena; Fiber and
Waveguide Lasers

• Fraunhofer Institute for Laser Technology (ILT), Aachen; Lasers and Optics

• Max-Planck Institute for Quantum Optics (MPQ), Munich; Field-Resolved Spectros-
copy

• Max-Planck Institute for Quantum Optics (MPQ), Munich; XUV research

In the course of this theses the technical contributions of the first three groups we-
re combined to provide a stable, high-flux extreme-ultraviolet (XUV) source suitable for
applications of the XUV research group of the MPQ, munich, at a MHz repetition rate.
Those include reconstruction of attosecond beating by interference of two-photon transiti-
on (RABBITT) [1, 2], angle-resolved photoemission spectroscopy (ARPES) [3] as well as
photoemission electron microscopy (PEEM)[4]. In a first proof-of-principle experiment the
time-dependent laser assisted photoelectric effect (LAPE) was evaluated. The experiment
was conducted at a flux two orders of magnitude larger than previous MHz sources and a
time-resolution of sub-20-as was found. Time-dependent LAPE is the direct predecessor to
RABBITT experiments in which several side-bands need to be evaluated and referenced.

1.1 Motivation: high-repetition-rate attosecond me-

trology

Ultra-fast modern technology needs ultra-fast and precise diagnostics to be the working
horse for future applications. For this purpose it is vital to unite state-of-the-art attosecond
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(as) time resolution with nm-spatial precision to create a high-resolution detection in space
and time.

Currently, as-temporal resolution can only be achieved by the generation of attosecond
XUV pulses via high harmonic generation (HHG) [5–8]. The fundamentals for this process
dates back to 1964, when the first mode-locked laser was developed by L. E. Hargrove
et al.[9]. Since then, ground-breaking inventions and discoveries in ultra-fast optics ha-
ve advanced the development of precise time-resolved diagnostics, like frequency comb as
ultra-precise clocks [6, 10, 11]. Using these light sources and either amplifying them with
optical pumping or enhancing them in a passive resonator led to HHG at up to 250 MHz,
within less than five decades of development time [12]. In the meantime, kHz-sources drove
the field of photoelectron microscopy and spectroscopy to new heights in detector deve-
lopment and measuring techniques. The very first step towards attosecond metrology was
taken at the turn of the century when the first sub-femtosecond pulses were systematically
characterized by Paul et al. and Hentschel et al. [1, 13]. Since then several sophistica-
ted methodes were developed like reconstruction of attosecond beating by interference of
two-photon transition (RABBITT) [1, 2] and angle-resolved photoemission spectroscopy
(ARPES) [3]. A next step in this evolution is the combination of these two fields and create
a powerful 4D (space / momentum and time) tool called attosecond photoemission electron
microscopy (attoPEEM)[4] and attosecond-resolved ARPES to study ultra-fast localized
effects, like electron motion in semiconductor nano-structures [14]. These measurement
techniques of attosecond pulses opened doors to study many fundamental phenomena in
physics:

• As a side product of the attosecond pulse generation process, also electrons are crea-
ted on the same timescale. This gives rise to a spatial resolution of around 1 Å, the
electron wavelength, suitable to resolve molecular structures. Combined with diagno-
stics of the driving laser field, a powerful 4D characterization tool can be realized
[15–17].

• The combination of attosecond pulses with the phase-locked driving laser light opens
up opportunities for the measurement of attosecond phenomena (e.g. electron motion)
with sub-attosecond precision [18].

• By converting the fundamental light to an attosecond pulse train, also the energy of
the participating photons is scaled from around 1 eV up to several 100 eV or more
[19]. This gives time-resolved access to deeply-bound core-states and even dynamics
within the nuclei [20–23].

• The study and control of chemical dynamics by waveform-controlled fundamental
laser light offers insights into the developing wave-package of the bound electron.
Control of the process has already been demonstrated in small molecules [24–26].

In order to add spatial resolution to these measurement techniques high repetition rates
are necessary to reduce measurement time (e.g. experimental instabilities) while avoiding
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artifacts like distortions due to space charge [27–29]. These artifacts are mostly due to
Coulomb interaction of electrons either leaving the sample or propagating to the detec-
tor, which reduces the spatial and energy resolution dramatically. In order to avoid these
space charge effects, the number of electrons per pulse needs to be as small as one per pul-
se, depending on the application. In PEEM experiments, already two electrons per pulse
strongly distort the spatial resolution [30]. Since the repetition rate of current sources with
attosecond temporal resolution is typically limited to several 100 kHz, the flux limitation
results in unprectical or even impossible measuring time of several 10s of hours [7, 31, 32].
By scaling the repetition rate to several 10s of MHz, we reduced the required time by two
orders of magnitude, making such measurements feasible.

1.2 Research objective: Cavity-enhanced high harmo-

nic generation for multi-MHz attosecond-pulse-

train applications

The goal of this research project is to establish a novel high repetition rate source of
brilliant XUV radiation that is suitable for attosecond applications. However, scaling of
the repetition rate to several 10s of MHz is technologically challenging as HHG at photon
energies higher than 40 eV requires peak intensities in the range of several 1013W/cm2.
Currently, one possibility is the use of a passive enhancement cavity (EC). The basic
concept of such an enhancement resonator cavity is the repetitive constructive interference
of light at an input coupler, which can be used to reach average powers up to the MW-
range [33]. By installing a gas target within such a resonator, coherent XUV radiation
has been generated at up to 250 MHz [12]. The XUV light can be coupled out of the
enhancement cavity by an on-axis opening in the cavity mirror (called pierced mirror),
following the focus [34]. The output-coupled XUV flux rivals state-of-the-art single-pass
systems operating at kHz repetition rates. Other approaches, e.g. coherent combination of
several multi-MHz amplifiers, might be interesting for the future [35]. Additionally, novel
Yb amplifiers operating at several 100s of kHz already reach photon energies in the 40-eV
range and even a single-pass system at a repetition frequency as high as 10.7 MHz has
reached energies above 30 eV [7, 36]. For future cavity-enhanced attosecond experiments
at even higher repetition rates and at high photon energies, several milestones have been
achieved in this thesis.

• Ultra-fast laser development
For several attosecond metrology applications, like streaking experiments, pulse trains
of several attosecond bursts are insufficient and isolated attosecond pulses (IAP) are
necessary. Typically, their generation needs phase-stable few-cycle pulses or sophisti-
cated gating techniques. As at present, the pulse duration within and cavity is limited
by the bandwidth of the mirrors to several optical cycles, a novel gating technique was
developed in our group, which only needs 17-fs pulses [37]. ECs with this bandwidth
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and pulse duration were already demonstrated in 2016 / 2017 [38]. The first ingre-
dient to achieve such sophisticated cavity-enhanced applications is the development
an ultra-fast phase-stable seed for a fs-EC with a fixed and stable preferred offset
frequency, which to date has not been accomplished with an Yb-fiber CPA system.
This step was implemented within this thesis by amplifying the spectral part centered
around 1030 nm of a feed-forwards phase-stabilized titanium-sapphire oscillator by
five to six orders of magnitude without significantly altering its phase stability. This
innovation improves the experimental conditions for attosecond metrology applica-
tions as it provides long-term stability as well as reduces the intra-cavity intensity
fluctuations due to the coupling of phase noise to amplitude noise within an EC (see
chapter 2). Additionally, it allows for the implementation of gating techniques to
generate IAP at MHz repetition rate within an EC.

• Long-term stability
In order to prepare the cavity for applications, one requirement is the long-term
stability of the source as experiments are estimated to take several minutes. ECs
suitable for 30-fs pulses (several optical cycles) have already been used to generated
sufficient XUV flux for RABBITT experiments at energies larger than 40 eV [12, 34],
but long-term stability was never explicitly addressed before and proved to be an
issue in ultra-fast, broadband ECs for 30 fs pulses. In this thesis the final cavity
implementation allowed for operation for several hours with only minor realignment
and constitutes a step forward from a proof of principle XUV source to a long-term-
stable instrument for experiments.

• Attosecond applications
The ultimate goal of the project is the application of the APT in pump-probe ex-
periments. These experiments utilize the generated XUV and a synchronized optical
pulse. The short sub-fs XUV pulse can be used as both the pump or the probe of the
experiment. When it is used as the pump, it starts the ultra-fast process and must be
referenced with the long fs-pulse with either the streaking [18, 39, 40] or the RAB-
BITT [31, 32, 41, 42] technique, utilizing its electric field oscillations rather than the
intensity envelope. One phenomenon examined with these technique are ultra-fast
photoionization delays in solids and gases [18, 31, 32, 39–42]. When it is used as the
probe, it takes a fast “photo” of the process initialized by the longer fs-pump pulse,
here also the streaking technique must be applied. One process that can be studied
in this configuration is the evolution of plasmons [14]. With our setup, we currently
use the synchronized 40-fs IR light, that can be coupled out of the cavity co-linearly
with the XUV photons, and apply it as the probe in first RABBITT experiments.

1.3 Outline of the thesis

In this thesis a novel laser system at 73.6 MHz fundamental repetition rate is implemen-
ted, thoroughly characterized and applied for attosecond experiments. Using a novel pulse-
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picker [43] and several phase locking techniques [44], this laser system is optimized as a
source for phase-stable intra-cavity HHG generation at 40-60 eV photon energy. In order
to use the full potential of the system a new compression scheme using a multi-pass-cell
(MPC) at 18.4 MHz repetition rate had to be implemented as conventional state-of-the-art
schemes, e.g. solid-core and hollow-core fibers, were not suitable due to the combination of
the repetition rate and the pulse energy [45]. The resulting cavity-enhanced XUV-source
was used for first prove-of-principle time-resolved laser assisted photoelectric effect (LA-
PE) experiments using attosecond pulse trains at a photon energy between 40 eV and 60 eV.

The thesis is structured as follows:

• Second chapter:
In the second chapter the theoretical background of the fundamental physical phe-
nomena and applications are described. They include the fundamentals of HHG and
its scalability within an enhancement cavity. Furthermore, the concept of ECs and
the theory behind their experimental implementation are presented.

• Third chapter:
In the third chapter the state of the art of cavity-enhanced HHG is reviewed. This
includes different output-coupling mechanisms as well as the comparison of previous
experiments to the source developed in this thesis.

• Fourth chapter:
In the fourth chapter all parts of the laser system and the implementation are tho-
roughly described. They include the titanium-sapphire seed, the AOM pulse-picker
and the utilized compression schemes. Furthermore, the phase-noise characteristics
of each element are presented and the locking technique is discussed. Finally, the
process of designing an optimized cavity for HHG is presented and applied to the
MEGAS cavity.

• Fifth chapter:
In the fifth chapter the laser system is used to seed an EC to study the pierced
mirror XUV output-coupling method regarding the repetition rate scalability of HHG
in a gas target. Accordingly, the repetition rate is optimized and the best cavity
configuration is found. The experiment revealed severe XUV clamping by up to a
factor of four when the gas target is hit more than once.

• Sixth chapter:
In the sixth chapter this optimized cavity is used to generate phase-stable and long-
term stable attosecond pulse trains. The experimental setup is thoroughly characteri-
zed and first prove-of-principle photoelectron experiments are shown. This is done by
evaluating the long-term evolution of the PES spectra as well as the time-dependent
side-band modulation when temporal and spatial overlap of the attosecond pulse
train and the fundamental light on a solid target is achieved.
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• Seventh chapter:
In the last chapter an outlook for future cavity-enhanced experiments is given. Po-
tential applications include RABBITT experiments as well as IAP generation within
an enhancement cavity at multi-MHz repetition rate. First raw RABBITT inter-
ferograms are presented that were taken within only a few minutes. Furthermore,
the concept of generating IAPs within an EC by transverse mode gating is briefly
discussed.



Chapter 2

Theoretical background

In this chapter theoretical considerations about the MEGAS experimental apparatus are
presented. The first section concentrates on a semi-classical model of high harmonic genera-
tion (HHG) in gases. Section 2.2 scrutinizes the technology used to generate XUV at MHz
repetition rates, a passive enhancement cavity (EC) with a pierced mirror output-coupler.
The functionality and features of this resonator will be presented.

2.1 High harmonic generation

In high harmonic generation the fundamental driving laser field is converted to shorter
wavelengths and thus higher photon energies. This new radiation wavelengths are well
defined as only harmonics of the fundamental light can be generated. In order to achieve
high photon energies high intensities of typically several 1013W/cm2 are necessary. The
process itself has a very low conversion efficiency of around 10−7 to 10−6 for an argon
gas target and 1030 nm driving laser fields [46, 47]. Consequently, high average powers are
crucial to achieve a flux suitable for experiments.
High harmonic spectra of single atom gases exhibit a rather specific structure [48–51]:

• Lower harmonics fall off rapidly (perturbative regime)

• Plateau-like region of equally strong harmonics in the center region of the spectrum

• Assuming long driving pulses consisting of several optical cycles, the spectrum com-
prises only odd discrete harmonics

• Exponential cut-off region at higher energy harmonics

The first high harmonics in rare gases were generated by A. McPherson et al. in 1987 [51].
Several years later P. B. Corkum found a semi-classical, intuitively accessible approach to
this phenomena by the so-called three-step model [49], which was later identified as a valid
approximation by quantum mechanical considerations performed by M. Lewenstein et al.
[50].
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2.1.1 The three-step model

Figure 2.1: Sketch of the three-step model developed by P. B. Corkum et al. [49]. The sine
below the three steps depicts the electric field of the driving laser. The steps are: (i) The
Coulomb potential gets bent and an electron wave package can tunnel out of the potential;
(ii) The electron gets accelerated in the laser field; (iii) The electron recombines with the
ion and a photon is emitted.

Its three steps are depicted in figure 2.1:

• The Coulomb potential becomes bent and an electron can tunnel out of the potential.

• The electron is accelerated in the laser field

• The electron recombines with the ion and a photon is emitted, when the sign of the
electric field changes and accelerates the electron back to the mother-ion.

The first step can only occur if the potential is sufficiently bent by the electric field of
the driving laser pulse. This can be described by the Keldysh parameter, which is defined
as:(reviewed in [52])

γ =

√
Ui

2 · Up
(2.1)

with Ui the ionization potential of the target atom and Up the kinetic energy of the electron
in the harmonic potential of the laser pulse (e.g. ponderomotive energy), which can be
calculated by:

Up =
e2 · E2

0

4 · ω2 ·me

=
e2

4 · ω2 ·me

· 2 · I
c · ε0

(2.2)
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With me, ε0, I, E0, ω and e the electron mass, the dielectric constant, the laser intensity,
the electric field amplitude, the frequency of the driving laser and the electron charge.
Looking at the equation it is obvious that the energy only depends on the frequency of the
laser and the intensity. By converting frequency to wavelength (λ) and applying all natural
constants we obtain a simple expression:

Up[J ] = 9.33 · 10−14 · I[Wm−2] · λ[m]2 (2.3)

In order to explain the HHG process we have to consider different regimes of ionization,
dependent on the intensity of the driving laser field. This can also be expressed in terms
of the Keldysh parameter (see equation 2.1). If this parameter is larger than 1 we are in
the multi-photon regime. It is well described by a power law dependence of the conversion
process which can be considered with perturbation theory [48, 53].

Pn = |χn|2 In (2.4)

The exponent of this law is given by the number of photons n needed to ionize the atom,
the nth harmonic, with χn being the order dependent susceptibility of the gas target, I
being the intensity of the driving laser field and Pn being the intensity of the nth harmonic.

The second regime is the regime where the Keldysh parameter is smaller or equal to
1 and perturbation theory is no longer valid [48]. This leads to the tunneling regime, for
which the ionization rate is exponentially dependent on the instantaneous electric field [54].
In this regime the electron tunnels most probably within a very short time period of sub-fs
[21, 55] in each half cycle of the driving pulse. Intuitively that means that the time interval
an electron can tunnel through the barrier is small compared to one optical cycle (3.3 fs for
1030 nm driving laser wavelength) and each half cycle creates an electron wave packet. The
ionization probability in this regime depends on static ionization rates for all harmonics.
Calculations by Lewenstein et al. [50] showed that in this region all harmonics exhibit the
same conversion efficiency, this means that the power in the nth harmonic is the same as the
power in the (n+1)th and a plateau with equally strong harmonics is formed. In the second
step, the laser field acts on these liberated electrons and accelerates them along classical
trajectories [49], for each harmonic order several possible trajectories depending on the
time of generation exist. When the electric field direction changes and the electrons are
accelerated in the opposite direction back to the ion, it can either recombine (step three)
and emit a photon (short trajectories) or continue to oscillate with the electric field and
recombine at a later time (long trajectories). When recombination takes place the energy
of the recombining electron depends on the time when it became liberated and, thus, on
the phase of the laser field. Considering this, the appearance of only odd harmonics is due
to destructive interference of each half cycle as the electrons have opposing momentum.
Furthermore, the discrete shape of the spectrum can be explained by the interference
of trajectories that contribute to the same energy/frequency. By solving these classical
electron trajectories, the highest possible kinetic energy that an electron can gain within
the electric laser field can be deducted [49].

h̄ · ωcut−off = 3.17 · Up + Ui (2.5)
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At energies higher than this value, the probability of generating a photon drops exponen-
tially and the flux is strongly reduced. One way to increase the cut-off is to increase the
driving wavelength as Up scales with λ2. However, a severe drawback is that the conver-
sion efficiency of the HHG process scales as ∼ λ−6 [56] and a dramatic drop in flux is to
be expected. For these considerations a rather long driving laser pulse was assumed with
many half cycles, resulting in a train of XUV pulses with a distance of one half cycle. This
form of light is called an attosecond pulse train (APT) as it comprises many short bursts
of XUV photons. By shortening the driving laser field to a single-cycle pulse, we suppress
interference between half cycles and the discrete shape of the high harmonic spectrum is
replaced with a continuous energy distribution. The resulting XUV pulse is an isolated
attosecond pulse (IAP).

2.1.2 Phase-matching

In experiments, usually a large number of gas atoms always contribute to the generated
XUV, whereby for this purpose each participating atom needs to emit photons coherently,
e.g. they need to be in phase which each other. For the phase mismatch to be small
the phase velocity of the XUV and the fundamental IR need to be identical. In this sub-
section, a short overview over the main contributing effects is given. The single-atom phase
is dictated by processes that are dependent on all experimental parameters like the driving
laser field as well as the gas atoms themselves. They include intensity, pulse duration,
focusing geometry, driving laser field wavelength, gas target pressure, gas target position
and the gas target length. For the HHG to be efficient, the phase mismatch of each harmonic
needs to be minimized, which means that any phase components only the XUV (and not
the fundamantal) gathers during the generation process need to cancel each other. In an
EC geometry there are three main contributions [57]:

• The dipole phase of the participating atoms

• The Gouy-phase shift due to the intra-cavity focus

• The additional dispersion within the ionized gas target

Other minor contributions that we neglect in the following simplified considerations are:

• linear dispersion for XUV

• linear dispersion for the infra-red (IR) fundamental light

• non-linear dispersion (Kerr effect) for the IR light

The dipole phase shift is intensity dependent and can be written as [58]:

∆kdipol = −αl ·
δI

δz
(2.6)
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With α = 2.0 · 1014cm2/W and α = 2.2 · 1015cm2/W for the short and the long trajectory
respectively [58]. Given the goal of this thesis to generate harmonics within an EC, we
only need to consider the short trajectory for which this term can be neglected due to the
rather small α. The long trajectory is less important as it has a larger divergence that
decrease the output-coupling efficiency for a pierced mirror output-coupler [59, 60]. The
considerations are identical for both trajectories and for the main simplified derivation
of this section both contributions can be neglected. The Gouy phase during propagation
through a focus can be written as [61]:

∆kGouy = −q · δΦGouy

δz
= −q · zR

z2 + z2
R

(2.7)

With q being the harmonic order, i.e. 1 for the fundamental IR. By including a partially
ionized gas medium in our geometry the wave number for the driving field within this
medium can be written as [62, 63]:

kgas(λ) =
2 · π
λ

+
2 · π ·Na · δ(λ)

λ
+Ne · re · λ (2.8)

With Na, δ(λ), Ne and re being the number density of neutral atoms, the dispersion
parameter (ngas − 1)/Na, the number density of free electrons and the electron radius,
respectively. By introducing the ionization fraction η and the linear dispersion parameter
difference ∆δ = δ(λ)− δ(λ/q) the additional phase for the XUV can be written as:

∆kgas = q · kgas(λ)− kgas(λ/q) = q · k0 ·N ·∆δ
(

1− η

ηcrit

)
(2.9)

for q >> 1
q

and ηcrit =
(
1 + λ2·re

2·π·∆δ

)
. For phase-matched HHG the sum of these phase terms

need to cancel out and equal 0.

∆k = ∆kGouy + ∆kgas
!

= 0 (2.10)

As the Gouy phase is always negative, it needs to be compensated by a positive contribution
of the ionized gas. This can only be achieved if η < ηcrit, otherwise no phase matching is
possible. On the one hand, this can lead to a severe drop in flux as the XUV is not generated
in phase, on the other hand, it can be used to generate XUV only in the leading edge of the
pulse and generate very short XUV bursts or even isolated attosecond pulses. This method
is called intensity gating [64]. Accordingly, we can find ideal conditions for each position.
In the focus (z = 0), we obtain the following simple formula:

Nphasematching =
λ2

2 · π2 · w2
0 ·∆δ(1− η

ηcrit
)

(2.11)

This relation already shows one challenge for HHG with a high repetition rate. As the
pulse energy is rather low, we need to work with a tight focus (small w0) to achieve high
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intensities. As a consequence a very high target pressure becomes necessary, which can be
problematic from a technical perspective as the vacuum pumps need to sustain a very high
gas flow. Furthermore, the backing pressure in the vacuum chamber is rather high and
reabsorption is on the order of 70-90 % within 1-2 meters as the backing pressure reaches
0.1 mbar [65].

2.1.3 Power-scaling law for high harmonic generation

One immediate question regarding HHG is its scaling with different parameters like average
power, peak power, target pressure, focal length, etc., as well as how these parameters can
be adjusted to increase the generated XUV flux. In 2016 and 2017, Heyl et al. published
theoretical work on the topic, which will be briefly summarized here [66, 67]. The work
analyzes the HHG conversion efficiency and derives scale-invariant experimental parame-
ters. It delivers a method on how the other experimental parameters need to be adjusted to
achieve the same conversion efficiency. The rest of the laser parameters, e.g. pulse duration
and wavelength need to be fixed for these considerations. However, they can strongly influ-
ence the generation efficiency. For example, the harmonic yield increases with decreasing
pulse duration [7] and is reduced with increasing wavelength [56]. The scaling parameters
are given in the following overview in table 2.1.3.

Parameter scaled parameter

Input parameter

Dimensions z η2 · z
r η · r

Other parameter ρ ρ/η2

εin η2 · εin
Output parameter

General εout η2 · εout
Filamentation pcrit η2 · pcrit

zcrit η2 · zcrit
HHG εq η2 · εq

Γg Γq

Table 2.1: Summary of the scaling law adapted from Heyl et al. [66, 67] with the parameters:
η =scaling parameter; z: z-coordinate, e.g. interaction length; r radial coordinate, e.g.
interaction spot size; ρ: target density; εin: driving laser pulse energy before interaction;
εout: driving laser pulse energy after interaction; Pcrit: critical power for filamentation;
zcrit: critical distance for filamentation; εq: pulse power in the harmonic q; Γq: conversion
efficiency for the harmonic q.
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As an example, let us assume that we increase our input pulse energy by a factor of x
(εin,new = x · εin,old), then we have to scale our HHG setup in the following way:

• znew = x · zold

• rnew =
√
x · rold

• ρnew = ρold
x

If done correctly, we obtain x times the XUV power (εout,new = x·εout,old) and the conversion
efficiency Γq remains the same. The interaction length as well as the interaction spot size
can be fine-tuned by the nozzle orifice as well as the focusing geometry. In conclusion we
can say that by scaling each parameter in the right way we get a linear dependence of
the XUV power with the power of the driving laser field. For this to hold other pulse
parameters like pulse duration and wavelength need to be kept constant. Technological
challenges regarding ECs include:

• High phase-matching pressure

• Mirror damages start to hinder cavity operation at around 1011W/cm2 laser intensity
on the mirror (empirical value from our group).

• By increasing the mode size 2 or 3 inch optics might be necessary

• Thermal instability at higher average power

• Multiple hits of the same atom affect the efficiency (cumulative effects)

When applying this scaling law to enhancement cavities, we also have to include the neces-
sity to scale the output-coupling mechanism. Additionally, the XUV flux can be increased
by developing novel output-coupling mechanisms such as by tailoring the cavity mode as
studied in reference [37, 68].

2.2 Enhancement cavities

ECs are currently by far the highest repetition rate source of XUV and have the potential
to revolutionize photoelectron spectroscopy by adding a nm-scale spatial resolution to the
experiments. The basic principle of such a cavity is the coherent constructive interference
of light at an input coupler, which can be used to reach up to MW-average power levels
[33]. Next to the average circulating power, one main advantage of ECs is their function
as a filter for frequency, phase and the spactial mode shape. A very good introduction to
ECs is given in [69] and most of the following section is close to this reference as well as
[61].
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2.2.1 Frequency and phase filtering

In order to gain an understanding of ECs, we have to consider a basic passive optical cavity.
It can be described with only four attributes:

• TIC(ω): transmission of the input coupler

• RIC(ω): reflectivity of the input coupler

• Rcav(ω): attenuation within the cavity (one round trip)

• φ(ω): total accumulated phase due to the cavity (including reflection on mirrors and
propagation effects)

Figure 2.2: Sketch of a pulsed laser source impinging on an enhancement cavity. The
pulse train coupled into the resonator is characterized by its repetition frequency and its
phase slippage (∆Φceo). The cavity can be described by its attenuation Rcav and its phase
slippage ∆Φcav as well as the transmission and reflectivity of the input coupler, TIC and
RIC , respectively

We now derive the steady-state formula for the EC of such a simplified resonator. (see

figure 2.2) A pulse train with the electric field Ein(ω) hits the input coupler and
√
TIC(ω) ·

Ein(ω) is transmitted into the cavity and forms the electric field within the resonator

Ecav(ω). After one round trip Ecav,new(ω) is defined by
√
RIC(ω) ·Rcav(ω) · eiφ(ω) · Ecav,old(ω)

and another pulse is added at the input coupler, a steady state is formed and the following
equation can be derived.

Ecav(ω) =
√
TIC(ω) · Ein(ω) +

√
RIC(ω) ·Rcav(ω) · eiφ(ω) · Ecav(ω) (2.12)

After rearranging this formula, we can define the electric field enhancement of the cavity
as:

Ecav(ω)

Ein(ω)
=

√
TIC(ω)

1−
√
RIC(ω) ·Rcav(ω) · eiφ(ω)

(2.13)
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With eiφ(ω) = 1 on resonance. To obtain the power enhancement, equation 2.13 needs to
be squared. Commonly, two new variables are also introduced to make the formula more
intuitive: the finesse (F) and the on resonance power enhancement (Eres). The frequency-
dependent power enhancement can then be written as:

E(ω) =
Pcav(ω)

Pin(ω)
= Eres(ω) · 1

1 + (2 · F(ω)/π)2 · sin2(φ(ω)/2)
(2.14)

with Eres =
TIC(ω)

(1−
√
RIC(ω) ·Rcav(ω)))2

and F =
π · 4

√
RIC(ω) ·Rcav(ω))

1−
√
RIC(ω) ·Rcav(ω))

(2.15)

In figure 2.3 a, the resonance widths for different finesse values are shown, while b depicts
the periodic nature of the frequency enhancement. In the optimal case the seeding laser
comb lines coincide perfectly with this curve.

Figure 2.3: a Normalized enhancement for different cavity finesses. It shows that the re-
sonance becomes narrower with increasing finesse. b depicts the periodic nature of the
frequency enhancement.

Thus far, we have assumed that the seed and the cavity mode overlap perfectly at the
input coupler. Now we digress from the idealized cavity seed and introduce a deviation to
the seed phase as well as add noise to the phase itself and study its effect on the circulating
cavity field. The electric field enhancement according to equation 2.13 becomes:

Ecav(ω)

Ein(ω)
=

√
TIC(ω)

1−
√
RIC(ω) ·Rcav(ω)) · eiφ(ω)+∆φ(ω)+∆φnoise(ω)

(2.16)

∆φ(ω) includes a small variation and ∆φnoise(ω) is the phase noise of the seed. One can
easily see that ∆φ(ω) reduces the enhancement as the cavity is no longer perfectly resonant,
but what does a small jitter of the phase ∆φnoise(ω) do to the field inside the cavity? For this
purpose, we assume that we are on resonance and there is no systematic phase deviation
∆φ(ω). In this case we can write the exponential function on resonance as:

eiφ(ω)+∆φ(ω)+∆φnoise(ω) = e∆φnoise(ω) (2.17)
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Thus, it is obvious that phase-noise φnoise(ω) reduces the enhancement factor and thus
decreases the intra-cavity power. Consequently, this effect couples a phase modulation
of the seed to an amplitude modulation within the cavity, for this reason not only the
frequency but also the phase of the impinging seeding laser needs to be controlled. Another
conclusion we can take from the frequency dependent enhancement (equation 2.16) is that
any frequency dependent noise φseed,noise(ω) on the seeding laser’s frequency gets suppressed
in the same fashion. This leads to a low-pass filter like behavior of the cavity with a
frequency transmission Tfilter(ω) according to the equation:(derivation can be found in
appendix A)

Tfilter(ω) =
1√
Eres

Ecav(ω)

Ein(ω)
=

1√
Eres

√
TIC(ω)

1−
√
RIC(ω) ·Rcav(ω)) · ei∆φ(ω)

(2.18)

Which in turn means that the actual high-frequency phase noise of the seed is strongly
reduced inside the cavity. Figure 2.4 a shows an actual phase-noise curve (black) and three
different theoretical filters applied to it (finesse of 170 (red), 500 (blue) and 1700 (green)).
The filters are shown in b and c in a linear and logarithmic scale, respectively.

This feature of an enhancement cavity improves the experimental conditions for phase-
sensitive experiments as high frequency noise gets canceled by the cavity. Low frequencies
jitter can be easily compensated with a f-to-2f phase detection and a feedback loop as
described in section 4.2.

2.2.2 Transverse mode filtering

One main attribute of an enhancement cavity is that only its eigenmodes can be resonant.
This in turn gives rise to many applications like quasi imaging [68, 70] and transverse mode
tailoring for the generation of IAP [37, 71]. In this sub-section, the fundamental principles
will be explained. The typical enhancement cavity design used in our group comprises
only plane and spherical optics and remains in one plane due to stability and polarization
reasons [72]. For such a resonator, the Gauss-Hermite (GH) modes provide an orthogonal
set of eigenmodes. They are given by the following formula [73]:

GHm,n(x, y, z) = un(x, z) · um(y, z) · e−ikz (2.19)

with

un(x, z) =
2

π

1/4

· 1

2n · n! · w(z))

1/2

·Hn

(√
2 · x
w(z)

)
· ei(n+ 1

2
)ψ(z)−i kx2

2q(z) (2.20)

k is the wave vector 2π/λ and Hn the order-dependent Hermite-polynomials. m and n are
the order of the electric field distributions in the tangential (x-axes) and sagittal plane
(y-axes). Other parameters in the formula like the beam waist (w) and the Gouy phase
((n+m+ 1)ψ(z)) can be derived from the complex Gaussian beam parameter q.

1

q(z)
=

1

R(z)
− i λ

π · w(z)2
(2.21)
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Figure 2.4: a several phase-noise curves filtered with different cavities are presented (finesse:
170, 500 and 1700). b shows low-pass filter transfer functions of the cavity for different
finesses. It shows that the frequency suppression shifts to lower frequencies for a higher
finesse. High frequency noise at >400 kHz can be suppressed by several orders of magnitude
with a suitable finesse. c illustrates the same filters with a logarithmic x-axis.

and

ψ(z) = arctan
z

zR
with zR =

π · w(0)2

λ
(2.22)

Consequently, the whole distribution only has five parameters: the wave vector k, the
complex beam parameter q(z), the focus position z(0) and the orders m and n. As for a
stable resonator the q parameter is reproduced after each round trip. It can be derived
by using the ABCD formalism for resonators and by solving the equation q = q′ = A·q+B

C·q+D
for a resonator with the matrix ABCD = [[A,B], [C,D]]. This matrix can differ for the
individual planes of the cavity (sagittal (s) and tangential (t)). Using formula 2.19 and
Gaussian beam propagation we can calculate the order-dependent phase shift (φm,n) for
the individual GH modes to be [73]:

φm,n = −k · L+ (m+
1

2
) · φsGouy + (n+

1

2
) · φtGouy

!
= 2 · π · n. (2.23)
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During one round trip, all of the GH modes acquire the phase −kL due to the term e−ikz

with z equals L, the length of the resonator and additionally the order specific phase. In the
resonant case this phase shift must be a multiple of 2π. φs,tGouy can be derived from the ABCD

formalism by φs,tGouy = sgn(Bs,t) ·arccosAs,t+Ds,t

2
. One can easily see from equation 2.23 that

the additional phase after one round trip is not the same for different orders. Consequently,
only a certain mode is enhanced resonantly at a given cavity phase. By adjusting the
seed alignment one can choose the resonant mode and a specific field distribution can be
achieved [37, 68, 70, 71]. One advantage of the existance of these eigenmodes is that even
with a “bad” seed mode we can obtain a GH00 mode with a small focus and achieve high
peak intensities. One drawback (assuming limited seed power) is that the worsened spatial
overlap needs to be compensate for with a higher finesse, which makes stable and long-
term operation more challenging. In particular, this keeps some bulk broadening schemes
interesting even though they strongly distort the mode to generate short pulses [74]. One
example of such a scheme is presented in 4.1.3.

2.2.3 Cavity locking techniques

In general, there are several techniques available to lock the seed comb to an enhancement
cavities resonance. Fundamental to all of them is the generation of an error signal. The goal
of the lock is to stabilize this signal to a constant value. In recent years, three main techni-
ques have established themselves: the Pound-Drever-Hall method using phase modulation
sidebands of the repetition frequency [75–77], the Tilt-locking method utilizing spatial mo-
de interference [78] and the Hänsch-Couillaud method using the polarization of the light
reflected at the input coupler [79]. In this work, we concentrate on the Pound-Drever-Hall
mechanism as it proved to be the most robust technique.

Figure 2.5: Basic sketch of the implemented locking electronics for the Pound-Drever-Hall
lock. The impinging pulses get modulated at 3 MHz in the CPA system using an electro-
optical modulator (EOM). The lock itself is implemented using piezoelectric ceramics to
change the length of the enhancement cavity and adapt the repetition frequency of the
titanium-sapphire. The error signal is generated by mixing the reflected pulse train with
the side-band modulation frequency and processed using a PI2D lock-box from Vescent
electronics.
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A scheme of the implemented locking electronics is presented in figure 2.5. There are
several possibilities for the generation of the frequency side bands, the most primitive of
which is to use a small mirror glued on a piezoelectric ceramic, which is driven resonantly
at several 100 kHz and thus generates side bands at this frequency. The downside of this
method is that the mirror introduces slight beam pointing variations to the laser system,
which influences stable operation of the cavity and the f-to-2f interferometer. In this work
we used a slightly more sophisticated approach that does not introduce this instability in
the form of a fiber-coupled electro-optical modulator (EOM) driven at 3 MHz built into
the CPA system. The error signal is generated by mixing the reflected pulse train with
this side-band modulation frequency in a heterodyne detection scheme. For the cavity lock
it is processed using a PI2D lock-box (Vescent electronics). In order to compensate for
larger slow drifts and fast jitters, two feedback loops were implemented. The slow one
corrects for long-term drifts and is implemented with a piezoelectric ceramic that changes
the position of one mirror mounted on a stage and effectively changes the cavity length. The
fast loop acts on the titanium-sapphire cavity and slightly changes the repetition rate (also
accomplished with a piezoelectric ceramic below an oscillator mirror). If done correctly, the
following traces can be seen on an oscilloscope using a slow (or low-pass filtered to suppress
the pulse train) photo diode when sweeping over the resonance of the cavity (figure 2.6).

The magenta trace shows the ramp, applied to sweep over the resonance and is pro-
portional to the cavity length. The yellow signal is the leak through one cavity mirror and
corresponds to the intra-cavity power. The distance between two resonances (the large and
the small one) is exactly one free spectral range (∆ν = c

2·L with c and L being the speed of
light and the length of the cavity). The signal taken in the reflected beam (blue) shows an
opposing behavior as it is proportional to the power that is not coupled into the resonator.
The green trace is the Pound-Drever-Hall error signal used to lock the cavity.
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Figure 2.6: The magenta trace shows the applied ramp to sweep over the resonance. The
yellow signal is the leak through one cavity mirror and is proportional to the intra-cavity
power. The signal taken in the reflected beam (blue) shows an opposing behavior as ex-
pected. The green trace is the Pound-Drever-Hall error signal used to lock the cavity



Chapter 3

Overview of cavity-enhanced high
harmonic generation

For phase-sensetive HHG applications in an EC, ultra-short fs pulses need to be enhanced
and focused to several µm to achieve several 1013W/cm2 at a well-controlled phase to
guarantee stable experimental conditions. This results in tremendous requirements for the
cavity mirrors which have to sustain several 1011W/cm2 and has to be considered in the
mirror coating design. One additional design parameter is the phase shift a laser pulse
experiences upon reflection on such a quarter wave-stack mirror. The total sum of the phase
shift within the enhancement cavity (reflection on the mirrors, Gouy phase, dispersion in
the residual gas and the dispersion in the plasma) defines the preferred offset frequency of
the cavity at which optimum enhancement can be achieved [80] and needs to be controlled
for some applications. A sketch of a cavity resonance seeded with the wrong (red) and the
right (blue) phase offset frequency is shown in figure 3.1 a. In this case, the cavity lock only
stabilizes the repetition rate to the cavity length. In figure 3.1 b, offset frequency scans of
enhancement cavities with different mirrors are depicted.

For some applications like IAP generation, a fceo of 0 MHz is crucial for the underlying
process. Within one coating run the phase shift upon reflection is normally well defined
and the phase can be fine-tuned by combining several different coating run charges [80]. In
the course of this work fifteen different coating runs were analyzed and allow for precise
phase control within the cavity if needed. An overview of the different coating runs is given
in figure 3.2.

These mirrors can now be used to design a cavity with a fixed phase suitable for the
desired application. For applications like IAP generation a phase of 0 MHz (like the cavity in
figure 3.1 b with red symbols) is necessary [37]. For experiments using APT like RABBITT,
an arbitrary phase is sufficient, although a phase-locked IR pulse train also needs to be
provided [1, 5, 31, 32, 40, 81].

In order to extract the APT or in general the XUV out of the cavity there are currently
several possibilities, three of the most prominent ones are illustrated with several advan-
tages and downsides in table 3.1 and figure 3.3 shows a scheme of their experimental
implementations. (a: Brewster plate; b: XUV grating; c: pierced mirror )
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Figure 3.1: a Sketch of a cavity resonance seeded with the wrong (red) and the right (blue)
phase offset frequency. b Two offset frequency scans of enhancement cavities with different
mirrors are depicted.

Figure 3.2: Phase shift of different cavity mirrors used in this thesis. The coatings are
suitable for 30 fs. IC: input coupler; HR: highly reflective mirror;

The Brewster plate method needs large angles for a good reflection efficiency of the
XUV. To provide this without excessive losses, p-polarization of the IR light as well as the
Brewster angle need to be used. Accordingly, a reflection efficiency of up to 17 % was achieve
for 25 eV XUV photons [83], while keeping the intra-cavity losses minimal. However, this
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grating [82] Brewster plate [83, 84] geometrical [34]

energy range up to 40 eV [6, 85] up to 40 eV [86, 87] up to 140 eV
at least

see figure 3.4

advantages good efficiency (10 %), easy implementation, very broadband
separation of good efficiency at
XUV and IR lower energies (17 %) [83]

challenges fabrication of thermal and non-linear effects, fabrication
suitable grating, decreasing efficiency of pierced mirror,

XUV angular dispersion for higher photon energies damage threshold

co-linear IR not possible possible with additional losses intrinsically there

Table 3.1: Overview of the most prominent XUV output-coupling mechanisms. The
Brewster plate, an XUV grating and a geometrical output-coupling method.

Figure 3.3: Basic sketch of three different output-coupling methods: a Brewster plate; b
XUV grating; c pierced mirror

method has the severe drawback that the plate needs to be positioned between the focus
and a curved mirror. Therefore, the intensity on and in the plate leads to non-linear effects
and damage prevent high power and broadband operation. Furthermore, the angle cannot
be increased too much as the Brewster angle for a fused silica plate is at given 55◦. This
way the reflectivity drops significantly for higher XUV energies and hinders the scalability
to higher energies. In order to avoid this limitation, Pronin et al. [88] suggested an anti-
reflection coated grazing incident plate (GIP) after the focus. By a sophisticated coating
design, reflectivity up to around 10 nm is expected. Another possible implementation of
such a scheme is the so-called wedge on mirror output coupler (WOMOC) developed by
Pupeza et al. [89]. In this implementation a wedge is coated on top of a multi-layer cavity
mirror which is designed for grazing incidence. Both schemes to improve the Brewster plate
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method have not been implemented to date. The second method comprises a XUV grating
that is positioned after the focus under a high angle to achieve good efficiency up to 10
% [82]. For higher energy photons the process of fabrication of such small structures is
challenging and its scalability has not been demonstrated inside an enhancement cavity.
The principle of this scheme is that the wavelength of the fundamental IR light is much
larger than the distance between the grating grooves and thus the IR is not influenced by
the grating. The third method is a geometrical method which puts up with a slight loss
on one of the mirrors by introducing a small hole in the curved mirror following the XUV
generation. Accordingly, the co-linear XUV is coupled out of the cavity. As the divergence
of the XUV is smaller than the divergence of the fundamental IR a significant part of up
10 % up to 20 % can be coupled out of the cavity. (see figure 3.6)

Figure 3.4: The figure shows the generated XUV spectrum of different enhancement cavi-
ties. The shape of the symbol represents the output-coupling method: triangle, square and
circle represent grating, Brewster plates and pierced mirrors respectively. The lines depict
the space charge limit of 100 meV for different repetition rates at a focus size of 50µm and
an XUV attenuation of 97 %. All cavities operate at a repetition rate larger than 10 MHz
[6, 12, 34, 82, 83, 86, 87, 90–96]

.

One drawback of this method that needed to be mitigated, is the damage threshold
of the pierced mirror as some of the fundamental IR light experiences losses at the hole,
is scattered into the mirror and gets absorbed. The damage then most likely occurs at
the rough edges where local field enhancement increases the intensity. Our collaboration
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partner of the Fraunhofer Institute for laser technology (ILT), Aachen, developed a novel
fabrication technique called inverser laser drilling, which increased the damage threshold
and made operation possible with intra-cavity powers up to 3.4 kW and peak intensities
up to 2 · 1010W/cm2 [97]. One further development of this geometrical output-coupling
that avoids this limitation is the use of spatially tailored modes that exhibit an on-axis
maximum in the focus and an on-axis minimum on the cavity mirrors [37, 68, 70, 71]. For
our cavity, we implemented a pierced mirror output-coupler as higher photon energies are
of interest for future experiments. (see chapter 6) An overview of the output-coupled XUV
generated in ECs is given in figure 3.4. The shape of the symbols represents the output-
coupling method: triangle, square and circle represent grating, Brewster plates and pierced
mirrors respectively.

Figure 3.5: Overview of cavity-enhanced HHG setups with their impinging power (em-
pty circles) and their circulating power (solid circles). The circulating pulse durati-
ons are marked in blue. The ratio of circulating and impinging power corresponds to
the enhancement factor of the cavity. On can see nicely that with the current cavity
we reach the highest pulse energy with one of the shortest pulse durations while kee-
ping the finesse low. For systems operating at the same repetition rate, dashed lines
were inserted connecting the corresponding data points. Ref1:[95]; Ref2:[96]; Ref3:this
work; Ref4:[93]; Ref5:[87]; Ref6:[91]; Ref7:[70]; Ref8:[34]; Ref9:[86]; Ref10:[98]; Ref11:[83];
Ref12:[90]; Ref13:[82]; Ref14:[6]; Ref15:[85]; Ref16:[12];

It clearly shows the superiority of pierced mirror cavities in the energy window beyond
40 eV and the vast flux improvement (up to a factor of 20) for photon energies up to 140 eV
accomplished in this thesis. However, not only the output-coupling efficiency is superior
to the other methods; moreover, the intra-cavity peak power is also scaleable as neither
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a transmitting element nor an optic prone to damages is used (only the case after the
development of the improved inverse laser drilling [97]). By combining this with a novel
high power seed (see chapter 4), we reached a new level of peak power in a cavity housing
a gas target, with minimal clamping due to a low finesse. An overview of cavity enhanced
HHG setups with their impinging power (empty circles) and their circulating power (solid
circles) is given in figure 3.5. The circulating pulse durations are marked in blue. The ratio
of circulating and impinging power corresponds to the enhancement factor of the cavity.
With the current cavity we reach the highest pulse energy with one of the shortest pulse
durations while keeping the finesse small. The final spectra for two different cavities (ROC
200 and neon target, ROC 600 and argon target) as well as the output-coupling efficiency
for the ROC 600 cavity are shown in figure 3.6.

Figure 3.6: a XUV spectrum achieved with a ROC 600 mm enhancement cavity and with
argon as a gas target. b Final spectrum achieved with a ROC 200 mm cavity and neon
as a gas target. c Output-coupled photons per second of both cavities. Additionally, the
output-coupling efficiency of the spectrum depicted in a is illustrated. It was calculated by
Maximilian Högner with a 4D model.
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By combining all of these results we can estimate the XUV conversion efficiency for the
different setups. The result is shown in figure 3.7. One can see that for argon the current
cavity comes close to single-pass systems, which are indicated by the black lines.

Figure 3.7: Taking the measured XUV, the circulating IR power and the output-coupling
efficiency into account we can calculate the generation efficiencies for the different se-
tups. For argon the MEGAS cavity exhibits an efficiency one order of magnitude higher
than other EC systems and comes close to the efficiency of single-pass systems. The black
lines represent the values achieved in the corresponding reference for a single pass sys-
tem. Ref1:[95]; Ref2:[96]; Ref3:this work; Ref4:[93]; Ref5:[87]; Ref6:[91]; Ref7:[70]; Ref8:[34];
Ref9:[86]; Ref12:[82]; Ref13:[6]; Ref14:[85]; Ref15:[12]; Ref16:[46]; Ref17:[47]

The most pronounced limitation in state-of-the-art cavity-enhanced high harmonic ge-
neration is the disturbance the ionization causes to the cavity performance. Due to the
ionization process the pulse inside the cavity experiences a phase as well as a spectral
shift which decreases the overlap at the input coupler with the impinging pulse. This effect
has been studied by Carlson et al. [99], Allison et al. [100] and Holzberger et al.[101] The
empirical scaling law derived in [101] predicts the intra-cavity peak power limit a cavity
with given finesse and gas target can reach. It is defined as 65 % of the peak intensity an
empty cavity would achieve with the given seed power. Is is given by [101]:

Iclamping(τ, F, nl) = I0 ·
(
τ0 − α
τ − α

· F0 − β
F − β

· n0l0 − γ
ln− γ

)δ
(3.1)

with Iclamping, τ , F, nl, α, β, γ, δ being the clamping intensity, the pulse duration, the
finesse, the product of target density times length of the gas target and four empirical
gas specific parameters, respectively. τ0, F0 and l0n0 are 100 fs, 416 and 8 · 1016cm−2,
respectively. The empirical parameters are given in table 3.2. Applying this law to our
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Xenon Argon Neon

α(fs) 0.8 3.3 5.3

β 61 69 72

γ(1016/cm2) 0.96 0.97 1.0

δ 0.159 0.153 0.148

I0(1014W/cm2) 0.461 1.24 3.72

Table 3.2: Parameter for the scaling law derived in Ref. [101] for three different noble gases.

final cavity we chose a suitable finesse to get a clamping intensity of around 2 · 1014W/cm2

for argon and 4 · 1014W/cm2 for neon.



Chapter 4

Experimental setup

Figure 4.1: a Scheme of the whole master oscillator power amplifier (MOPA) system star-
ting with a feed-forward stabilized titanium-sapphire oscillator [102, 103](shaded in red)
and several chirped-pulse amplification steps (white background)[104, 105]. Furthermore,
an acousto-optical-frequency-shifter (AOFS) pulse-picker [43] is installed behind the first
amplification. After power amplification different broadening schemes were implemented.
A fiber based broadening in a Large-Mode-Area (LMA) 25 fiber b [44] and a bulk based
one in a multi-pass-cell (MPC) c [45]. In both schemes temporal compression was achieved
by chirped mirror compression using mirrors coated by Vladimir Pervak after non-linear
broadening. The figure is adapted from [44].
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In this chapter we present the layout of the master oscillator power amplifier (MOPA)
laser system developed and used in this work. An overview is shown in figure 4.1 and will
be thoroughly presented in the following. The titanium-sapphire oscillator seed (shaded
in red) is presented in sub-section 4.1.1 as well as the reasoning why specifically this
oscillator was chosen. Subsequently, in sub-section 4.1.2 the chirped-pulse amplification
(CPA) system including the pulse-picker is presented (white background). The last sub-
section 4.1.3 describes the power amplifier with different compression schemes suitable for
different pulse energy ranges (figure 4.1 b c). In sub-section 4.2.3 the scalability to an even
shorter pulse duration is presented by implementing another bulk broadening step. In the
last section 4.2, all parts of the MOPA system are examined regarding phase stability.

4.1 Femtosecond front-end architecture

4.1.1 Titanium-sapphire front-end

The seed for the MEGAS MOPA system is provided by a titanium-sapphire oscillator
which delivers around 200 mW, 6-fs pulses at 73.6 MHz repetition rate centered at 800 nm
(Femtolasers Rainbow). The spectrum and auto-correlation can be seen in figure 4.2 a and
b, respectively. One challenge is immediately obvious in the spectrum itself as the spectral
range used in the Yb amplifier, 10 nm bandwidth around 1030 nm (shaded in red), only
contains about 300µW and needs to be amplified by five to six orders of magnitude to reach
the goal parameters of the project of around 120 W. An Yb-based amplifier is necessary as
titanium-sapphire amplifiers are limited in average power due to their rather poor thermal
properties [106] and achieving high average power at a high repetition rate is impossible.
This prevents high pulse energies at high repetition rates and makes titanium-sapphire
amplifiers unfit to function as a seed for enhancement cavities.

The most prominent feature of this kind of oscillator is not only its bandwidth and
pulse duration but also its phase and long-term stability over several hours [102, 103]. This
feature is crucial for the goal of the project: The generation of attosecond pulse trains
(APT) within the enhancement cavity (EC) and more importantly their application. The
following table considers the most prominent alternatives with their downsides as well as
advantages and the reasoning for choosing the titanium-sapphire is given.

In order to compare the attributes, we first need to define what the laser system needs
to deliver for the final experimental setup. This can be derived from chapter 1 and the
goal of MEGAS. Ultimately, the laser needs to fulfill two functions: (i) it needs to seed
an EC with phase-stable 20 fs to 40 fs long pulses and (ii) function as a pump for photoe-
mission electron microscopy (PEEM) and spectroscopy (PES) experiments with few-cycle
pulses in order to study ultra-fast phenomena. At present, there are three prominent choi-
ces that are highly interesting as seed for either a MOPA system or directly the EC itself:
a titanium-sapphire oscillator, a TOPTICA oscillator (only available since 2017) and a
thin-disc oscillator. The relevant parameters for all three oscillators are shown in table
4.1. One main attribute for its function as a pump is the peak intensity they can achie-
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Figure 4.2: a Spectrum of the titanium-sapphire front-end after feed-forward acousto-
optical-frequency-shifter (AOFS) stabilization. The spectral region shaded in red marks
the area around 1030 nm which is later used for amplification. In b, the interferometric
auto correlation of 6.3 fs is depicted (assuming a Gaussian pulse shape).

titanium-sapphire [102] TOPTICA [107] thin-disc [108]

average power 200 mW 2 mW 6 W

pulse energy 3 nJ 1 nJ 160 nJ

pulse duration 6.3 fs 100 fs 7.7 fs

peak intensity 4.7 · 1011W/cm2 0.1 · 1011W/cm2 188 · 1011W/cm2

0.05 Hz - 500 kHz 0.000 05 Hz - 50 MHz 1 Hz - 500 kHz

integrated phase-noise 30 mrad 8 mrad 180 mrad

type of stabilization active feed-forward passive DFG active feedback

Table 4.1: Comparison of considered front-ends for the MEGAS MOPA system. The peak
intensity is calculated assuming a 10µm x 10µm focus.

ve. The pulse energy together with the pulse duration defines the maximal peak intensity
one can reach with the oscillator assuming a focus of around 10 x 10µm2. In this regard
the thin-disc oscillator is superior to all of the other choices. However, for some attose-
cond experiments, like reconstruction of attosecond beating by interference of two-photon
transition (RABBITT) only 1011 W/cm2 [42] is necessary which does not rule out any os-
cillator (assuming amplification and re-compression of the TOPTICA oscillator) and shifts
the decision towards the second attribute, which is also the most crucial parameter for
phase-sensitive experiments: the expected phase stability and flexibility of the system. In
terms of long-term performance, the titanium-sapphire and the TOPTICA oscillator are
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both highly stable and demonstrate values around 30 mrad and 8 mrad compared to the
180 mrad fast phase noise (only up to 1 sec) of the thin-disc. However, there are challenges
due to the nature of the carrier-envelope phase (CEP) stabilization of the TOPTICA. Whi-
le it shows the best passive phase behavior, it is expected that we introduce noise in the
range of a few hundred Hz due to the chirped-pulse amplification (CPA) scheme (e.g. gra-
ting jitter [109]) and a stabilization tool is missing. By comparison, the titanium-sapphire
is actively stabilized in a fast (MHz) feed-forward scheme which can be simultaneously
used to add another feedback stabilization making it highly flexible regarding stabilization
loops [44, 102]. Another issue of the TOPTICA is that the fceo is fixed at 0 MHz due to
the difference frequency generation (DFG) nature of its stabilization, which is desirable
for IAP generation, but reduces the flexibility of the system immensely as some ECs need
a different fceo in order to function properly [80](also see figure 3.1). Those cavities can
be used to study some other interesting phenomena, e.g. soliton broadening [Manuscript
in preparation from Nikolai Lilienfein] or even conventional attosecond experiments like
RABBITT with APTs, which do not depend on a fceo of 0 MHz (see chapter 6 and 7).
This degree of freedom decreases the requirements on the mirror design and makes opera-
tion less challenging. This rules out the TOPTICA oscillator due to the low flexibility and
the uncertainty about high frequency phase noise after the CPA. The thin-disc oscillator
reveals a similar issue, due to its high power nature it cannot be easily feed-forward sta-
bilized to 0 MHz at a high-bandwidth in an AOFS unit. The bandwidth is mainly limited
by the focus size in the AOFS which is restricted by the damage threshold [110, 111].
This makes operation more challenging as the setup size and complexity would increase
dramatically. One further advantage of the titanium-sapphire is that it intrinsically pro-
vides few-cycle pulses with sufficient pulse energy for pumping ultra-short phenomena of
only several fs, which might become the objective of a study in the future. The TOPTICA
and the thin-disc oscillators need several sophisticated broadening and compression steps
to achieve that, adding unprofitable complexity. Other stable oscillators like the MENLO
figure 9 or the LightConversion can also be used as amplifier seeds but also lack the option
to function as femto-second pump for future experiments which profit from an ultra-short
excitation time. Considering all of these assumptions the titanium-sapphire oscillators 6-fs
pump pulses combined with its unparalleled flexible feed-forward stabilization and stability
is the most logical and convenient choice for the MEGAS project master oscillator.

4.1.2 Chirped-pulse amplification and acousto-optic modulator
pulse-picking

The second link in the amplification chain is the amplifier itself. Its architecture is like
most CPA systems which was first developed by D. Strickland et al. in 1985 [112]. The
basic idea behind the concept is that the main damage mechanism in amplification is the
peak intensity within the amplifier which can be reduced by adding group delay dispersion
(GDD) to the seed, i.e. stretching it temporal [113]. Commonly used for stretching are
fiber-Bragg gratings [114–116] as well as optical gratings [117] which can also be used for
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re-compression [118]. In this system we employ both methods to stretch the seed pulses to
200 ps and re-compress the amplified pulses down to 250 fs (see figure 4.1). One method
to increase the average power further while keeping the intensity small is to increase the
core diameter of the amplifier fiber. Commonly-used step-index fibers are limited to less
than 15µm [105] as a larger core size hinders single mode operation, resulting in higher
order modes generation. In order to prevent this, novel fiber designs were developed: The
photonic-crystal fiber (PCF)[119] and the large-pitch fiber (LPF) [104] which allow for
single mode operation up to 100µm core diameter. In this system, a rod-type LPF-25 and
an LPF-35 are used as amplifier fibers, which is sufficient for the desired average power
of around 120 W. As the titanium-sapphire seed is already rather weak (300µW) and the
repetition rate needs to be reduced before amplification, a first small amplification step
is implemented, followed by a fiber-coupled acousto-optic modulator (AOM) pulse-picker.
This step is thoroughly described in reference [43] and will be explained in this section.

This novel implementation scheme of a traveling wave type AOM [111] pulse-picker
without affecting the phase and intensity stability of the seed constitutes as the first mile
stone in the MEGAS project and this thesis. With this step we increase the pulse energy
while keeping the average power constant and thus avoid the limitation in pulse energy due
to the maximal average power that the amplifier is able to deliver [113, 120]. Scaling of this
concept promises 20µJ of pulse energy at 4 MHz repetition rate for the MEGAS laser. An
alternative technique that needs to be mentioned is the coherent combination of several
amplifiers, which can provide kW-scale average power and high pulse energy [35, 121]. We
chose to keep the system less complex and implemented the AOM pulse-picker. Another
advantage of this technique is that we enter the repetition rate region suitable for time-
of-flight spectrometers, which are commonly limited to around 10 MHz and will be used
in future experiments (Detector development in the recent years pushed this limitation
to several 10 MHz [122]). Additionally, earlier experiments showed that lower repetition
rates are preferable as cumulative effects limit the intra-cavity high harmonic generation
(HHG) and it is profitable to guarantee single-pass configuration [12, 34]. This will be ex-
perimentally verified in chapter 5. The development of this novel pulse-picking device was
necessary as at the fundamental repetition rate of our master oscillator of 73.6 MHz, the
most commonly-used picking device, the Pockels cell, cannot be used. The main limitation
of these electro-optic modulators (EOM) is the so-called piezoelectric ringing which limits
the repetition rate so several 100 kHz [123]. Another disadvantage of Pockels cells is the
high voltage difference at high switching speed required to drive them efficiently, which is
currently at the edge of feasiblility and very cost intensive. A more promising approach
which avoids these limitations is the traveling wave type AOM [111] pulse-picker opera-
ting at a low voltage and being commercially available with carrier frequencies of several
100 MHz (like distributed by Pegasus-Optics, as used in this work). The disadvantage of
this technique is that to achieve high contrast ratios usually the 1st or -1st diffraction
order must be used and the AOM effectively becomes an acousto-optic frequency shifter
(AOFS). However, there are ongoing investigations to implement an AOM based device
for pulse-picking without this phase shift. At present, they remain limited to 25 ns swit-
ching times with an extinction ratio of 46 dB [124]. For our repetition rate of 73.6 MHz we
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need a switching time faster than 13.6 ns, forcing us to use an AOFS. These devices shift
the fceo of the pulse train by their carrier frequency and consequently create a new comb
offset frequency. The physical phenomenon behind this is the Doppler-frequency shift in
the AOM device [69, 110]. Nonetheless, this effect does not necessarily destroy the phase
stability of a pulse train; rather, it can be used to stabilize it like in the feed-forward scheme
used for titanium-sapphire oscillators [102, 103]. In order to combine this effect with the
pulse picking function, we developed a novel technique called synchronized pulse-picking
together with our collaboration partners of the Fraunhofer Institute for Optics and Preci-
sion engineering, Jena. It is thoroughly described in reference [43]. A further advantage of
this technique is that it negates the added intensity noise commonly introduced by AOM
pulse-picking. The main idea is that all of the radio frequency (rf) signals used for pulse-
picking are derived from the original pulse train and are thus synchronized to it and each
other. Accordingly, the electric field within the rf-gating pulse always has the same shape
and always creates the same diffraction efficiency. As a gating signal we used the desired
fraction of the repetition rate and the repetition rates third harmonic as carrier signal.
Figure 4.3 shows measurements of these driving electric fields for several not synchronized
and the synchronized case. The red dots represent the diffraction efficiency at the given
time.

Figure 4.3: The electric fields for the AOM pulse-picker rf-signal is shown for several not
synchronized and the synchronized case. The number in the upper left corner represents the
deviation from the synchronized case in Hz. The red dots depict the electric field amplitude
the pulses experience. This value corresponds to the diffraction efficiency and is responsible
for intensity noise. The lower panel shows a pulse train of 36.8 MHz.
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One can easily see that for the synchronized case each pulse experiences the exact same
electric field and thus no additional intensity noise is added. This can be confirmed by
evaluating several thousand pulses and analyzing the peak standard deviation of them as
done in figure 4.4 on the right side. The left side shows only a few consecutive pulses
which already demonstrate this tendency. This effect is more pronounced the larger the
discrepancy in rf-frequency as the standard deviation for the different frequency deviations
show. This low intensity noise of the synchronized operation is necessary for stable extreme-
ultra-violet (XUV) generation. The influence of the pulse-picking process on the phase
stability will be discussed in section 4.2.2.

Figure 4.4: The left side shows six consecutive pules for different frequency deviations.
The right sides show the peak values of each pulse for several 1000 pulses. The standard
deviation increases from 3 % to 7 % when increasing the frequency deviation from 50 kHz
to 2 MHz.

4.1.3 Spectral broadening and compression in different pulse ener-
gy regimes

After pre-amplification and pulse-picking the power amplifier is implemented by two rod
type Yb-LPF amplifiers (one with a core diameter of 25µm and one with 35µm) [104] and
a grating compressor (see figure 4.1). The maximum output parameters are around 120 W
and 250 fs assuming a Gaussian shaped pulse for all pulse-picking factors. Currently we are
limited to repetition rates higher than 10 MHz due to the non-linearity in the amplifiers, for
summer 2018 an upgrade for the fiber-Bragg stretcher and grating compressor is planned,
allowing for operation down to 4 MHz. Figure 4.5 a shows the power output of our MOPA
systems main amplifier (LPF-35) with increasing pump current, which is proportional to
the optical pump power. It is seeded with 10 W by our first amplifier (LPF-25). In figure
4.5 b an auto-correlation of the 250 fs pulses is shown and c depicts the spectra at the end
of the amplification chain.
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Figure 4.5: a Output power of the amplifier in respect to the pump current, which is
proportional to the optical pump power. b Auto-correlation of 250 fs of the MOPA output
after the grating compressor. c Final spectrum after amplification.

In order to compress these pulses, two different compression schemes are necessary
to cover the whole range of parameters: The Large-Mode-Area (LMA) solid-core fiber
broadening and bulk broadening. The LMA fiber covers a pulse energy range up to 1µJ at
200 fs (limited by the damage threshold of 4 MW of fused silica [125, 126]) and the multi-
pass-cell (MPC) bulk broadening a range of several µJ up to 100µJ [127–129]. Both schemes
are based on self-phase-modulation (SPM) which was first discovered and explained by
Shimizu et al. in 1967 in liquids [130]. It is caused by a third order intensity dependent
change of the refractive index (Kerr effect) which was nicely observed by R. H. Stolen et
al. [131] in silica optical fibers and later used to non-linearly compress pulses [132, 133].
The LMA-25 photonic-crystal fiber, used in this work, is such a fiber which suppresses
higher order modes and as such delivers a predominantly Gaussian mode. This is achieved
by its photonic structure around the solid fused silica core which only guides a single mode
[119]. In bulk broadening, the Kerr effect also causes inhomogeneity in the mode profile,
which leads to an overall poor broadening efficiency of less than 50 % [74]. For even higher
pulse energies gas-filled capillary hollow-core fibers must be used. In this work, the LMA
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and bulk broadening techniques are sufficient. In figure 4.6, several state-of-the-art laser
system as well as their method of broadening is presented (figure adapted from [45]).

Figure 4.6: State-of-the-art laser systems and their method of broadnening versus repetition
rate. We can divide the chart into three pulse parameter ranges: The lower region up to
1µJ is dominated by solid core fiber compression; The upper part is mostly covered by
capillary fibers and low repetition rate systems; The middle part is sparly covered by rather
novel hollow-core Kagome fiber as well as bulk broadening techniques. The parameters
reached in this work are marked by a black circle. The grey diagonal lines represent level
curves of equal average power (1 W,10 W,100 W and 1000 W). The figure is adapted from
[45]. Ref1:[36]; Ref2:[44]; Ref3:[45]; Ref4:[127]; Ref5:[128]; Ref6:[134]; Ref7:[135]; Ref8:[136];
Ref9:[137]; [Ref10]:[138]; other references used:[19, 74, 108, 134, 139–149]

It shows the previously mention damage threshold limit of around 4 MW for solid core
fibers as well as the necessity for high pulse energies of capillary fibers. The use of passive
coherent combining of several channels can avoid the damage threshold limitation as done
by Guichard et al. for a 100 kHz system (see figure 4.6) [138]. For our maximum pulse
energy of 6µJ, compression in a gas filled Kagome fiber as well as bulk broadening seem
to suitable (see sub-section 4.2.3).

LMA fiber broadening

The main advantage of using a LMA fiber broadening scheme (figure 4.1 b) is that it allows
us to use the unique advantage of the pulse-picker unit within the amplification chain. It
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enables us to compress 1µJ pulses regardless of the repetition rate and only limits us in
pulse energy due to its damage threshold. Accordingly, we gain a very flexible seed for ECs
and we can implement an 18.4 MHz cavity with one or several circulating pulses, providing
ideal conditions to study cumulative effects, as done in chapter 5. The achieved spectra
and auto-correlation for different repetition rates are shown in figure 4.7.

Figure 4.7: a Spectra taken for different repetition rates. For each repetition rate the
spectra were taken ten times. Between each measurement the grating compressor was de-
tuned and re-adjusted to deliver the shortest pulses. They reveal that the same spectra
can be obtained after switching repetition rate very reproducible. b Auto-correlations for
picking factors of up to 4.

The figure shows that the spectra as well as the auto-correlation are independent on the
repetition rate and proves the capability of this system to study repetition rate dependent
effects in a very controlled way. The achieved parameter for three repetition rates are shown
table 4.2. The spectral broadening and compression was implemented by a 9 cm LMA 25
fiber and successive chirped mirror compression compensating 2900 fs2. The phase behavior
of this scheme is presented in sub-section 4.2.3.

repetition rate 73.6 MHz 36.8 MHz 18.4 MHz

total available average power 120 W 120 W 120 W

uncompressed pulse power 1.6µJ 3.2µJ 6.4µJ

compressed pulse power 0.7µJ 0.7µJ 0.7µJ

Table 4.2: Output parameters of the MOPA system for different repetition rates. For all
repetition rates the output power of the amplifier had to be attenuate due to the damage
threshold of the LMA fiber.

The basic experimental apparatus as well as a photo of the utilized setup are shown in
figure 4.8 a and b. It comprises a 9 cm LMA 25 fiber with a fused silica cap on the entrance
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side and a collapsed side at the output. This preparation technique increases the damage
threshold as well as the longevity of the fiber [150, 151]. Additionally, losses at the front
surface can be minimized with an anti-reflection coating.

Figure 4.8: a Basic scheme of a fiber broadening setup. The laser is focused into the LMA
25 fiber and re-collimated afterwards. The anti-reflection coated fused silica cap at the
entrance side increases the damage threshold as well as the longevity of the fiber [150, 151]
and minimizes losses at the front surface. b Photo of the experimental implementation.
The front cap is missing due to a previous damage.

Due to damages at the entrance side of the fiber, the cap had to be cleaved from several
fibers. We suspected either the pulse-picking unit or the AOFS feed-forward stabilization
to fail for short periods of time when vibrations and tremors affect the titanium-sapphire
oscillator. For this purpose, we implemented an interlock system (smart check, LaCoSys
(Laser Control Systems)) that short circuits the electrical drivers of the pump diodes if
it detects an irregularity in the pre-amplified pulse train (e.g. missing pulses). Since this
implementation, no more damages occurred and the system has been running for over a
year.
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Bulk broadening in a multi-pass-cell

Considerations taking cumulative effects (chapter 5), time-of-flight detector limitations
(chapter 6) and thermal long-term stability into account revealed that for the ultimate
layout of the system the repetition rate should smaller than 20 MHz. For ECs, stable ope-
ration was achieved down to 10 MHz [95, 96] (cavity length of 30 m), which corresponds to a
possible repetition rate around 18.4 MHz for the MEGAS system, leading to a manageable
length of the cavity of 16.3 m. At this repetition rate, we have more than 6µJ at our dis-
posal. Two compression schemes seem suitable for this kind of pulse energy and repetition
rate: Kagome compression [36] and bulk compression [45, 127, 128] (also see figure 4.6).
As in the beginning of the project (2014/2015) bulk compression was not as developed as
it is now and there were too many drawbacks, like efficiency and beam inhomogeneity [74],
we first implemented a Kagome fiber to broaden the pulses. First feasibility test using an
empty Kagome fiber as well as an argon filled one seemed to confirm our choice as stable
operation was possible up to 150 W without thermal or other damaging effects. Further-
more, Steffen Hädrich et al. used similar pulse parameters and achieved 31-fs pulses with
7 bar krypton [36]. Simulations using the software fiberDesk suggested 14 bar of xenon in
a 1 m Kagome fiber should lead to a sufficient broadening for 30-fs pulses with our pulse
parameters (120 W, 250 fs at 36.8 MHz or respectively less at 18.4 MHz). Unfortunately, we
did not achieve stable operation with xenon as the fundamental mode coupled to higher
order modes and prevented homogeneous broadening and stable operation without dama-
ges. Tests using different Kagome fiber batches and krypton instead of xenon failed as well,
pointing to a fundamental problem of the Kagome fiber at our repetition rate and pulse
energy. (the tests were done together with our collaboration partners at the Fraunhofer
IOF Jena) Recent studies showed the same behavior and alternative fibers, like the “ice-
cone” fiber [152] were developed with better higher mode suppression. During the time
we implemented the compression, these novel fibers were not yet available and we were
forced to find a suitable compression scheme. Fortunately, due to simultaneous achieve-
ments from Seidel et al. [74] and our collaboration partners of the Fraunhofer ILT, Aachen
[45, 127, 128], a new possibility arouse in the form of a MPC employing bulk broadening.
The achievements of this novel scheme are presented in reference [45] and will be described
in the following sub-section. A rough sketch of this scheme is already depicted in figure 4.1
c. A more thorough schematic of the implementation is shown in figure 4.9 a, additionally
a CCD image of the leak through one mirror is presented. The MPC comprises a mode
matching telescope in front of the cell, two curved chirped (−250 fs2) mirrors, a non-linear
medium (fused silica) and a lens after the cell to re-collimate the beam. In order to couple
into the cell, so called scrapers are used. They are essentially small rectangular mirrors, a
close up of one of these mirrors as well as a photo of the setup is depicted in figure 4.9 b.

From the CCD leak image, an easy analysis of the quality of the input coupling is
possible as clipping on one of the scrapers would be clearly visible. Overall, we have 24
bounces per mirror, which corresponds to 49 passes through the medium. In our configura-
tion, we used curved mirrors with a curvature of 300 mm and a non-linear, anti-reflection
coated fused silica (FS) element of 12 mm thickness. Accordingly, we achieved peak powers
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Figure 4.9: a Sketch of the MPC geometry. The distance between the chirped curved mirrors
(radius of curvature (ROC) of 300 mm, −250 fs2) is 583 mm and the mode diameter on the
mirrors and the focus is 1.44 mm and 0.27 mm, respectively. Overall, there are 24 bounces
on each mirror, corresponding to 49 passes through the 12 mm fused silica medium. The
leaking beam through on mirror is imaged on a CCD and used as characterization for the
beam profile. b Photo of the experimental implementation of the MPC [45].

.

of around 14 MW and propagate through 64 cm of FS. The Gaussian mode in the MPC
had a diameter of 1.44 mm and 0.27 mm on the mirrors and the non-linear medium, respec-
tively. We can estimate a non-linear phase shift of 0.09π per pass through the medium.
In the ideal case the chirp of the curved mirror would perfectly cancel out the dispersion
added in the FS. Alas, due to uncertainties in the coatings and the non-linearity we had to
compensate for 4250 fs2 to compress the pulses. The final spectrum and auto-correlation is
shown in figure 4.10.

The main advantage of implementing a MPC compared to simply focusing into a bulk
material is the homogeneity of the beam that can be reached in this way. Instead of
accumulating the SPM in one giant step, we divided the total phase of 4.4π into many
small steps and effectively mix the spectral components within the beam profile over and
over again [127–129]. A useful introduction to the theory can be found in reference [129].



42 4. Experimental setup

Figure 4.10: a Auto-correlation of the MPC broadened pulse as well as the uncompressed
one. b Spectrum of the MPC broadened and compressed pulses.

In order to verify the beam quality we measured the quality factor, called M2, before and
after the MPC. We achieved a value of 1.24 x 1.07 and 1.26 x 1.28, respectively. This clearly
shows that the beam quality is largely preserved after broadening and compression. The
measurement and the fit are shown in figure 4.11.

Figure 4.11: M2 measurements as well as fits for the MOPA output before a broadening
and after b non-linear compression (adapted from [45]).

Due to the multi-pass geometry the total beam path adds up to more than 28 m and
a beam-pointing stabilization becomes necessary. After the MPC the stabilization reduces
the beam pointing by a factor of three to a value of 1.4 % of the beam radius and makes
stable operation of the EC and the f-to-2f interfometer over a whole day possible. The
phase-noise characteristics of the MPC are shown in sub-section 4.2.3. In our setup we
are currently limited to 4.5µJ output pulse energy at 18.4 MHz corresponding to 83 W at
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a throughput efficiency of 88 %. When going to a higher average power, damages in the
non-linear medium occurred, even though we are well below the critical damage threshold
and the self-focusing length should be well above the non-linear medium thickness.

Single-pass sapphire bulk broadening step

As one goal of the system is to supply sub-20-fs phase-stable pulses for an EC an additional
broadening step is necessary. The scheme is well described in reference [74] and its ability
to compress near-infrared (NIR) pulses to around 6 fs was demonstrated [108]. Figure 4.12
shows a basic sketch of the setup as well as a photo of its implementation.

Figure 4.12: a Concept of the bulk broadening scheme. A short laser pulse is focused into a
bulk material and subsequently re-collimated. In order to prevent damages, the non-linear
medium is positioned slightly after the focus. A nice overview is given in reference [74]. To
prevent losses the polarization is tuned with a lambda half plate to p-polarization and the
medium rotated by 55 degrees, more specifically the Brewster angle of the medium. b Final
implementation with a sapphire bulk medium. The inset shows a magnified view of the
medium with a previous damage caused the first time that we tried this implementation.
Before the damage occurred, white-light was generated.

The basic idea is rather simple: focus into a bulk medium, close to the damage threshold,
and generate SPM. In order to prevent damages due to self focusing, the bulk medium
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is positioned slightly behind the focus, whereby the position is then fine-tuned to reach
the desired spectrum. To reduce losses at the non-linear medium it can either be anti-
reflection coated or operated in p-polarization and Brewster angle. The final spectrum
after two of these broadening steps (5 mm sapphire and 5 mm FS) and the 20-fs auto-
correlation is shown in figure 4.13. The drawback of this technique is the rather poor beam
quality of the broadened pulses due to Kerr non-linearity [74]. This makes HHG using this
compression scheme difficult as the beam cannot be focused tightly. By using an EC, we
generate a Gaussian 00 mode with a well-defined focus, this way the poor beam quality
only reduces the overlap at the input coupler. This drawback can be compensated by using
different input couplers as well as adjusting the intra-cavity focusing geometry. The beam
quality was not measured systematically as this only constituted as a proof of principle of
this system to reach sub-20-fs phase-stable pulses. The phase behavior of this broadening
technique is measured in sub-section 4.2.3.

Figure 4.13: a Final auto-correlation after two additional bulk broadening steps (5 mm
sapphire and 5 mm fused silica) as well as the spectra, depicted in b.

4.2 Phase stability results

As mentioned in the previous chapter the AOFS pulse-picker, operated synchronized to
the oscillator, should not influence the phase stability of the pulse train despite using a
traveling-wave-type AOM in the -1st order, introducing a Doppler-shift. In this chapter
we investigate the phase jitter between the titanium-sapphire oscillator seed and the pre-
amplified and pulse-picked pulses. Afterwards, we examine the power-amplified pulses and
all three spectral broadening techniques using a f-to-2f interferometer. In order to guarantee
that the real phase noise is measured and not artifacts the signal to noise of the beatnote
must be at least 30-35 dB at a video and resolution bandwidth of 100 kHz. This value
was found experimentally as a better signal to noise value did not improve the measured
phase noise value. An exemplary beatnote of an f-to-2f measurement is shown in figure
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4.14 a. Figure 4.14 b shows a rf-signal driving the AOFS synchronization unit operating
at fAOFS = 71.6MHz.

Figure 4.14: a Exemplary beat note of the MOPA system. The signal to noise at a video
and resolution bandwidth of 100 kHz is better than 30-35 dB, this way no additional noi-
se is added. b shows the corresponding rf-signal driving the AOFS synchronization unit
operating at fAOFS = 71.6MHz.

4.2.1 Objective of the study

When laser technology was in its infancy, it lacked applications and was a prime example
of the phrase: Solution looking for a problem [153, 154]. Since then, it has contributed to
26 Nobel Prices in many scientific fields. With ever-decreasing pulse duration (up to single
cycle pulses), and the ability to control all aspects of the electric field (e.g. duration and
phase) it enabled novel applications like high-precision frequency comb spectroscopy [155]
and strongly contributed to the emergence and development of attosecond science [5, 13].
The most wide spread ultra-short pulsed laser source is the titanium-sapphire oscillator
generating phase-stable few-cycle pulses [102, 103, 156] with a large spectral bandwidth of
320 nm (at 10 dB) centered around 800 nm. One drawback of titanium-sapphire technology
are the poor thermal properties, e.g. thermal absorption and thermal lensing in the gain
medium, which restricts the average power to a few tens of Watts even with cryogenic coo-
ling [106]. By this limitation high pulse energy operation is restricted to repetition rates up
to around 100 kHz. In the last decade Yb-based laser technology has rapidly developed and
nowadays provides sources of few-cycle pulses at high average powers. Yb systems can be
both, fiber-based [136] or solid-state systems like a high power Yb:YAG thin-disc oscilla-
tors [108, 157]. Their rapid ascent to the top of state-of-the-art laser technology in terms of
pulse duration and power can be attributed to their superior thermal properties, enabling
high average powers [105, 108, 157–160]. However, their main drawback is the narrow gain
bandwidth of Yb [161] which limits their output bandwidth and post-amplification non-
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linear pulse compression techniques are required (i.e. [36, 108, 127, 128, 147, 159, 160, 162];
also see figure 4.6). In our system, we combine the established highly stable feed-forward
stabilized titanium-sapphire master oscillator with an Yb-fiber power amplifier and novel
post-amplification broadening techniques. Accordingly, the source is well suited to drive
cavity-enhanced high harmonic generation for the generation of XUV frequency combs
[6, 12] and XUV attosecond pulses [12, 37, 71, 80]. Using the generated XUV pulses as an
attosecond probe, we can for instance use the fundamental phase-stable and synchronized
7-fs pulses as an ultra-short pump in time-resolved photoelectron emission microscopy [4] to
study effects on the fs timescale. Furthermore, the phase stability predicts the intra-cavity
generation of IAP with few-cycle circulating pulses [37].

4.2.2 Beatnote detection between titanium-sapphire oscillator
and pulse picked Yb amplifier

The basic concept of the phase stabilization of the MOPA system is adopted from the
titanium-sapphire feed-forward scheme [102]. The pre-amplified pulse train is loosely focu-
sed into an AOFS and deflected into the -1st order with a carrier frequency of fAOFS =
frep + fceo. In order to detect a beatnote between the titanium-sapphire seed and the Yb-
amplified pulse with a fast photodiode, one participating comb is shifted in respect to the
other. This can be accomplished by the scheme presented in figure 4.15

The AOFS in normal operation are both driven by fAOFS = frep + fceo which shifts the
fceo to 0 MHz when using the -1st order. Here, we shift the AOFS 2 frequency by a certain
amount, defined by a rf-generator (frf = 10MHz). The other one (AOFS 1) remains
in normal operation mode. By interfering both pulse trains we achieve a beating at the
difference frequency, in this case |−10MHz − 0MHz| = 10MHz. In order to measure the
phase jitter between the two pulse trains the beat between the two combs is detected with
the scheme shown in figure 4.16 and compared to the reference of the rf-generator by either
a heterodyne analog detection scheme using a frequency mixer or a digital scheme that
compares the beatnote to a perfect rf-signal.

The basic concept of this setup is based on the constructive and destructive interference
of the overlapping spectrum at the beat frequency [163]. The spectra are shown in the inset
of figure 4.16. In order to combine the two beams two polarizing beam splitters (PBS) are
used: The first one cleans the polarization and overlaps the beam paths, the λ/2 plates are
adjusted such that most of the light is steered towards the photodiode. However, after this
step the polarization is perpendicular to each other and the beams do not interfere. The
second cube with λ/2 plate solves this issue as it only transmits parallel polarization. The
lambda plate is used to fine-tune the power ratio of the beams. For a good signal-to-noise
ratio equal power in both pulse trains is preferable. The following sub-sections show various
studies performed to determine the quality of the pulse-picking as well as the amplification.
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Figure 4.15: The black lines represent the electric signals, which are fed to the AOFS to
shift the signal for AOFS 2 by frf = 10MHz. This is accomplished by using a reference
rf-generator providing frf and mixing it with the original fAOFS = frep + fceo. The beat
between the two pulse trains is then detected in either a heterodyne analog detection
scheme or a digital scheme, both using a beatnote setup (see figure 4.16), frf , and an
oscilloscope for sampling. The fceo is detected after an f-to-0f using a periodically poled
lithium Niobate (PPLN) crystal and a photo diode.

Digital - analog detection scheme

For the evaluation of the phase noise in the next few sub-sections two different methods
are used: An analog one and a digital one. The analog approach is a standard heterodyne
detection in which the beatnote is mixed with the original rf-frequency, used to shift the
fceo. By low pass filtering the output we only get the deviation from the original signal, thus
by taking the sine, the phase noise. To conduct this calibration properly, one also has to
find the borders of the measurement, which depend on the power level on the photo diode.
The easiest way is either to wait for the phase to run into the borders or modulate the
phase and obtain the calibration in this way. The digital detection scheme is adapted from
Takeda et al. [164] and was already used for a similar purpose by Gohle et al. [165]. For
this method, the beatnote is directly sampled by an oscilloscope and digitally compared
to a perfect sine of the expected frequency within a certain frequency range. Figure 4.17
shows a comparison between these two methods by looking at the integrated phase noise
(IPN). The IPN describes the phase noise within a certain frequency range. When all noise
frequencies are considered it equals the RMS value of the phase fluctuations.

The study revealed that those two algorithms differ slightly but deliver nearly identical
phase noise when equivalent filters are used. The deviations can easily stem from real noise
that is different for the corresponding measurements (e.g. balancing on the detector, power
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Figure 4.16: Sketch of beatnote setup utilized in this work. One input beam centered at
1030 nm is delayed in respect to the other (centered at 800 nm) to achieve temporal overlap
at the photodiode (PD). It is combined with the 800 nm beam by the first polarizing beam
splitter (PBS). The λ/2 plates are adjusted such that most of the power is steered towards
the second PBS. The second λ/2 plate - PBS pair is used to fine-tune the ratio between
the two beams and guarantee the correct polarization. In order to reduce the noise in the
detection, only the overlapping spectrum is detected using a band-pass filter. The spectrum
of both beams after spectral filtering is shown as an inset.

level on the detector, etc.).

Variation of the pump current and seed power

One critical value of an amplifier is the amplification gain itself. It can be adjusted by
changing the pump current (in our setup named: LD2) of the pump diode and thus the
optical pump power. In figure 4.18 a, its influence on the phase noise is examined.

We found that the pump current does not have any significant effect on the phase cha-
racteristics of the system. This gives rise to the expectation that even higher amplification
factors are feasible paving the way to average powers of up to 120 W as desired in the ME-
GAS project. Another key value for the amplifier is the quality of the seeding pulse train it
amplifies, which defines the amplified spontaneous emission (ASE) background of the pul-
ses [161]. As the titanium-sapphire oscillator only delivers 300µW as seed, it was unclear
whether the pulse train can be stably amplified without adding noise. As the seed cannot
easily be increased, we checked if the seed is insufficient, by reducing the seed power and
checking its consequence on the phase. The results are depicted in figure 4.18 b. We found
that we can substantially reduce the seed (halving it to only 150µW) without affecting the
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Figure 4.17: The integrated phase noise for the digital analysis is depicted for several
low-pass filters. When the filter frequency is similar to the analog low-pass filter used in
the heterodyne detection, the values are in very good agreement (analog low-pass filter:
1.9 MHZ; digital filter: 2 MHz).

Figure 4.18: a Study on the influence of the pump power (proportional to the LD2 value)
on the integrated phase noise. b Effect on the phase by either seeding the pre-amplifier
with 300µW or 150µW average power.

phase stability of the amplified pulses. Confirming the titanium-sapphire oscillator as an
adequate choice for the MEAGS project, given that the far end of its spectrum is sufficient
and the main pulse can be used for pump-probe experiments on ultra-fast phenomena.
Furthermore, we already observe the need for a feedback stabilization from the shape of
the phase noise at lower frequencies.
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Pulse-picking and stabilization in the same AOFS and long-term stability

Given that both the pulse-picker and the feed-forward stabilization are based on the AOFS
technology, it is a self-evident experiment to combine these two applications into one de-
vice. This can be achieved by operating the pulse-picking AOFS with a carrier frequency
synchronized to the pulse train and shifted by the detected titanium-sapphire beatnote:
fAOFS = 3frep + fceo,T iSa. This way the overall fceo of the systems is shifted to 0 MHz.
The result of this attempt is shown in figure 4.19 a for different ratios of the participating
beams. As expected, a ratio of around 1 delivered the best results.

Figure 4.19: a Phase stability measurements (1 kHz to 400 kHz) for two configurations
of the stabilization: Pulse-picking and stabilizing in one AOFS (red) and Pulse-picking
and stabilization in two different AOFS units (black). The measurements were performed
for several different power ratios of the participating beams. b illustrates a long-term
measurement over one hour, done in the configuration with two AOFS units.

Unfortunately, the introduced phase jitter when only using one AOFS is on the order
of several rad which is one order of magnitude too high to be of any interest (by taking the
phase noise up to 3 MHz into account). One possible reason is the rather challenging task
of combining all of the rf-signals without introducing noise onto the signals. Physically we
do not see any reason why this method should not work as it was already implemented for
bursts of pulses at kHz repetition rates [166]. Unfortunately, due to temporal constrains
further experiments had to be shifted to a later date and pulse-picking and stabilization
were performed in two different AOFS devices. One has to note here that the additional
noise seems to stem mainly from high-frequency components which points towards poor
electrical signals driving the AOFS (this can be seen as the phase noise up to 1 MHz is in
the same range as the values obtained for operation with two AOFS units). As described
in the previous chapter the EC functions as a low-pass filter at several hundred kHz. Thus,
for EC applications the simultaneous pulse-picking and stabilization is expected to work.
In order to test the long-term stability of the setup, we performed a measurement every
few minutes over one hour. The results are shown in figure 4.19 b. They show that the
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performance is not uniform over time and that low frequency noise (smaller than several
Hz) is part of the setup. For future applications which need high stability a further feedback
stabilization loop is necessary as implemented for the power-amplified pulses in sub-section
4.2.3.

Conclusion

The study showed that the pristine phase stability of the titanium-sapphire oscillator is
largely preserved upon amplification by about 20 dB to 150 mW. However, it is obvious
that another feedback loop is necessary to suppress long-term drifts and fluctuations. Its
implementation is presented in the next sub-section 4.2.3.

4.2.3 f-to-2f interferometric measurement of the power amplifier
output

All of the phase measurements described in the previous section 4.2.2 are between the
titanium-sapphire seed oscillator and the first link in the amplification chain, delivering
around 150 mW of average power at several hundred picoseconds (ca 200 ps) pulse dura-
tion. In a next step, the power amplification to around 120 W with subsequent spectral
broadening and temporal compression are examined. Possible reasons why this step might
influence the phase noise are, e.g.: amplification noise [167] or mechanical jitter of the
grating compressor used to re-compress the pulses [109]. To examine these effects, we im-
plemented a self-referencing f-to-2f interferometer. The basic concept is presented in figure
4.20.

The figure shows two frequency combs: the original comb as well as the frequency
doubled comb. The frequency position of each comb-line is defined by fceo + n · frep with
n being an integer number. By frequency doubling this comb-line we get 2fceo + m · frep
(m being an integer number), this new comb-line is now separated from the 2n comb-line
of the original comb by fceo. By isolating the overlapping spectral region of the original
comb and the frequency doubled one we can directly measure the fceo frequency with a
photo diode. A fundamental requirement for this technique is that the original pulse needs
to span a complete octave to achieve a spectral overlap with the frequency doubled one.
As most laser pulses do not have the necessary bandwidth, a broadening step needs to
be implemented in front of the interferometer. For this to work with only a small part of
the output power of the MOPA system, a highly non-linear fiber is necessary. One further
requirement is that the incoming pulses are already compressed as the generated spectrum
might lack coherence if the generating pulses are too long [168]. For this purpose, it might
be necessary to overcompensate the pulses with chirped mirrors to be short after the 7 mm
thick lens coupling into the fiber. For the following measurements it is implemented as
shown in figure 4.21 and a photograph of the setup is depicted in figure 4.22.

The f-to-2f interferometer comprises five major parts: the octave generation, the delay
line, the second harmonic generation (SHG), a band-pass filter and a detector. In this work,
we used a PCF (sc-3.7-975) distributed by Crystal Fibre to generate an octave, spanning
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Figure 4.20: Principle of a f-to-2f interferometer [155]: the original comb as well as the
frequency-doubled comb. The first comb is completely defined by three parameters: the
carrier-envelope offset frequency fceo, the repetition rate frep and the intensity envelope.
The frequency position of each comb-line is then defined by fceo + n · frep with n being
an integer number. By frequency doubling this comb, a new comb at 2fceo + m · frep (m
being an integer number) is generated, this new comb is now separated from the 2n comb
line of the original comb by fceo. By spectral filtering in this bandwidth we can isolate this
beating and measure the fceo

from ∼700 nm to ∼1400 nm. For the implementation of the delay line standard Thorlabs
optical components were used (HR mirror: E03 broadband; cold mirror: M254C00). The
delayed part of the spectrum then generates its SH in a periodically poled lithium niobate
(PPLN) crystal optimized for 700 nm. Depending on the current fceo either a spectrometer
(OceanOptics) (fceo = 0MHz) or a photo diode (APD110 from Menlosystems)(fceo 6=
0MHz) was used to detect the band-pass filtered light. From the detected signal an error
signal can be derived and used in a feedback loop. In the case a spectrometer was used,
the detected spectrum (see inset of figure 4.21 for exemplary spectra taken at different
delays) needed to be digitally analyzed and fed back to the AOFS. The bandwidth is
currently limited to ∼167 Hz due to the utilized software and the spectrometer. When
employing a photo diode, the bandwidth was increased to around 11 kHz, which was the
limit of the frequency modulation of the rf-generator. In order to increase the locking
bandwidth, we implemented an additional phase shifter (φ) with a bandwidth of 500 kHz.
For this purpose, the laser system was extended by another feedback stabilization step. The
experimental setup for this study is shown in figure 4.23; The broadening and compression
are illustrated as the LMA broadening scheme, the other compression techniques utilized
the same setup. The in-loop f-to-2f interferometer generates the feedback signal and the
out-of-loop interferometer is then used to measure the phase noise.

The implementation of the feedback loop is simple yet effective. It uses the feed-forward
stabilization unit and adds a frequency modulation to the carrier frequency of the AOFS.
Accordingly, long-term drifts as well as mechanical jitter of several 100 Hz can be equalized.
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Figure 4.21: In the f-to-2f setup the amplified and compressed pulses are coupled into a
non-linear fiber and generate a spectrum that spans over an octave. Using a highly reflective
mirror in combination with a cold mirror and a delay stage the red part of the spectrum
is delayed such that its second harmonic (SH, generated in a periodically poled lithium
Niobate (PPLN)) is either delayed or simultaneously detected. Version 1 utilizes a PD as
detector and can be used for fceo 6= 0MHz. It requires simultaneous arrival of both pulse
trains. Version 2 detects the spectral interference of both pulses. It can only be used for
fceo = 0MHz and needs a slight delay of the pulses. The inset on the right show the
detected spectra for different delays. A delay of 0 would mean that the whole spectrum
interferes either constructively or destructively depending on the phase.

Fast jitters on the order of several 10 kHz cannot be compensated in this way as a frequency
modulation only affects the phase by an integral correlation, which effectively slows down
the feedback loop [169]. In order to compensate for fast jitters, we also implemented a
phase shifter, which can operate at up to 500 kHz. This scheme is tested in the following
sub-sections for both compression schemes, the LMA fiber and the bulk MPC broadening.
A systematic sketch of the locking loops is depicted in figure 4.24 for an fceo of 11 MHz
and in figure 4.25 for an fceo of 0 MHz. Later studies showed that a frequency modulation
of 167 Hz is sufficient as no difference between a feedback bandwidth of 167 Hz and 11 kHz
was observed (see figure 4.28).
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Figure 4.22: Experimental implementation of a f-to-2f interferometer. By changing the
delay and removing the flip mirror, it is easily possible to change between the different
operation modes for fceo 6= 0MHz and fceo = 0MHz.

LMA fiber broadening at 1 µJ pulse energy and different repetition rates

In a first step, we examined the necessity of an additional feedback loop by studying the
long-term phase fluctuations over several minutes.

In order to check that we measure the actual phase and not a locking artifact, we
implemented a second f-to-2f interferometer. It served as an out-of-loop measurement of
the actual phase. Figure 4.26 shows the results for a fceo of 10 MHz for different repetition
rates. The black (18.4 MHz), red (24.5 MHz), blue (36.8 MHz) and magenta (36.8 MHz)
curves show the in-loop and out-of-loop measurement for a locked fceo at 10 MHz. They
exhibit record values of 65 mrad, 61 mrad, 65 mrad and 220 mrad respectively. The peak
at around 330 sec for the blue curve is an exemplary calibration of the measurement,
done by not locking the phase and introducing noise to the system. The peak to peak
value corresponds to π. Figure 4.27 shows a similar study for a fceo of 0 MHz. The red
curve clearly illustrates the need of a feedback loop as the phase constantly drifts in one
direction when only the feed-forward stabilization is employed. Using the locking scheme
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Figure 4.23: The employed experimental setup is shown, it comprises the MOPA system
and two f-to-2f interferometers after non-linear compression; one in-loop and one out-of-
loop interferometer, to measure the real phase noise. The figure is adapted from [44].

Figure 4.24: The employed locking loops for fceo = 11MHz are illustrated. They comprise
a state-of-the-art feed-forward loop and a novel feedback loop. The feedback consists of
two stages a rather slow frequency modulation (integral acts as a low-pass and slows down
the loop) that acts on the feed-forward signal and a fast phase shifter, which can operate
up to 500 kHz and changes the same signal. Figure adapted from [44].

Figure 4.25: The figure describes the employed locking loops for fceo = 0MHz. They
comprise the same loops as used for the fceo = 11MHz, shown in figure 4.24. The error
signal gets derived from the modulations of the detected spectrum.
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Figure 4.26: Long-term phase measurement for a fceo of 10 MHz. Black, red and blue traces
show in-loop measurements for different repetition rates, the grey one was taken without
feedback loop. Out-of-loop phase fluctuations when fceo was locked at 10 MHz are shown
in magenta. The peak at around 330 sec for the blue curve is an exemplary calibration of
the measurement, done by not locking the phase and introducing noise to the system. The
peak to peak value corresponds to π.

presented in [44] we achieved a value of only 60 mrad (up to 4 kHz) over 10 min. In a next
step we looked at fast noise fluctuations. For this purpose we switched to fceo = 10MHz
and analyzed the phase noise up to 400 kHz.

Figure 4.28 depicts the one-sided phase spectral density (PSD) and the integrated phase
noise (IPN) for 36.8 MHz repetition rate for two different feedback bandwidths (167 Hz and
11 kHz) as well as the noise floor of the measurement and the noise fluctuations without
feedback loop. It clearly shows that a 167 Hz bandwidth is sufficient for our system as
the integrated phase noise for both bandwidths are comparable. On the top of the figure
the evaluation of the in-loop measurements of all of the repetition rates as well as the
out-of-loop measurements are illustrated. In average, the system exhibits an out-of-loop
phase noise of less than 100 mrad which is half the out-of-loop noise reported in previous
publications for a system with similar parameters [108]. Furthermore, it shows that the
out-of-loop noise is in the same range as the in-loop noise. From this we can derive that
the real out-of-loop phase noise of the fceo = 0MHz study is comparable to the measured
in-loop values.
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Figure 4.27: The upper panel shows a long-term measurement at fceo of 0 MHz. The red
trace (only feed-forward stabilized) constantly drifts in one direction, directly indicating
the need of a feedback loop. The black trace (magnified view on the bottom) is taken with
an additional feedback loop operating at 167 Hz and exhibits a record value of 60 mrad
over 600 seconds.

Bulk broadening in a multi-pass-cell at several µJ

In the next step we increased the usable pulse power by a factor of around five by changing
the broadening scheme to a bulk based one (for details see section 4.1.3). This was done in
two steps. At first, the fast phase jitter of up to 400 kHz was examined by locking the fceo
phase to 11 MHz via the feed-forward scheme and using a fast f-to-2f interferometer with a
photodiode. Afterwards, the phase was locked to fceo = 0 MHz and checked for long-term
stability with a spectrally resolved f-to-2f.

Both results are depicted in figure 4.29 a and b, showing that compared to fiber broa-
dening of the same system [44] the performance becomes slightly worse, mainly due to the
worse mode shape caused by the Kerr non-linearity [74], and beam pointing, increased by
the longer beam path. These two effects hinder the octave generation in the f-to-2f as the
coupling into the fiber gets worse and the beatnote is prone to jitter and the signal-to-noise
ratio is reduced. In the range of 4 mHz to 144 Hz, over 5 minutes, 137 mrad phase noise
are identified and only 105 mrad within 0.3 Hz to 400 kHz. By combining this concept with
bulk broadening, scaling the compression to phase stable sub-20-fs [38, 108] is feasible and
thus constitutes an ideal broadening technique for ultra-broadband enhancement cavities,
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Figure 4.28: The one sided phase spectral density (PSD) and the integrated phase noise
for 36.8 MHz repetition rate for two different feedback bandwidths (167 Hz, 11 kHz) as well
as the noise floor of the measurement and the noise fluctuations without feedback loop are
depicted. On the top the evaluation of the measurements of all of the repetition rates as
well as the out-of-loop measurements are shown. Figure adapted from [44].

which are theoretically suitable for IAP generation by mode gating [37].

Multi-pass-cell broadening with subsequent single-pass bulk broadneing step

In order to test this scalability, we implemented two additional broadening steps (see
4.2.3) and evaluated the phase noise in the same fashion. One fast measurement at fceo =
11 MHz and a slower one at fceo =0 MHz. The bandwidths are 0.3 Hz to 400 kHz and 6 mHz
to 144 Hz, respectively. The measurement shows the same trend as the previous one, due
to the even worse beam profile the values degrade to 150 mrad and 225 mrad for the fast
and slow measurement, respectively. However, they still exhibit comparable phase noise
values as other high-power, high-repetition-rate state-of-the-art systems [108].

4.3 Enhancement cavity design and implementation

Having characterized the laser system, we can now design a cavity for optimized high
harmonic generation. For this purpose, we have to follow simple intuitive instructions.
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Figure 4.29: Phase noise characteristic of the MPC broadening scheme. a One-sided phase
spectral density (PSD) and the integrated phase noise (IPN) for a feedback bandwidth of
11 kHz as well as the noise floor of the measurement and the noise fluctuations without
feedback loop for fceo = 11 MHz. The IPN amounts for 150 mrad. b Long-term phase noise
measurement with fceo =0 MHz, the RMS phase noise is determined to be 130 mrad.

Figure 4.30: Phase-noise characteristics of the MPC broadening scheme with two addi-
tional single-pass bulk broadening steps. a shows the one-sided phase spectral density
(PSD) and the integrated phase noise (IPN) for a feedback bandwidth of 11 kHz as well
as the noise floor of the measurement and the noise fluctuations without feedback loop
for fceo =11 MHz. The IPN amounts for 150 mrad. b Long-term phase noise measurement
with fceo =0 MHz, the RMS phase noise amounts for 225 mrad.

• Choose target XUV photon energy and target gas and deduct the needed peak in-
tensity in the target

• Increase it by a factor of ∼1.5 to 2 as the optimal nozzle position is slightly in front
of the focus
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• Determine the finesse of the cavity by using the empirical law derived in [101] by
accepting a clamping limit of around 90 %.

• Calculate the needed focus size

• Assume a radius of curvature (ROC) and calculate the beam size on the mirrors.
Extract the possible size of the hole, assuming an impedance matched cavity which
is dominated by the losses at the on-axis opening. They can be easily calculated by
e−4·rhole/won−mirror [68, 170]

• Find the best match from the available mirrors, the larger the hole, the better the
output-coupling efficiency.

For the MEGAS cavity we find the following possibilities for a 60-eV cut-off in argon
with a 11 W and 80 W seed respectively. (see table 4.3 and 4.4)

radius of curvature 200 mm 300 mm 600 mm

radius on mirror 2.6 mm 3.9 mm 7.8 mm

hole radius 0.23 mm 0.35 mm 0.7 mm

peak intensity on mirror 3.9 · 109 W/cm2 1.7 · 109 W/cm2 4.4 · 108 W/cm2

focus radius 13µm 13µm 13µm

Table 4.3: Enhancement cavity configurations for 11 W. The transmission of the input
coupler is 3.1 % in the optimized case. Currently only 1 inch optics are available, con-
sequently configurations with a mode radius larger than 5 mm cannot be handled wi-
thout losses. The damage threshold of the newest coating design is estimated to be around
1010W/cm2.

radius of curvature 200 mm 300 mm 600 mm

radius on mirror 1 mm 1.5 mm 2.9 mm

hole radius 0.09 mm 0.13 mm 0.26 mm

peak intensity on mirror 2.1 · 1011 W/cm2 9.2 · 1011 W/cm2 2.3 · 1010 W/cm2

focus radius 34µm 34µm 34µm

Table 4.4: MEAGS cavity possibilities for 80 W. The transmission of the input coupler is
3.1 % in the optimized case. The limitations are the same as for the 11 W cavity presented
earlier.

Due to the damage threshold of roughly 1010 W/cm2 and a maximum mode diameter
of around 10 mm on the 1” mirrors, two different cavities for the different compression
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schemes are necessary. A ROC 200 mm cavity for the 11 W LMA broadening (the ROC
300 mm cavity would have also been possible, but unfortunately we did not have a suitable
pierced mirror) and a ROC 600 mm for the 80 W MPC broadening. Due to the relatively
large focus size of 34µm we expect that we hit the gas atoms at least twice in the final ROC
600 mm configuration and, thus, that the cumulative effects hinder the XUV generation as
well as the cavity operation [12]. In a first proof-of-principle experiment we implemented
a high finesse cavity (finesse of 300) and studied the effect of the gas flow direction to find
an optimized nozzle geometry. We achieved this by rotating the nozzle by 90 degrees and
evaluating the mode distortions due to the gas. This study was conducted within the ROC
200 mm cavity, where the gas target is hit exactly once at a picking factor of four and twice
for a factor of two. In this geometry we reach identical pulse parameters for both repetition
rates. The results are shown in figure 4.31.

Figure 4.31: a and b show the pulse energy and the mode size with increasing seed pulse
energy, with a gas flow direction perpendicular to the cavity plane. c and d show the same
measurement with a gas flow direction parallel to the cavity plane

For a configuration in which the gas is flowing perpendicular to the cavity plane (see 4.31
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a and b), we find that the cavity clamps more for the double-pass configuration (figure 4.31
a), the reason for this is the worse overlap at the input coupler due to the mode distortions
(4.31 b). At first glance, this behavior looks like a normal plasma lens that forces the cavity
closer to its stability edge and due to the angle of several degrees in the tangential plane
it reacts more strongly in this direction. However, after changing the flow direction (4.31
c and d) this effect changes and it is clear that no simple plasma lens can explain the
behavior. Further investigation had to be shifted to a later date due to time restrictions.
As a result, we found that for an optimized HHG cavity we need to design the cavity with
a gas flow direction parallel to the cavity plane and adapted our design accordingly. That
way we can reach higher average powers which result in higher XUV flux.

4.4 Conclusion

In conclusion, we implemented three different compression schemes and characterized their
output regarding pulse duration, average power and phase stability. Due to the unparalleled
flexibility of the system all three methods are necessary to use every aspect of the system.
For pulse-picking factors of only one or two the LMA broadening is necessary as only 1-2 µJ
pulse energy is available and other broadening methods (e.g. single-pass bulk, capillary and
hollow-core fibers) are not applicable. At a picking factor of 4 the novel MPC broadening
in a bulk medium was applied and up to 4.5µJ at 35 fs were achieved. The implementation
of another single-pass bulk broadening step compressed the pulses even further to 20 fs at
2µJ. An overview of the laser parameters is given in the following tabular 4.5.

compression scheme LMA MPC MPC + bulk

repetition rate 18.4 MHz 36.8 MHz 73.6 MHz 18.4 MHz 18.4 MHz

pulse duration 30 fs 35 fs 20 fs

pulse energy 0.7µJ 4.5µJ 2µJ

phase stability <400 kHz 90 mrad 105 mrad 145 mrad

long-term phase stability <167 Hz 60 mrad 130 mrad 225 mrad

Table 4.5: Overview of the different broadening schemes for the different pulse energy
regimes.

Furthermore, we found the optimized cavity configuration, including input coupler, fo-
cusing geometry and nozzle positioning for the different broadening schemes, respectively.
Overall, we have demonstrated an Yb-fiber MOPA system seeded by a titanium-sapphire
oscillator, achieving excellent phase stability for pulse energies up to 4.5µJ. The repe-
tition rate can be tuned with a traveling-wave-type AOM by an integer factor of up to
four without affecting the pulse parameters. By implementing an additional stronger pul-
se stretching in the CPA [171] we expect to reach 4 MHz and 20µJ pulse energy. The-
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se pulses are suitable to be compressed with alternative, pulse energy scalable schemes
[36, 74, 108, 147, 159, 160, 162] down to few-cycle sub-10-fs pulses. For all of the tested
repetition rates and all applicable broadening techniques, a small integrated phase noise
between 60 mrad and 150 mrad for up to 400 kHz was measured. Analysis of the long-term
drifts revealed values of 50 mrad to 230 mrad for several minutes. These results directly
prove that low power feed-forward-stabilized titanium-sapphire oscillators are well suited
as low-phase-noise seeders for Yb:fiber systems. Furthermore, they show that the noise in-
troduced by Yb-fiber amplifiers (including CPA), even for an amplification factor of around
50 dB, is sufficiently low and slow to be readily compensated by a simple feedback scheme
operating on the same AOFS device used in state-of-the-art feed-forward stabilization of
the titanium-sapphire master oscillator. Finally, they show that the novel pulse picking
scheme, called synchronized pulse picking, employing a fast AOM pulse-picker can be used
to reduce the repetition rate of the master oscillator before amplification without distorting
the phase stability irrespective of the picking factor.

Overall, this system gives rise to several fascinating applications of the system:

• Generation of zero-offset-frequency APTs [12, 80]

• Generation of IAPs by mode gating at MHz repetition rates [37, 71]

• Study of cumulative effects in EC [12] by having either one or more simultaneously
circulating pulses (see chapter 5)

• Electro-optical-sampling with a lock-in detection at half the fundamental oscillator
repetition rate [172]. (This was achieved in a side study with lock-in detection at a
quarter of the repetition rate. Alas, it was not further examined in the scope of this
thesis.)

• Function as a XUV frequency comb
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Chapter 5

Cumulative effects on high harmonic
generation in gases

High-order harmonic generation (HHG) driven by ultra-short pulses in gases is the only
source of coherent [173, 174] extreme-ultraviolet (XUV) radiation [5–8]. HHG has been
extensively studied for the single-pass regime, where each atom in the interaction volume
is hit by one pulse only [37, 49, 50, 53, 59], which is the case for pulse repetition frequencies
smaller than several MHz and gas velocities typically achieved in end-fire nozzles.

Here, we experimentally compare the single-pass case (frep = 18.4MHz) with a double-
pass regime (frep = 36.8MHz) in which two pulses hit each atom. For identical parameters
of the individual pulses, the phase-matched plateau harmonics exhibit very similar flux
despite the twofold difference in average power. We find two possible reasons for that:

1. The plasma gradient functions as a phase mask that changes the spatial distribution
of the generated XUV (e.g. divergence and / or emission angle) and significantly
reduces the output-coupling efficiency.

2. The previously-hit gas atoms can no longer be homogeneously phase matched, due
to the pre-existing plasma.

These findings provide guidelines for the optimization of HHG sources for applications
demanding multi-MHz repetition frequencies, such as time-resolved photoemission electron
microscopy [4, 14, 30] or XUV frequency comb spectroscopy [6, 10, 11]. We found indica-
tions that single-pass has to be guaranteed for efficient HHG and nozzle development to
provide a faster gas exchange can prove to be of tremendous benefit in pushing HHG to
its limits [175].

5.1 Objective of the study

Less than two decades ago, developments in laser technology afforded the capability of
generating visible/near-infrared (VIS/NIR) pulses reaching field strengths on the same level
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as the atomic Coulomb field of atoms and a pulse duration of only a few oscillations of the
carrier wave [19]. Via HHG in rare gases driven with such intense pulses, ultra-short bursts
of extreme-ultraviolet (XUV) radiation were generated, phase-locked to the electric field of
the driving pulse [5–8, 19, 36, 139]. With the help of XUV photoemission spectroscopy in
the presence of a variably-delayed, phase-coherent pulse (attosecond streaking), these XUV
pulses provided experimental access to processes driven by the electric field rather than
the intensity envelope of the optical pulse. This enabled studies of the fastest dynamics
observed in nature to date, namely electronic motion in atoms, molecules and solids [5,
40]. Customarily, the master oscillator power amplifier (MOPA) systems driving HHG
operate at repetition frequencies smaller than 1 MHz, owing to the tradeoff between the
high pulse energies necessary for HHG and constraints on the average power. At these
pulse repetition frequencies, the atoms interacting with the HHG-driving pulses usually
leave the interaction volume long before the arrival of the subsequent pulse (several 10µs).
In this single-pass (SP) regime, the process of HHG has been extensively studied over more
than two decades [37, 49, 50, 53, 59]. However, many applications, require pulse repetition
frequencies in the range of several tens of MHz. Examples include space-charge-limited
measurements such as the combination of attosecond streaking with photoemission electron
microscopy (attoPEEM) for time- and space-resolved investigations of surface plasmons in
metallic nanostructures [4, 14, 30] and time- and angle-resolved photoemission spectroscopy
(trARPES) [3] for in-depth studies of electron correlations in solids. Another example is
precision XUV frequency comb spectroscopy of electronic transitions which can be used
to study quantum theories [6, 11, 176, 177]. Currently femtosecond enhancement cavities
(EC) constitute the only laser architecture permitting HHG at repetition frequencies of
several tens of MHz [6, 12, 34, 83, 84, 93, 99–101, 173](also see section 3). ECs have
been successfully used for a number of HHG experiments at high repetition frequencies.
For example, Cingöz et al. demonstrated the first direct XUV frequency comb spectroscopy
measurement at 154 MHz [6], Benko et al. presented the first measurement of the coherence
time of XUV frequency combs obtained via HHG [173], and Carstens et al. demonstrated
the scalability of cavity-enhanced HHG to a repetition frequency of 250 MHz and photon
energies exceeding 100 eV [12]. However, despite affording circulating pulses of around ten
optical cycles with average powers on the 10-kW level [12, 34, 93], the number of XUV
photons per pulse and even the total flux reached with cavity-enhanced HHG cannot fully
compete with direct, single-pass HHG [7, 19, 46, 139](also see figure 6.3). At repetition
frequencies of several tens of MHz the scaling of HHG efficiency for previous experiments
seems to strongly deviate from a linear dependence. Thus far, studies of the non-linear
dynamics of ECs with gas targets have mainly concentrated on the effect of the non-
linearity on the circulating pulse [99–101]. The ionization during the propagation of the
pulse through the gas target modulates the refractive index of the gas which leads to self-
phase modulation and a spectral blueshift, which affects the overlap at the input coupler
of the EC and leads to a clamping of the attainable intra-cavity intensity [101]. While
this effect is well studied, the dynamics induced in atoms by multiple shots and their
effect on the HHG process has not been experimentally studied. Experimental studies of
the steady-state plasma in the context of ECs are furthermore complicated by the large
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number of passes through the same atom, which renders a quantitative evaluation of the
processes highly involved. In this chapter, we present an experimental comparison between
single-pass (SP) HHG with a regime in which each atom is hit by two pulses of the driving
laser (double-pass, DP). The only parameter varied between these two cases is the pulse
repetition frequency - and, therefore the average power. For this purpose, we set up an
18.4-MHz-repetition-rate femtosecond enhancement cavity with a focus size of 12.3µm.
The femtosecond front-end seeding the EC delivers 35-fs pulses with 0.6µJ of energy and
employs the pulse-picker (described in reference [43] and chapter 4), thus offering the
possibility to choose a repetition frequency of 18.4 MHz or 36.8 MHz at identical single
pulse parameters. The focus size is carefully chosen to ensure SP and DP operation at
18.4 MHz and 36.8 MHz, respectively.

5.2 Experimental setup

The experimental setup is shown in Figure 5.1 a. The front-end seeding the enhancement
cavity was described in reference [44] as well as in chapter 4. In brief, the main components,
a titanium-sapphire seed oscillator emits a 73.6-MHz pulse train, whose repetition frequen-
cy can be picked by an integer factor with a synchronous pulse-picker [43]. Chirped-pulse
amplification employing Yb-doped fibers, delivers 250-fs pulses with an energy of more
than 1µJ for all repetition rates. Spectral broadening in a Large-Mode-Area (LMA) fiber
and subsequent temporal compression with chirped mirrors (CM) delivers 0.6-µJ, 35-fs
pulses independent of the repetition rate. These pulses are used to seed a 16.3-m (corre-
sponding to a single-pass repetition frequency of 18.4 MHz) enhancement cavity (EC) with
a finesse of 160. In the experiments reported here, the EC was seeded with pulse trains
of either 18.4 MHz or 36.8 MHz, with otherwise identical parameters (see Figure 5.1 b-d).
An argon gas target delivered by an end-fire fused silica nozzle was positioned in the fo-
cal region. Fused silica was chosen due to its high resistance to heat, which allows stable
operation of the cavity without deformation of the nozzle. The gas flow velocity for the
utilized nozzle distance (100µm) was estimated to be 450 m/s (Figure 5.1 e) by simulations
using a 1D model [178] and ComsolMultiPhysics. The curved mirrors of the EC (ROC =
200 mm) and the position in the stability range were chosen such that the focal waist was
12.3µm. This focus led to peak intensities of several 1013W/cm2 and ensured single-pass
(SP) configuration for the 18.4-MHz pulse train, meaning that each atom in the interaction
region was hit by exactly one pulse. At 36.8 MHz, each atom was hit by two pulses, which
we denote double-pass (DP) configuration. The generated harmonics were coupled out of
the cavity by a pierced mirror as first demonstrated by Pupeza et al. [34] and split from
the fundamental beam by two Nb2O5 beam splitters (BS), guiding the XUV radiation to
a spectrometer. The Nb2O5 BS ensured good separation of the fundamental IR and the
XUV and a good XUV reflectivity in a large energy range, see figure 5.2.

The pierced mirror (PM) geometrical XUV output-coupling method has several ad-
vantages, the main one being the large bandwidth and the simplicity of the approach.
Due to its geometrical nature, only the divergence of the harmonic is responsible for the
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Figure 5.1: a Experimental setup consisting of a titanium-sapphire seed, synchronous AOFS
pulse-picker [43], Yb-power-amplifier [104], spectral broadening, cold mirror (CM) compres-
sion and a 16.3 m enhancement cavity with either one (18.4 MHz, SP) or two (36.8 MHz,
DP) simultaneously-circulating pulses. The spectral broadening is achieved in a solid core
large-mode-area (LMA) 25 fiber providing identical pulses at both repetition rates, 0.6µJ
and 35 fs [44]. The XUV is couple out by a pierced mirror [34] and guided to a XUV spec-
trometer by two Nb2O5 beam splitter (BS). b c and d show the non-linear intra-cavity
pulse parameters: auto-correlation (AC, τGaussian = 38fs), spectrum (Fourier-limit (FL) of
36 fs and 37 fs) and the mode on the pierced mirror taken by the CCD. e depicts the gas
velocity along the flow direction derived by a 1D model [178] and confirmed via COMSOL
Multiphysics. Complete replenishment of the gas target within 54 ns (1/SP) is achieved for
velocities larger than 450 m/s assuming a focal waist of 12.3µm.

output-coupling efficiency and there is no limitation for higher energies. It only depends on
the nozzle position in respect to the focus as well as the focusing geometry (e.g. focusing
mirrors and position in the stability range). It can be calculated using the 3+1 D model
developed by Maximilian Högner et al., which is presented in reference [37]. Furthermore,
the PM provides several W of intra-cavity IR light used to characterize the cavity and
control the experimental conditions. One drawback of this method which had to be mit-
igated was the damage threshold of this mirror as around 1 % of the impinging IR light
is scattered into the mirror at the edges of the hole and destroyed the mirror likely due
to local field enhancement at the poor edges. By developing and improving the so-called
inverse laser drilling [97], our collaboration partners of the Fraunhofer Institute for Laser
Technology (ILT), Aachen, improved these edges dramatically as seen in figure 5.3. These
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Figure 5.2: Thin-film polarizer with a thin coating of Nb2O5 as the final layer. The design
ensures good suppression of the IR and excellent reflectivity of the XUV over a very large
energy range [65].

novel mirrors proved to be an excellent choice for EC HHG as they have been in use for
months without damage under harsh conditions of several 1011W/cm2 intensity.

In order to keep the cumulative interaction simple (SP and DP) and prevent thermal
deformations, the following experiments were performed at a maximum repetition rate
of 36.8 MHz, leading to an intra-cavity power of 0.7 kW and 1.4 kW, respectively for SP
and DP. This allowed for a stable operation of the cavity under constant conditions for
measurement times larger than 10 h.

5.3 Experimental observations and interpretation

As a first step we calibrated the position of the nozzle with respect to the focus. For this
purpose, we recorded the intra-cavity average power for a two-dimensional (2D) scan of the
pressure and the nozzle position at both repetition rates. The resulting maps are shown in
figure 5.4. These maps are normalized with respect to the average power achieved in the
linear cavity.

From these maps we can easily find the focus position and use it as a reference for
the HHG experiments. The underlying principle is that the power-clamping intensity is
dependent on the peak intensity and on the pressure according to the experimental formula
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Figure 5.3: Microscope image of a pierced mirror drilled by the inverse laser drilling method
[97]. The quality of the edges define the damage threshold and was improved dramatically
over recent years. This specific mirror is in use since several months without damage under
illumination of several 1011W/cm2.

derived in reference [101]. By fitting a spline to the maps for higher backing pressures we
can identify the focus position. One immediate observation is that in the SP configuration
the power clamping is less severe than for the higher repetition rates. One has to mention
here that at 73.6 MHz we were unable to achieve the same intra-cavity pulse energies. This
can be attributed to the interaction with the cumulative plasma or thermal effects in the
cavity. For this reason, we could not take the data taken from 73.6 MHz repetition rate into
consideration for further analysis as a simple thermal effect could not be excluded. Once the
focus is found we recorded similar maps to examine the HHG process for different repetition
rates. Six exemplary XUV maps are shown in figure 5.5 a. They show the integrated counts
within one harmonic for the SP (2nd row) and the DP (3rd row) configuration. The color
scales are kept the same for each individual harmonic for easier comparison between the
repetition rates. Note that due to backing pressure limitations, phase matching could not
be achieved for harmonic orders higher than the 41st and we are restricted to lower orders
in our evaluation. The SP results are in good agreement with simulations using a 3+1D
propagation model (also used for [37]), as shown in the first row. The simulation predicts
the position of the gas target with respect to the focus as well as the pressure for which
phase matching was achieved. These maps are crucial for a reliable evaluation as phase
matching plays a critical role for HHG, and we have to individually optimize the process
for both repetition rates. Figure 5.5 b shows the XUV spectrum at the position marked
in the maps for both repetition rates, where the 33rd harmonic is optimized for the SP.
In figure 5.5 c each harmonic is taken at the individually-optimized position and stitched
together in one spectrum. The dotted lines represent the integrated counts within one



5.3 Experimental observations and interpretation 71

Figure 5.4: a b c Normalized clamping maps for three different repetition rates, 18.4 MHZ,
36.8 MHZ and 73.6 MHZ respectively. The XUV data collected for 73.6 MHz could not
be used for further analysis as is could not be excluded that simple thermal problems
limited the intra-cavity power. The normalization is done in respect to the average power
achieved in the linear cavity. All of the maps show the same overall behavior and the focus
position can be set to 0µm as reference. The color scale for all three maps is kept the same
to ensure easier comparison. On can directly see that in the focus the SP configuration
clamps slightly less than the higher repetition rates.

harmonic (i.e. flux) for the SP (black) and the simulation (blue). For all but the 21st,
31st,33rd and the 37th harmonic, the peak intensity of the IR driving field for SP and DP
was within 1 % for these positions.

To gain a deeper insight into this behavior we performed an intensity sweep at one
position with a high cut-off (slightly behind the focus: 50µm; at a backing pressure of
10.5 bar) and compared the XUV generation time, which is proportional to the inverse
full width half maximum (FWHM) of each harmonic, the flux for increasing intra-cavity
peak power and the change in XUV efficiency normalized to 18.4 MHz, e.g. single-pass
configuration.

In Figure 5.6 a one can see that for 27 eV to 40 eV the XUV flux experiences clamping
to a maximum value for the last 30 % of the intra-cavity pulse energy. For higher ener-
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Figure 5.5: a Simulated 2D phase-matching maps for six different harmonics (1st row) as
well as the corresponding experimental data for SP (2nd) and DP (3rd row) plotted in the
same color scale. Nozzle position 0µm marks the cavity focus in the experiment as well as
the simulations. It is derived from figure 5.4. b XUV spectra for both repetition rates taken
at the same position as marked in a. c Stitched XUV spectrum for individually-optimized
conditions for SP and DP taken from the position of the maps with the highest flux. The
dotted lines represent the integrated flux of these harmonics for the SP and the simulation.
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Figure 5.6: a Development for the total XUV flux in respect to the intra-cavity pulse energy
for the SP (solid) and the DP (empty). For harmonics up to 40 eV. 36.8 MHz exhibits the
same or slightly higher total flux despite double the average power. b Inverse FWHM,
which is proportional to the generation time, in respect to the intra-cavity pulse energy.
The single pass configuration exhibits an opposing trend of increasing generation time
compared to the DP configuration.

gies (>40 eV), the flux is doubled for the DP configuration like expected from single-pass
observations [139]. Note here that this clamping effect is more severe and shifts to higher
energies when taking the whole 2D maps into account (see figure 5.7). The clamping flux
value is independent on the repetition rate and points towards depletion of the gas target
and/or phase-matching issues for the pre-excited atoms [6]. The effect of pre-excitation is
also clearly visible in the inverse FWHM of the harmonics depicted in Figure 5.6 b which
is proportional to the generation time. At lower intensities and DP the XUV is generated
even in a longer period and more efficient compared to SP. However, at a critical value the
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generation time in the DP configuration suddenly starts dropping with increasing power
independent of the harmonic order. This unexpected behavior indicates that the gas target
is no longer phase matched for part of the pulse. This can only be attributed to surpassing
a critical phase-matching ionization fraction of around 6 % for argon or at least reaching
a ionization fraction which is no longer phase matched with the optimized pressure of the
replenished atoms. The SP configuration in comparison shows the expected trend for the
generation time: with increasing intensity, a larger part of the pulse contributes and the
generation time increases. This observation suggests that the clamping behavior depends
on the history of the gas, e.g. pre-ionization and spatial distribution of the plasma. To con-
firm that the XUV clamping is a global effect we evaluated the 2D XUV maps regarding
HHG efficiency and IR peak intensity. The results are shown in figure 5.7.

Figure 5.7 a shows the ratio of DP flux to SP flux. The empty symbols represent the
position of the data taken for figure 5.6 slightly behind the focus (50µm) and the solid
symbols take the whole 2D XUV map into account and compare the flux globally. Both
show a plateau like behavior up to the 41st order (47 eV), where the flux is identical and
even higher for the SP despite half the intra-cavity power. This clamping effect is more
pronounced when taking the whole map into account. Figure 5.7 b shows the ratio of the
DP to SP peak intensities for the optimized phase-matched position for each harmonic
individually, ruling out that the DP configuration is less efficient due to less peak intensity.
In figure 5.8 the inverse FWHM for the optimized positions is shown.

It is evident that the trend observed in figure 5.6 b is a global effect as each position
for the DP configuration exhibits a shorter generation time. In order to understand this
behavior, we have to understand the difference in the interaction with the gas target for
the SP and the DP cases.

Figure 5.9 shows a basic sketch of the gas target interaction with the circulating laser
pulses. In a first step the gas target gets hit and a plasma is formed in region II. When
the next pulse arrives the SP and the DP experience different experimental conditions. For
the single pass all of the previously-ionized and excited atoms are replenished and cannot
hinder the XUV generation, only the new atoms from region I contribute. For the DP
configuration half of these atoms (region II) remain in the interaction region and form a
phase mask on one half of the interaction volume that acts on the HHG process, either by
preventing phase matching for these atoms or by introducing spatial effects that reduce the
output-coupling efficiency of the pierced mirror. Phase-matching issues can occur due to
the spatially in-homogeneous plasma distribution in region II and only replenished atoms
from region I can be phase-matched simultaneously. As region I is the largest area of
homogeneous phase-matching pressure, it is expected that the XUV maps do not change
shape compared to the SP. This way, the situation for SP and DP is the same: only the
replenished atoms contribute to the HHG process and the phase-matching pressure is the
same as observed in figure 5.5 a. As the amount of replenishment is the same for both
repetition rates, it is self-evident that both repetition rates exhibit the same XUV flux.

Another hypothesis is that the plasma acts as a phase mask that hinders the output-
coupling efficiency of the pierced mirror by either increasing the divergence or changing
the angle, the XUV is emitted. This way, up to twice the XUV flux is generated but the



5.4 Conclusion 75

Figure 5.7: a Evaluation of the XUV clamping curves at the highest intra-cavity peak
power, namely the ratio of DP flux to SP flux. The empty symbols represent the position
of the data taken for figure 5.6 slightly behind the focus and the solid symbols take the
whole 2D XUV map into account and compare the flux globally. Both show a plateau like
behavior up to the 41st order, where the flux is identical and even higher for the SP despite
half the intra-cavity power. b Ratio of the DP to SP peak intensities for the optimized
phase-matched position for each harmonic individually, illustrating that the peak intensities
are similar in both configurations.

output-coupling efficiency is strongly reduced (up to a factor of 4). Maximilian Högner
simulated several phase masks and both possibilities are reasonable and do not change the
shape of the 2D maps significantly. In order to gain more insights into this process more
sophisticated measurements are necessary.

5.4 Conclusion

In conclusion, we have shown that even a two-pass configuration hinders the XUV generati-
on dramatically as either half of the atoms cannot be phase matched or act as a phase mask
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Figure 5.8: Inverse FWHM of the harmonics for the SP and the DP configuration at the
phase matched conditions. All harmonics are generated in a smaller time window in the
DP configuration.

that changes the spatial distribution of the XUV. This is mainly due to an inhomogeneous
plasma distribution of the previously-hit atoms, which prevents a constant phase-matching
pressure and introduces a refractive index gradient, leading to spatial disturbance of the
XUV beam. The experiment confirms the behavior oberved in reference [10, 12] of reduced
output-coupled XUV flux with increasing repetition rate. In order to increase the flux per
comb-line, e.g. increase the flux for high repetition rates, the main approach is to increase
the gas replenishment rate or increase the number of participating atoms. Thus far, this
has been mainly achieved through three technical improvements:

• Mix the target atoms with a lighter gas, e.g. helium. This decreases the mean mass
and the gas is accelerated [10, 12]. The downside of this is that the total number of
gas atoms increases and the backing pressure increases accordingly. For this reason,
a gas catcher needs to be implemented directly at the nozzle, which immediately
removes these atoms after interaction with the laser pulse from the chamber. For
argon and neon this technique is less efficient due to their lower mass compared to
xenon.

• The gas can be heated up to increase the velocity, as shown by Porat et al. [175].
This is primarily limited by the melting / deformation point of the utilized nozzle.
When combining both methods xenon can be accelerated to several times its original
velocity.

• Scale up the power of the impinging pulses and focus looser into the gas target.
Accordingly, more atoms can interact and contribute to the HHG process (see chapter
6). The scaling law from Heyl et al. can be directly applied [67].

For long-term stable operation, a single-pulse configuration is preferable as thermal
effects are minimized and the flux is still the same. Additionally, more pulse energy is
available at a lower repetition rate at the same average power. With this new pulse energy
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Figure 5.9: Basic sketch of the gas target interaction with the circulating laser pulses.
In a first step, the gas target is excited and a plasma is formed in region II. When the
next pulse arrives the SP and the DP experience different experimental conditions. For
the SP configuration all of the previously ionized and excited atoms left the interaction
volume and cannot influence the XUV generation. For the DP configuration, half of the
number of these atoms (region II) remain in the interaction region and form a phase mask
that acts on the HHG process, by either preventing phase matching for these atoms or
introducing spatial effects that reduce the output-coupling efficiency of the pierced mirror.
We can divide the interaction volume into three regions: (a) a region with replenished
neutral atoms with well-defined phase-matching pressure; (b) a pre-ionized region with
inhomogeneous phase-matching pressure; and (c) a region in which the phase matching
pressure cannot be reached.

novel pulse compression techniques are suitable to scale the seed pulse power and thus the
XUV flux.
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Chapter 6

Space-charge-free photoemission
spectroscopy

This chapter presents a study on a novel cavity-enhanced XUV source with record flux
in the range of 30 eV to 60 eV, developed during the course of this thesis. The source
is analyzed in respect to flux (extreme-ultra-violet (XUV) and photoelectron), long-term
stability and time resolution.1

6.1 Objective of the study

Photoelectron spectroscopy (PES) employing extreme-ultraviolet (XUV) radiation is a
widespread and powerful tool for studying electronic structure and dynamics of solids, mo-
lecules and gases [2]. In recent years, a series of tremendous technological developments
in the field of ultra-fast lasers (reviewed, e.g. in reference [40] and [81]) have led to first
PES experiments performed with XUV radiation obtained by high harmonic generation
(HHG) driven by intense laser pulses in gases, in the presence of the driving field [1, 179].
In these experiments, the attosecond amplitude modulation of HHG radiation, together
with its synchrony with the driving electric field, enabled XUV-PES with attosecond and
even zeptosecond temporal resolution, advancing attosecond metrology [40]. Of particu-
lar importance among the atomic-scale dynamics experimentally accessible nowadays is
the study of attosecond photoionization delays, carrying information about the electron
dynamics [18, 31, 32, 39, 40].

Measurements of photoionization delays have been performed with both the streaking
technique [18, 39, 40], employing isolated attosecond pulses, and the RABBITT (recon-
struction of attosecond harmonic beating by interference of two-photon transitions) techni-
que [188], using attosecond pulse trains [31, 32, 41, 42]. RABBITT-based techniques exhibit
a few distinct advantages, including an improved spectral resolution due to the discrete
nature of the harmonic spectra of XUV pulse trains, superior signal-to-noise ratio due to

1The photoelectron diagnostics were done together with Stephan Heinrich and the theoretical aspects
in collaboration with Johannes Schötz.
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Figure 6.1: Overview of the available XUV flux of the most prominent titanium-sapphire
based XUV sources. The lines depict the space charge limit of 100 meV for different repeti-
tion rates at a focus size of 50µm and an XUV attenuation of 97 %. Most titanium-sapphire
systems are limited to repetition rates far smaller than 1 MHz. For an optimized setup with
less XUV attenuation from the point of generation to the target even more severe space
charge effects occur. The limits are calculated in accordance with section 6.3.1 [180–187].

the evaluation of side-band modulations rather than shifts of broad spectra [31, 32, 41, 42],
the simultaneous measurement at different photon energies with the immediate possibility
to compare these with each other, and less perturbation of the system due to smaller IR in-
tensity [42]. In particular, in combination with angle-resolved photoemission spectroscopy
(ARPES), very recently RABBITT measurements have led to a number of new, fascina-
ting angle-resolved insights into band structure dependent electron correlation dynamics
in solids and metal surfaces [31, 32]. Nonetheless, a severe shortcoming of laser systems
employed in state-of-the-art attosecond-PES experiments is that they are typically limited
to repetition rates well below 1 MHz as the intensities necessary to generate such pulses by
HHG exceeds several 1013W/cm2 which are difficult to reach with MHz repetition rates as
less pulse energy is available (see figure 4.6). Consequently, energy- and position-sensitive
experiments on solids are strongly limited in flux at these repetition rates due to space
charge effects, which already start to influence the measurement at two electrons per pulse
[30]. The main limitation is Coulomb interaction of either electrons leaving the sample [30]
or electrons propagating to the detector [28]. Using the mean field model [189], one can esti-
mate that for photoelectron emission microscopy (PEEM) two simultaneously generated
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electrons already broaden the energy spectrum and dramatically reduce special resolution
[30, 190]. For applications using higher-energy XUV photons (several few tens eV), like
RABBITT or ARPES, higher absolute energy shifts are admissible. Theoretically [191], we
can predict that around 350 electrons for typical spot sizes of ten microns are acceptable
while still preserving the energy resolution of around 0.1 eV which is necessary to resolve
band structure dependent photoemission delays in RABBITT experiments [31]. Using a
simple expression [29], the photoemission probability can be estimated from the atomic
cross section [65] and the inelastic mean free path [192] to be 1-2 % for tungsten, which
leads to a maximally allowed photon flux of roughly 3x105photons/pulse. Experimentally,
the quantum efficiency of tungsten photocathodes has been determined to be 10 % to 6
% in the range from 25 eV to 50 eV, which is a factor of five higher than from the simple
model which neglects secondary electrons. Using the expression from Hellmann et al. [27]
we can easily correlate this number of electrons to an energy broadening, as done in section
6.3.1. Exemplary at 40-eV photon energy with a 10-µm focus and a 100-meV admissible
broadening space charge limits a 0.5-MHz system to only 1µW of XUV power. This is far
below the achievable flux [139] at these repetition rates and makes higher repetition rates
preferable as more total photon flux can be tolerated. Figure 6.1 and figure 6.2 show this
trend of state-of-the-art kHz HHG sources by comparing their actual flux to the theoretical
limit for a 150-meV energy broadening for different repetition rates and a tungsten target,
a 50-µm focus diameter and an attenuation of 97 % for titanium-sapphire and Yb-based
systems respectively (for further information on the calculations, see sub-section 6.3.1).
The attenuation was chosen to be 97 % such that a fair comparison can be achieved for all
systems, as it is the current configuration of our setup. An improved setup can achieve an
attenuation of only 60 %, by substituting the XUV multi-layer mirror with a toroidal gold
mirror and using only one mirror to couple into the beam line. However, for such a system
the space charge would be even more severe, as a higher flux reaches the sample.

State-of-the-art flux at 250 MHz in an enhancement cavity is already in the range of
2µW and promises scalability to higher XUV flux by reducing the repetition rate to a few
tens of MHz (see chapter 3) [12]. Accordingly, the flux for EC compared to single-pass kHz
systems is the same whereas the number of photons per pulse is reduced. This can easily
be seen in figure 6.3 in which the number photons per pulse in several energy windows is
plotted versus the repetition rate. The diagonal lines represent the number of photons per
pulse for a given XUV power at 40 eV (here: 1µW and 100µW) for the different repetition
rates. The axis on the right gives an upper approximation for the number of liberated
electrons per pulse, assuming no XUV attenuation along the beam path to the sample.
One can immediately see that for low repetition rates the number of liberated electrons
per pulse is too high and space charge effects set in. Additionally, the figure shows that at
the current time, low repetition rate systems achieve higher flux at high photon energies
(larger than 60 eV), cavity-enhanced sources like the one developed in this thesis begin
to reach into this regime. These appraisals show that cavity-enhanced XUV generation at
10s of MHz delivers ideal conditions for experiments which profit from high energy and
spatial resolution. Before this work no long-term stable cavity-enhanced XUV source at
40-60 eV photon energy had been demonstrated. However, long-term stability is crucial as
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Figure 6.2: Overview of the available XUV flux of the most prominent Yb-based XUV
sources. The lines depict the space charge limit of 100 meV for different repetition rates
at a focus size of 50µm and an XUV attenuation of 97 %. For an optimized setup with
less XUV attenuation from the point of generation to the target even more severe space
charge effects occur. The limits are calculated in accordance to section 6.3.1 [7, 19, 36, 46,
47, 139, 142, 193–196].

typical acquisition times for photoemission experiments are estimated to be in the range of
several minutes, even when scaling the flux by a few orders of magnitude. The high photon
energies are desirable for the following reasons:

• Access to core states of solids (Au, Ag, Ni, Cu,...[65])

• Access to deeply-bound states of gases [18, 199]

• Larger mean free path [65] and access to the substrate below layered systems [200]

• Useful PES signal is well separated from above-threshold-ionization (ATI) electrons
and secondary electrons (SE)

• Perturbation by external fields (e.g. earth magnetic field) is reduced

• Larger detectable energy bandwidth within the region of interest (e.g. less time-
of-flight dispersion in the detector i.e. larger maximum detectable electron kinetic
energy window in a flight-of-flight spectrometer. This point becomes important at
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Figure 6.3: Number of photons per pulse in several energy windows are illustrated for
different repetition rates. The diagonal lines represent the number of photons per pulse for
a given XUV power at 40 eV (here: 1µW and 100µW) for the different repetition rates.
The axis on the right gives an upper approximation for the liberated electrons per pulse.
The vertical lines represent the limits for the titanium-sapphire (triangle), Yb (circle) and
enhancement cavity (square) technology [6, 12, 19, 30, 34, 36, 46, 47, 82, 83, 85–87, 90, 92–
96, 139, 142, 180–187, 190, 193, 194, 194–198].

high repetition rates, where the time between subsequent pulses is in the range of
the electron time-of-flight dispersion.)

In order to achieve this several things have to be done: thermal effects, which misalign
the cavity, have to be reduced; the finesse needs to be optimized; the cavity seed has to
be stabilized; and a photon-energy-scalable output-coupling method, such as a pierced
mirror geometrical method, has to be used. Thermal stability is improved by the moderate
repetition rate of 18.4 MHz as the needed peak intensity of several 1013W/cm2 is achieved
at a lower average power compared to higher repetition rates. To counteract the longer
cavity length with respect to higher repetition rates, the cavity needs to be operated at the
inner stability edge or the center of the stability range. Accordingly, the cavity preserves
the insensitivity to misalignment even though its length increases [72]. In order to reduce
the sensitivity to cumulative effects in a HHG gas target, the finesse needs to be reduced
[101]. Consequently, the seed power must be increased accordingly to preserve the peak
intensity. Thus far, the main limiting factor of scaling the seed pulse power in the range
of 10-20 MHz was the damage threshold of the large-mode-area (LMA) fiber to broaden
the spectrum as usually insufficient pulse energy is available to use hollow-core fibers.
Nowadays, advances in non-linear pulse compression in multi-pass-cells and bulk media
allow for compressing several µJ of pulse energy even at these repetition rates and makes
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scaling of the seed pulse power possible [45, 74](also see sub-section 4.1.3).

6.2 Experimental setup

Figure 6.4: Experimental setup. A train of 18.4-MHz-repetition rate, 250-fs pulses with
a center wavelength of 1030 nm is generated by the femtosecond MOPA. The pulses are
non-linearly compressed to sub 40 fs and coherently stacked in a femtosecond enhancement
cavity. HHG is driven in a 40x54-µm-radius focus between two curved mirrors, one of
which is pierced (hole diameter 340µm, see inset for mode on mirror and image of the
hole) for geometrical XUV output coupling. The high harmonic radiation passing the hole
can be sent to either an XUV spectrometer or the PES measurement. The diagnostics
of the intra-cavity pulse include an autocorrelator (AC), an optical spectrum analyzer
and a powermeter. The PES experiment is placed under ultra high-vacuum conditions.
Via differential pumping a background pressure of 10−9 mbar is reached in the sample
chamber. The XUV is focused onto the tungsten (110) crystal with a ROC 125 mm multi-
layer (Scandium-Silicon) mirror with a reflectivity between 10 % and 15 % between 30 - 50
eV. The electrons get detected by a time-of-flight spectrometer with retarding grid option.
Two main operation modes are available, the drift mode (DM) without any manipulation
of the electron trajectory and the low angular dispersion (LAD) mode which can capture a
larger angle of (±7◦) by using complex electron lenses to image the electron emission angle
onto the detector. However, this implies a lower energy resolution of about 1 eV for our
current settings, which remains sufficient to extract photoemission delays from RABBITT
experiments [42].

In order to adapt the cavity design to this increase in seed power, several parameters
needed to be accordingly scaled [67]: the nozzle orifice, the focusing geometry and the
hole size of the pierced mirror. The final experimental setup after this scaling process
is depicted in figure 6.4 and presented in chapter 4. Here just briefly: The front end of
the MOPA system is a 300µW, 73.6-MHz seed centered around 1030 nm, split off from a
titanium-sapphire oscillator. Utilizing the synchronous AOFS pulse-picker [43](described
in section 4.1.2), a feed-forward carrier-envelope phase stabilization [102, 103] and three
successive chirped-pulse amplification (stretched up to 200 ps) steps, in a Yb-doped fiber,
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a pulse energy of 6µJ at 250 fs and 18.4 MHz is generated. Previous studies showed that
the amplification and the pulse picking process itself preserve the phase and intensity
stability of the oscillator nearly perfectly [43, 44]. The output is spectrally broadened in
a multi-pass-cell with 49 passes through a 12 mm fused silica medium and temporally
compressed by dispersive mirrors to sub-40 fs with a throughput efficiency of 88 % [45].
To guarantee only small fluctuations of the spatial overlap between the compressed pulses
and the EC at the input coupler, due to the long beam path (several 10 m), a beam
stabilization is installed and the majority of the setup is housed to reduce air fluctuations.
The experimental cavity parameters for the linear and the non-linear case are illustrated
in figure 6.5 (a auto-correlation; b spectra; c intra-cavity power).

Figure 6.5: a Auto-correlation traces of the pulses at the MOPA output (black) and the
pulses circulating in the EC with an argon target (red). In the case of the argon target, a
slight temporal broadening to 38 fs is observed, which can be attributed to the non-linear
interaction of the circulating pulse with the gas atoms. b Spectra of the fundamental light
seeding the EC (black) and the circulating light with an argon target (red). The blueshift
typical to intra-cavity HHG [101] can be observed. c Measurement of the non-linear intra-
cavity power over a duration of 160 seconds, with experimental conditions optimized for
HHG generation. The root-mean-square intensity fluctuations are 1.8 %.

The EC itself comprises eight mirrors, of which seven are highly reflective quarter-wave
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stacks and a 97 % input coupler, which form a standard bow-tie cavity with a finesse of
130. The focusing mirrors with a radius of curvature of 600 mm were chosen such that two
goals were be optimized: (i) large cavity eigenmode (2w = 6.2 mm x 8.4 mm) on the 1 inch
mirrors to prevent damages and minimize the losses on the pierced output-coupling mirror,
with the largest possible hole diameter (340µm); (ii) provide the largest possible focus with
a peak intensity between 1x1014W/cm2 and 2x1014W/cm2 (w0 = 40µm x 54µm). The gas
target was provided by a fused-silica 200-µm end-fire nozzle which can sustain the high
intra-cavity power. Highest XUV flux was achieved with a backing pressure of 4.5 bar at
the nozzle which increased the pressure in the main cavity vacuum chamber to 10−2 mbar
despite a large 1600-l/s turbo pump with a 110-m3/h pre-pump. In order to operate the
cavity at its preferred offset frequency of 5.5 MHz, to guarantee the best possible and stable
enhancement [80](also see section 3, figure 3.1), we locked the carrier-envelope phase of the
MOPA system to 5.5 MHz using a feed-forward scheme, leading to an intra-cavity power
of 2.8 kW at 38-fs circulating pulses for several minutes. Operation over several hours is
possible with only minor realignment of the cavity. The whole setup was designed such
that an experimental chamber was connected at the end of a 2-m differentially pumped
beam line.

6.2.1 Cavity-enhanced XUV source

Cavity configuration radius of curvature 200 mm

In order to find the optimal parameters and test the scaling to higher photon energies
we first examined the radius-of-curvature (ROC) 200 mm geometry like used in reference
[12, 34]. With this geometry cumulative effects clamp the intra-cavity power [101] and the
XUV as described in [6] and seen in chapter 5. Figure 6.6 shows the IR clamping curve
to give a rough idea about the magnitude of the new seed using the MPC and the power
limitation due to clamping. Figure 6.6 a includes only data points taken with the LMA
broadening and a seed pulse energy of less than 1µJ, while in Figure 6.6 b the seed is
scaled to 4.5µJ by implementing the MPC broadening.

With this cavity we achieved an intra-cavity average power of 2.5 kW and a peak
intensity of several 1014W/cm2 in the interaction region. To increase the stability of the
lock and achieve the best possible enhancement the cavity was operated at its preferred
offset of 0 MHz and the phase locked in a feed-forward scheme, an additional feedback loop
did not increase the stability and was thus not used. This allowed for a waveform-stable
electric field circulating within the cavity with no phase slippage. To check the long-term
stability necessary for future experiments we optimized the nozzle size and position as well
as the hole diameter for 40 eV photon energy. The best results were achieved with a nozzle
orifice of 100µm, 11 bar argon, a target length of around 200µm and hole diameter of
150µm. A typical XUV spectrum is shown in figure 6.7 a and exhibits a narrow FWHM of
only 280 meV, which is due to the long generation time provided by the 40 fs intra-cavity
pulse duration of the driving field (see figure 6.7 a). This value is only an upper limit
of the FWHM as the utilized XUV grating (1200 g/mm) coupled with the entrance slit
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Figure 6.6: a Clamping behavior for the LMA broadening scheme with a seed pulse energy
up to 0.7µJ, illustrating slight clamping. The black line is a linear fit to the empty cavity
and the dashed red line corresponds to 65 % of this fit. b depicts the same curve with
one additional point that was taken after changing the non-linear compression to a MPC.
Now the impinging pulses have a pulse energy of up to 4.5µJ and the cavity is strongly
clamping.

50µm results in a resolution of around 250 meV of the XUV spectrometer. At 40 eV, a
photon flux of 4µW was achieved, which is already an improvement over previous ECs
by a factor of up to two. In figure 6.7 b the flux at 40 eV photon energy is shown in a
long-term measurement over 30 min without relock after an alignment and thermalization
phase (grey and red area). The beam stabilization had to be re-aligned several times due
to long-term drifts, which can be seen in the trace.

Even though the average power is strongly reduced due to the relatively low repetition
rate, we still experience slight thermal effects in the form of cavity mode displacement
which reduced the output-coupling efficiency. This can be seen in the slight drop of flux in
figure 6.7 b as well as in the mode profiles shown as insets. Nonetheless, the photon flux
remains around 3µW for over 30 min. When employing a neon gas target with this cavity,
we reached an intra-cavity power of up to 3 kW and an XUV cut-off of around 140 eV. The
spectrum can be seen in chapter 3 figure 3.6. Extrapolating from the intra-cavity power
we expected a cut-off energy higher than 200 eV, unfortunately the employed gold mirrors
strongly suppressed photon energies in this energy range [65]. Nevertheless, the cut-off was
increased by 40 eV and the flux up to 140 eV was improved by a factor of up to 20.

Cavity configuration radius of curvature 600 mm

As described in chapter 5, we already saw that the XUV clamps for the last 30 % of the
seed power, with the new MPC compression we expect even stronger clamping as the IR
strongly clamps (see figure 6.6). Applying the XUV generation scaling law [67] we derive
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Figure 6.7: a shows a typical XUV spectrum with a FWHM at 40 eV of around 280 meV,
which is limited by the XUV spectrometer resolution. b shows a long-term measurement
over 30 min within one lock. Long-term drifts of the cavity reduce the flux after 10 min. The
insets show the cavity eigenmode at the beginning and at the end of the measurement. The
grey and red areas mark the alignment and thermalization phase of the setup, respectively.
The blue area is the long-term measurement at a preferred offset frequency of 0 MHz of
the cavity.

that we can use more of the potential of our laser by using a looser focusing geometry (ROC
600 mm), a longer gas target (300µm) and a lower gas pressure (4.5 bar). Furthermore, a
larger hole in the output-coupling mirror can be accepted as the mode size increases and
thus reduces the losses at the hole. These considerations lead to a 200-µm nozzle and a 340-
µm output-coupling hole in the curved mirror. With this cavity configuration we avoided
most of the clamping and achieved 2.8-kW intra-cavity power at several 1013W/cm2 peak
intensity. The impact of this scaling on the XUV generation is shown in figure 6.8.

Figure 6.8 a shows a typical spectrum achieved with ROC 600 mm focusing and exhibits
a similar FWHM of around 100 meV to 300 meV (depending on the harmonic order) as
the ROC 200 mm cavity. In figure 6.8 b long-term measurement over 160 seconds for all
harmonic orders is shown. In figure 6.8 c the normalized XUV flux is shown as well as
the RMS power fluctuations for each harmonic which range from 3 to 5 %. The flux
shows an improvement of a factor of up to ten to previous ECs at 40 eV photon energy
at one thirteenth of the repetition rate and one third of the intra-cavity power [12]. This
constitutes an improvement of a factor of 50 of number of XUV photons per pulse and
shows the effect of XUV clamping due to cumulative effects in ECs, which was already
identified before [12]. For an overview of HHG in ECs see chapter 3 and chapter 5. This
geometry was chosen to be the final design for first photoelectron experiments presented
in the next few sub-sections.
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Figure 6.8: a shows a typical spectrum achieved with 600 mm focusing and exhibits a
FWHM of around 100 meV to 300 meV (depending on the harmonic order). b depicts a
long-term measurement over 160 seconds for all harmonic orders. c the normalized flux is
shown as well as the RMS power fluctuations for each harmonic which range from 3-5 %.

6.2.2 Photoelectron diagnostics

One important part of photoelectron experiments is the choice of the detector. Three dif-
ferent principles can be used for photoelectron spectroscopy: Retardation by a potential
barrier (retarding field analyzer), dispersion of electrons in an external field (e.g. hemis-
pherical analyzers using electric or magnetic fields) and time-of-flight analysis. Out of
these detector types only the time-of-flight detection allows for simultaneous detection of
electrons of all kinetic energies. The retarding field and typically also the hemispherical
detectors need to scan over the energy in several small steps. When combined with a
space-resolving detector, time-of-flight spectrometers enable the detection of 3D-data at
once: electron kinetic energy and two dimensions either in space (PEEM) or angle (AR-
PES). One essential requirement for the time-of-flight detection scheme is that the trigger
signal arrives periodically and with a fixed relation to the PES signal. For HHG sources
with pulsed lasers this is intrinsically the case, although at high repetition rates this also
constitutes a limitation as the maximal admissible temporal time-of-flight dispersion of
electrons is limited by the time between two subsequent laser pulses. As photoelectron
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spectra always contain slow secondary electrons, it is convenient to use an additional re-
tarding grid as a high-pass filter for electrons. For our drift distance (Themis 100 Spec
GmbH Berlin) of 880.5 mm this typically gives us a detectable energy window of 10 eV
around 40 eV kinetic energy with an energy resolution of around 30 meV determined by
the measured temporal resolution of our 2D-delayline-detector. This energy window can
be detected without any dead time between pulses, which is common for kHz systems (see
figure 6.14 later in the chapter). Without applying any additional field, our spectrometer
collects an angle of ±1.3◦ in its so-called drift mode (DM). The angle is relative to the
perpendicular of the sample. In its low angular dispersion mode (LAD), an electronic lens
system within the spectrometer is used to image a larger angle of ±7◦ on the detector
and thus enables angle-resolved measurement. In units of the solid angle they correspond
0.0016 sr and 0.047 sr, respectively. Since the electron lens system induces aberration, only
a limited energy window can be correctly imaged and a loss of energy resolution has to
be accepted. Although we are compensating the earth magnetic field using Helmholtz-coils
down to a residual field of around 2µT this can also have a negative impact on the reso-
lution. We experimentally determined the energy resolution in LAD mode for our settings
to be 1 eV, by comparing the PE spectrum obtained in the DM (with well-known reso-
lution of only 30 meV) with one obtained by the LAD mode (see figure 6.13). As a final
step, we need to examine our instrument resolution which is a convolution of the detector
resolution in the respective operation mode, the width of the XUV harmonics (∆EHHG)
and the energy broadening due to space charge (∆Espacecharge). The total broadening ∆E

can be calculated by ∆E =
√

∆E2
spacecharge + ∆E2

HHG. In the DM it amounts to 0.13 eV -

0.36 eV, depending on the harmonic order. In order to generate these electrons, the XUV
must first be focused onto the sample by a reflective focusing optic, for the energy range
of interest (40 eV to 60 eV) two different coating designs were implemented onto a curved
mirror.2 The reflectivity design curves are shown in figure 6.9.

6.3 Photoemission spectroscopy at 18.4 MHz

This detection scheme is now combined with the previously described novel cavity-enhanced
XUV source and used for photoelectron experiments at 18.4 MHz repetition rate on (110)
tungsten. Tungsten is a solid with a work function of 4.5 eV and its valence band configu-
ration is s, d and p-type. Its band structure as well as its density of states is well described
in reference [201]. Focusing the XUV beam on the sample now generates electrons from
these occupied bands. When using a pulse train, e.g. a discrete XUV spectrum of several
harmonics, each harmonic generates photoelectrons at Ekin = EXUV −Eworkfunction−Ebind
and a spectrum similar to 6.10 b is generated. For a sketch of this process within two
different energy ranges see figure 6.10 a.

Each harmonic liberates electrons from the tungsten valence band. The low-energy
APT only ejects electrons of the lightly bound valence band. The high-energy APT, can

2The designs as well as the coatings were done by Alexander Guggenmos.
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Figure 6.9: a and b show XUV multi-layer mirror designs in the energy range centered
around 44 eV with a FWHM of 10 eV. The materials used are Molybdenum-Silicon and
Scandium-Silicon, respectively.

Figure 6.10: a Scheme of photoelectron generation in tungsten. Two excitation cases are
considered: Excitation by (i) 20-25 eV attosecond pulse train (APT) (red) and (ii) 40-45 eV
APT (blue). Each harmonic liberates electrons from the tungsten crystal. The low-energy
APT only ejects electrons of the lightly bound valence band. The high-energy APT, can
also access the deeper degenerated (Dspin = 2.17eV ) 4-f core band. b PE spectrum from
tungsten taken within 160 seconds in the LAD mode. The mean deviation is calculated
by splitting the integration time of 160 seconds into ten steps and deriving the standard
deviation. The energy window is chosen such that electrons of consecutive pulses do not
overlap without artificial acceleration voltage.
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also access the deeper degenerated (∆spin = 2.17eV ) 4-f core band. These 4-f core states
are also the primary reason we conducted these experiments on tungsten as the binding
energy of 32 eV [65] is accessible without the use of neon and thus at a high photon flux. For
RABBITT experiments these states can function as a reference. The FWHM of these PE
harmonics is determined by several effects: The broadness of the band they originate from,
the intrinsic FWHM of the XUV, broadening due to Coulomb interaction of either electrons
leaving the sample or propagating to the detector [28, 30] and the energy resolution of the
detector. The first two effects are mainly restrictions of the sample and XUV source and can
either be improved (XUV source) or are natural constants and are even subject of interest in
ARPES studies (e.g. the change of the shape and position of the PE spectrum as a function
of the angle). However, the last one, commonly called space charge can be suppressed by
generating less electrons per pulse and, thus, by reducing Coulomb interaction. In the
most extreme case, only one electron per pulse is generated and essentially no interaction
is possible. Unfortunately, by reducing the number of electrons per pulse, we also reduce
the overall electron counts on the detector and long integration times are necessary to
obtain sufficiently good statistics. One way to mitigate that problem is to increase the
pulse repetition rate, whereby in this way more electrons per second can be detected, while
keeping the number of electrons per pulse low. This is demonstrated in figure 6.3.

6.3.1 Space charge considerations

In order to gain a deeper understanding about space charge, the simplified Long-Itchkawitz-
Kabler (LIK) model can be utilized [191]. It is based on the assumption of an radially
expanding spherical initially monoenergetic charge distribution and yields an energy broa-
dening ∆E of the spectrum given by ∆E[eV ] = 3 · 10−3Nelectrons/r[µm] [27, 191], where
Nelectrons describes the number of emitted electrons and r is the radius of the emission
spot. Figure 6.11 a and b show a sketch of the space charge effect for a different number
of electrons. The electrons repel each other and strongly influence their energy and spatial
distribution. On the right side the effect on the measured spectrum is shown. With incre-
asing broadening, the three harmonics can no longer be distinguished and the peaks are
shifted in energy by a similar margin.

The LIK model has been confirmed by classical many-body calculations and it has been
shown that it can also be applied to photoelectrons with a uniform energy distribution by
adapting the equation to ∆E[eV ] = 0.5 · 10−3Nelectrons/r[µm] [27]. We used the modified
relation to estimate the space charge broadening for our experimental conditions assuming
a focal spot size of several 10 µm. The latter is determined mostly by the focal length of
the employed XUV multi-layer mirror, the divergence of the XUV beam and the necessity
to reach 1011W/cm2 for RABBITT experiments [81]. Figure 6.12 shows several published
photoelectron sources regarding their expected space charge assuming a typical 50-µm focus
spot size. They are labeled with either solid circles (>40 eV) or solid triangles (<40 eV).
The empty circles and triangles represent estimated generated electrons of some prominent
state-of-the-art HHG sources assuming the same conversion efficiency from photons to
electrons as our systems.[6, 7, 12, 19, 34, 139, 184, 187]
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Figure 6.11: a and b show a fundamental sketch of the space charge effect for a different
number of electrons per pulse. The electrons repel each other and strongly influence their
energy and spatial distribution. This effect is proportional to the number of electrons as
well as the diameter of the area in which they are generated [27, 28]. On the right side, the
effect on the measured spectrum is shown. With increasing broadening the three harmonics
cannot be distinguished as well anymore and shift to higher kinetic energies. (dashed line)

The energy of 40 eV was chosen as at least 37 eV is necessary to examine 4-f core states
in tungsten. Furthermore, future applications using this source include attoPEEM for which
higher energy is beneficial as a high separation of secondary electrons to primary electrons
is desirable [4]. In order to relate the number of photons to the number of emitted electrons
and calculate the space charge effect in experiments different to ours (see Figure 6.12), the
total photoemission probability including scattered and secondary electrons is necessary.
Experimentally, the quantum efficiency of tungsten photocathodes has been determined
during the calibration of photodetectors [203]. It decreases from roughly 10 % at 25 eV to
about 6 % at 50 eV. This is about a factor of 3-5 larger than the number of direct electrons
that can be estimated from the atomic cross sections σ [65] and the numerically calculated
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Figure 6.12: Photoelectron flux in state-of-the-art attosecond-PES experiments versus pul-
se repetition frequency and illustration of the effect of SC on the accuracy of the PES
measurement (color scale). The circle and the triangle symbols indicate experiments per-
formed with XUV photon energies above and below 40 eV, respectively. The orange and
green symbols represent titanium-sapphire (Ti:Sa) and ytterbium (Yb) based laser tech-
nology, respectively and the black symbols represent enhancement cavties. Ti:Sa systems
represent the most widespread laser architecture in attosecond-PES. The empty circles and
triangles represent estimated generated electrons of some prominent state-of-the-art HHG
sources assuming the same conversion efficiency from photons to electrons as our systems.
The energy broadening plotted as a heat map is calculated assuming a typical 50-µm spot.
Ref1: [197]; Ref2: [30]; Ref3: [190]; Ref4: [198]; Ref5: [193]; Ref6: [202]; Ref7: this result;
Ref8: [87]; Ref9: [86]; Ref10: [184]; Ref11: [187]; Ref12: [19]; Ref13: [139]; Ref14: [7]; Ref15:
[34]; Ref16: [12]; Ref17: [6];

electron inelastic mean free paths limfp [204] via Ptot = 0.5 · ρn · σ · limfp [29], where ρn
is the number density of tungsten and the secondary electrons are not considered. In our
experiment we estimate the photoemission probability to be roughly 3.3 %, taking into
account an attenuation of the XUV by 97 % due to one Nb2O5 beam splitter, one gold
mirror and one XUV scandium-silicon multi-layer mirror (50 %, 40 % and 90 % attenuation
receptively).

On these foundations, our source is evaluated regarding space charge effects by conduc-
ting a XUV power scaling experiment by clipping the XUV beam and, thus, reducing the
XUV flux. Additionally, the focus becomes slightly larger. However, this effect does not
affect the outcome of the experiment as it decreases space charge effects even further. For
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this purpose, we need to distinguish between effects on the sample and effects that occur
during the propagation of the electrons to the detector. Therefore, we used two different
acquisition modes of our time-of-flight detector: the DM and the LAD mode (described
in section 6.2.2). The DM is used to have a good detector energy resolution of around
30 meV and the LAD mode is used to collect electrons of a larger solid angle. Accordingly,
up to three electrons per pulse enter the detector and we can check if the PE spectrum is
broadened due to the propagation in the detector. The results are shown in figure 6.13.

Figure 6.13: a Photoelectron spectra taken with two different detection modes: drift mode
(DM) and large angular dispersion (LAD) mode. The energy resolution of the LAD mode
can be obtained by deconvolution of the LAD spectrum with a Gaussian of 1 eV FWHM
and reproducing the DM spectrum with well-known resolution of 30 meV. b and c show
the evaluation of the a XUV intensity series regarding peak position and width for the DM
and the LAD mode, respectively. The error bars illustrate the error of the peak fit. Neither
the DM nor the LAD mode show space charge effect within their respective accuracy.

Within our accuracy, we did not find any broadening caused by space charge, neither
an energy shift nor an energy broadening is observed. The highest number of detected
electrons per pulse corresponds to 1 000 000 counts/sec within an energy window of 10 eV
centered around 40 eV. This count rate is the limit of our multi-channel plate (MCP)
detector, proving the outstanding compatibility of our XUV source with the time-of-flight
detection, as we achieve the maximal admissible counts in a narrow energy window without
any time between pulses. A raw time-of-flight PE spectrum can be seen in figure 6.14, it
shows that no time in between pulses is lost. The trigger was adjusted to be a quarter of
our repetition rate.
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Figure 6.14: Typical time-of-flight spectrum obtained at 18.4 MHz with a trigger of one
quarter of the repetition rate. The retarding grid voltage was chosen such that no overlap
of the spectra is visible. Accordingly, an energy window between 37 eV and 53 eV can be
detected simultaneously, with no time in between the pulses.

6.3.2 Photoelectron statistics and temporal resolution

In order to obtain an estimate of the long-term performance of the source we evaluated the
development of the PE spectra over time by splitting the acquisition time into k intervals
and evaluating the mean standard deviation of the spectra. This analysis is similar to the
Allen variance which is commonly used to evaluate the performance of frequency clocks
[205]. Figure 6.15 shows the result of this study for three values of k, the number of
measurements.

The system behaved statistically (1/
√
N) for around 160 seconds, after which long-term

drifts set in and reduced the accuracy (e.g. thermal drifts, beam pointing, nozzle deforma-
tion etc.). Currently, these long-term effects set in after, on average, 4 min corresponding
to 4x109 laser shots. A similar system operating at 10 kHz would reach this statistic after
120 h. During this time, one main issue of PES cannot be avoided, the contamination of the
sample due to residual molecules in the chamber which form atomic layers on the sample
surface [206]. This can be expressed in terms of 1 Langmuir, which is common in surface
science experiments, which measures the exposure, i.e. total number of collisions of the
background gas atoms with the sample per unit area [206]. To obtain the same level of
exposure, it is necessary to either have a long exposure time at low pressure or a short
exposure time at higher pressure. Standard ultra-high-vacuum (UHV) chambers can reach
up to 10−10 mbar and thus prevent contamination for about 2 h, after which the sample
needs to be cleaned. This constitutes a severe limitation to the possible measurement time
for a typical vacuum system of only a few hours. Furthermore, it is extremely challenging
to uphold stable laser conditions for several days without drift and consequently without
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Figure 6.15: Exemplary long-term measurement over 15 minutes, corresponding to 1.8x1010

laser shots. It shows the evolution of the standard deviation, between 35 eV and 44 eV of k
measurements with increasing total acquisition time T . A typical RABBITT measurement
takes around 30 data points, e.g. k = 30. The energy range was chosen by the retarding
grid filter in order to prevent overlapping of the spectra of consecutive pulses. The dashed
line is a 1/

√
T fit of the first 3 minutes and fits well to the data. After that point, long-

term drifts set in and distort the resolution. The best resolution of 0.9 % relative standard
deviation in this measurement is achieved after 160 seconds. On average, and in day-to-day
operation, the system behaves statistically for 240 seconds. The axis on the top of the
figure illustrate the time a 10 kHz would need to gather the same amount of laser shots.
To generate a similar figure for a 10-kHz system with the same amount of shots a total
acquisition time of 19 days is necessary.

decreasing the accuracy. The values of k can be understood as the number of measurements
necessary for a whole data set. For typical RABBITT experiments 30-50 delay positions
need to be taken, this corresponds to k = 30− 50. This means that we can achieve sub-2
% resolution with our PE source within only 3 min of measurement time. This corresponds
to an acquisition time of 3-4 seconds per PE spectrum.

We also determined the temporal performance by analyzing the side-band modulation
with 1.8 W IR power, corresponding to 2x1011W/cm2 in the focus of the double mirror.
For a short explanation of the fundamental process see chapter 7. For this experiment the
setup had to be adapted slightly as shown in figure 6.16 a. The beam splitter had to be
substituted with a gold mirror to provide p-polarized light at the tungsten crystal due
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Figure 6.16: a shows the slightly adapted experimental setup compared to the setup that
was used for static PES experiments (figure 6.4). The main changes is the implementation
of an adaptable pine hole and an aluminum pellicle. b and c show the side-band modu-
lation with 2x1011W/cm2 IR intensity for different measurement times of 40 and 20 sec,
respectively. The resolution is derived from the phase fit error and yielded values of 20 and
24 as.

to the orientation of the time-of-flight spectrometer. Additionally, we installed a variable
aperture and a 300-nm aluminum filter to attenuate the IR and block the IR in the middle
of the beam, respectively. The filter is necessary to achieve good separation of the XUV
and the IR. Accordingly, the XUV and the IR can be delayed by a double mirror and their
time-resolved interference detected. The result is shown in figure 6.16 b and c for different
numbers of data points. Both show a good temporal resolution of around 20 as despite short
measurements time of 20 and 40 sec, respectively. Comparable RABBITT measurements
at kHz-repetition rate take up to several hours to gain a similar resolution [31, 32].

For a whole raw data RABBITT trace taken with this source with an integration time
of three seconds per spectrum, refer to chapter 7.

6.4 Conclusion

In conclusion, we showed a phase and long-term stable XUV source for space-charge-
free, energy- and angle-sensitive measurements of band structure dependent photoemission
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delays in RABBITT experiments. In a first test cavity, the flux was increased to 4µW at
40 eV, which is two orders of magnitude more usable flux compared to state-of-the-art kHz
systems and constitutes an improvement by a factor of two for ECs at less than a third the
intra-cavity average power, consequently drastically reducing thermal effects which allowed
stable operation of at least 30 min. Additionally, by choosing adequate mirrors we achieved
cavity operation at 0 MHz offset frequency with a phase-stable seed. This marks a first
step towards the EC-based generation of isolated attosecond pulses by mode gating [37].
When employing a neon target we pushed the cut-off to at least 140 eV (limited by the
gold mirrors) and increased the flux by a factor of 20. By scaling the cavity from a ROC
200 mm to a ROC 600 mm focusing geometry we increased the flux to 14µW at 40 eV,
while preserving the long-term stability. This cavity can be stably operated at its preferred
offset frequency of 5.5 MHz for the whole day with only minor realignments. Using this
cavity we achieved a superb statistical behavior of up to 160 seconds. Afterwards long-
term drifts set in and increased the standard deviation of the spectrum from 0.9 % to 2
% after 15 min. Further improvements in terms of cavity stability, e.g. larger lock range,
will push the limit to several tens of minutes and potentially several hours. The longest
statistical measurement thus far was taken at a slightly lower flux for 280 seconds as shown
in figure 6.17 in comparison to the previous long-term measurement of 160 seconds.

Figure 6.17: Two long-term measurements are depicted with statistical behavior. One for
160 seconds and one for 280 seconds.

Using this cavity, we also demonstrated the first attosecond time-resolved measurements
taken at MHz repetition rates and achieved a resolution of 20 as for a whole RABBITT
period within only 20 seconds (see chapter 7 for a whole RABBITT interferogram 3).
At present, we can typically achieve up to 300 000 counts/sec on a daily basis, suitable for
time-resolved attosecond measurements (e.g. Al pellicle in the beam path). This number is
well below the detector limit of 1 000 000 counts/sec, technical improvement regarding the
backing pressure promise to push the available flux to the detector limit. To date we have
a backing pressure of 0.013 mbar argon and a propagation length of 1.5 m in the cavity
chamber. This limits our flux between 20 and 40 eV by a factor of two. This calculation
does not consider the fact that the real pressure close to the gas target is probably even

3taken by Stephan Heinrich



100 6. Space-charge-free photoemission spectroscopy

higher and more XUV is reabsorbed. Figure 6.18 shows the transmission of 1.5 m argon
(solid line) and neon (dashed line) gas for two different backing pressures.

Figure 6.18: The transmission of 1.5 m argon (solid) and neon (dashed) gas for two different
backing pressures is depicted [65].

It predicts that by implementing a gas catcher that reduces the backing pressure, a
factor of up to two in the energy range around 40 eV can be gained.



Chapter 7

Outlook

The future of cavity enhanced HHG lies within its rich applications. They range from expe-
riments using their high repetition rate, e.g. frequency comb spectroscopy, to applications
profiting from their rather moderate photon number per pulse 1 ·105photons/pulse despite
their high flux per second 1 · 1012photons/sec, e.g. photoelectron applications. This unique
combination allows for good statistics and prevents space charge in experiments where
charged particles are simultaneously released (see chapter 6). These applications include
photoelectron emission microscopy (PEEM) experiments [30] and applications such as re-
construction of attosecond beating by interference of two-photon transition (RABBITT)
on solids [31, 32]. For some of these applications isolated attosecond pulses are necessary.
In the next sub-sections first attosecond-resolution experiments, as well as a method to
generate isolated attosecond pulses are shown. They were performed / will be performed
by Stephan Heinrich (a member of Prof. Ulf Kleinebergs group) and Maximilian Högner
(member of Prof. Ferenc Krausz group, under the direct supervision of Ioachim Pupeza),
respectively.

7.1 Attosecond physics with attosecond pulse trains

- RABBITT

The novel cavity-enhanced XUV source developed in this thesis provides ideal conditions
for experiments utilizing attosecond pulse trains (ATP) in the range between 40 eV and
60 eV. In this energy range, we achieved a record flux at a sufficiently high repetition rate
to mitigate space charge effects and already verified an attosecond resolution of around
20 as with an acquisition time of less than a minute (see chapter 6). Using this source
we performed first RABBITT experiments and obtained attogramms with a temporal
resolution of sub-10 as. The basic principle of RABBITT is explained by P. M. Paul et al.
[1], a rough sketch of the technique as well as an experimental setup is shown in figure 7.1.

For the RABBITT technique to work, phase-locked XUV and its fundamental need
to be focused onto the sample and their relative delay varied. In our setup the XUV and
IR are intrinsically phase-locked as both are coupled co-linearly out of the cavity through
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Figure 7.1: For the RABBITT technique two crucial components need to be provided:
An XUV pulse train and an IR pulse that are phase locked to each other and whose
delay can be varied. These two components are now focused onto the target and interfere
with each other either in a constructive or deconstructive way. Through this process so-
called side-bands are generated in the photoelectron spectrum in between the harmonics
of liberated electrons. They form when one XUV photon interacts with one IR photon, by
either absorbtion or emission. In our case the detection is done with a multi-channel-plate
(MCP) in combination with a time-of-flight detector. The figure is adapted from [1].

the pierced mirror. The IR and the XUV are separated with an aluminum pellicle that
transmits the XUV and blocks the IR. After this step we can still achieve IR intensities of
up to 3.8x1011W/cm2 on the sample, which is sufficient as only intensities of 1x1011W/cm2

[31, 81] or slightly less is necessary. When the XUV and the IR hit the sample, they can
either interfere constructively or destructively depending on the delay and form side-bands.
The delay is achieved by a double mirror, whose middle part is connected to a piezoelectric
stage. Using this setup, we performed first RABBITT experiments on tungsten (110). The
data for figure 7.2 is raw data which is currently under evaluation and further investigation.
It shows a trace taken with 160 as step size within only 60 sec measurement time (30 steps
and 2 sec integration time).

The trace still needs to be referenced to the tungsten 4-f core state or a rare gas, e.g.
argon, to become more insightful and physically meaningful. Once this is achieved the
technique can be readily applied for other solids such as copper or gold.
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Figure 7.2: RABBITT trace taken with a step size corresponding to 160 as. The interfe-
rogram comprising 30 data points with an integration time of 2 sec each. The figure was
provided by Stephan Heinrich.

7.2 Intra-cavity generation of isolated attosecond pul-

ses

As APTs are insufficient for some applications, our group developed a novel gating method
to generate isolated attosecond pulses (IAP) called transverse mode gating, with stepped
mirrors [37]. First proof of principle experiment [71] were conducted and the feasibility of
the method was demonstrated. It is based on the Gaussian (01) mode and the insertion
of a phase mask, realized by the already mentioned stepped mirrors, prior to the cavity
focus to generate an on-axis maximum. The phase mask is reversed after re-collimation to
enable recycling of the circulating pulse at the input coupler. By choosing the step height
to achieve not only a phase shift but also a delay of one lobe in respect to the other, a
rotating wave front is achieved and an attosecond lighthouse [37] is generated. As the mode
far from the focus still resembles a (01) mode with an on-axis minimum on the mirror we
can directly access the generated XUV beam by geometrical output-coupling, similar to a
pierced mirror, with negligible losses. Due to cavity operation close to the inner edge of the
stability range, a large separation of the lobes is achieved and a large whole in the middle
of the mirror can be tolerated with minimal losses. To make the output-coupling efficiency
even higher, a slit instead of a hole can be used without additional losses. The basic
principle is depicted in figures 7.3 a and b. The method promises IAPs at circulating pulse
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Figure 7.3: a Step mirror cavity comprising plane, curved and stepped mirrors. b depicts a
simulation of HHG inside such a cavity versus generation time. The individual XUV bursts
from each half cycle get emitted under a different angle due to the rotating wavefront, by
spatial filtering an IAP can be obtained. The left side shows the time-dependent XUV
distribution on the pierced mirror, at around 1 fs the XUV is emitted on-axis and can
be spatially filtered to achieve an isolated attosecond pulse. The result of such a filter is
depicted on the right side. The figure is adapted from [37]; b was provided by Maximilian
Högner;

durations of around 17 fs as the individual XUV bursts from each half cycle are emitted
under a different angle due to the rotating wavefront. By spatial filtering an IAP can be
obtained. Calculations indicate that even with 30 fs and suitable experimental conditions
IAP can be generated.



Appendix A

Enhancement cavity frequency filter

For simplicity reasons we assume that the resonator is seeded with a continuous-wave
source. Its electric field can be written as:

Es(t) = Re(As · eiωt) (A.1)

With As and ω being the amplitude and the angular frequency, respectively. We now add
the noise term ns(t) to the amplitude and obtain a time dependent expression:

As(t) = As · eins(t) (A.2)

In order to apply equation 2.13, derived in chapter 2, section 2.2, we need As(ω) which can
be obtained by Fourier-transforming As(t) and approximating of the exponential function
by its tailor series:

As(ω) = F(As(t)) = F(As · eins(t)) = F(As · (1 + ins(t)) = As · δ(ω) + As · ins(ω) (A.3)

We can now use equation 2.13 and get the following expression for the field inside the
cavity:

Ac(ω) =

√
TIC(ω)

1−
√
RIC(ω) ·Rcav(ω)) · eiφ(ω)

· As(ω) (A.4)

Or in a simplified version with C(ω) as the field enhancement factor:

Ac(ω) = C(ω) · As(ω) with C(ω) =

√
TIC(ω)

1−
√
RIC(ω) ·Rcav(ω)) · eiφ(ω)

(A.5)

For the field inside the cavity we can make the same ansatz as for the seed. Its electric
field can be written as:

Ec(t) = Re(Ac(t) · eiωt) with Ac(t) = Ac · einc(t) = C(0) · As · einc(t) (A.6)
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With this correlation and the same considerations as before, we can write an analogous
expression to equation A.3 for Ac(ω):

Ac(ω) = Ac · δ(ω) + Ac · inc(ω) (A.7)

With equation A.3, A.7 and A.5 we get the following equation for nc(ω):

inc(ω) =
Ac(ω)− Acδ(ω)

Ac
=
C(ω) · As(ω)− Acδ(ω)

Ac
= (A.8)

=
C(ω) · (As · δ(ω) + As · ins(ω))− Ac · δ(ω)

Ac
(A.9)

After several reshaping steps we obtain:

inc(ω) =
C(ω) · (As · δ(ω) + As · ins(ω))− C(0) · As · δ(ω)

C(0) · As
= (A.10)

=
C(ω) · As · δ(ω)− C(0) · As · δ(ω)

C(0) · As
+
C(ω) · As · ins(ω)

C(0) · As
= (A.11)

= 0 +
C(ω)

C(0)
· ins(ω) (A.12)

And in total the following expression:

nc(ω) =
C(ω)

C(0)
· ns(ω) =

√
TIC(ω)

1−
√
RIC(ω) ·Rcav(ω)) · eiφ(ω)

· ns(ω)/C(0) (A.13)

This equation is identical to the normalized amplitude enhancement given in equation 2.13
derived in chapter 2, section 2.2 and the frequency transmission can be defined as done in
equation 2.18.(with C(0)2 = Eres)



Appendix B

Data archiving

The Data can be found on the the Data Archive Server of the Laboratory for Attosecond
Physics at the Max Planck Institute of Quantum Optics: /afs/rzg/mpq/lap/publication archive.

It contains: experimental raw data, evaluation files, figures as well as origin files. Each
figure has its own folder with the corresponding origin file, that contains the raw data. If
necessary an information file (.txt) is included in the folder.
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[36] S. Hädrich, M. Krebs, A. Hoffmann, A. Klenke, J. Rothhardt, J. Limpert, and
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[173] C. Benko, T. K. Allison, A. Cingöz, L. Hua, F. Labaye, D. C. Yost, and J. Ye.
Extreme ultraviolet radiation with coherence time greater than 1 s. Nature Photonics,
8(7):530–536, 2014.

[174] R. A. Bartels, A. Paul, H. Green, H. C. Kapteyn, M. M. Murnane, S. Backus, I. P.
Christov, Y. Liu, D. Attwood, and C. Jacobsen. Generation of spatially coherent light
at extreme ultraviolet wavelengths. Science (New York, N.Y.), 297(5580):376–378,
2002.

[175] G. Porat, C. M. Heyl, S. B. Schoun, C. Benko, N. Dörre, K. L. Corwin, and J. Ye.
Phase-matched extreme-ultraviolet frequency-comb generation.



124 B. References

[176] G. W. F. Drake and Z-C Yan. High-precision spectroscopy as a test of quantum
electrodynamics in light atomic systems. Canadian Journal of Physics, 86(1):45–54,
2008.

[177] E. E. Eyler, D. E. Chieda, M. C. Stowe, M. J. Thorpe, T. R. Schibli, and J. Ye.
Prospects for precision measurements of atomic helium using direct frequency comb
spectroscopy. The European Physical Journal D, 48(1):43–55, 2008.

[178] G. Scoles, editor. Atomic and molecular beam methods. Oxford Univ. Press, New
York, 1988.

[179] M. Drescher, M. Hentschel, R. Kienberger, G. Tempea, C. Spielmann, G. A. Reider,
P. B. Corkum, and F. Krausz. X-ray pulses approaching the attosecond frontier.
Science (New York, N.Y.), 291(5510):1923–1927, 2001.

[180] E. Constant, D. Garzella, P. Breger, E. Mével, Ch. Dorrer, C. Le Blanc, F. Salin,
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J. Rothhardt, and J. Limpert. Table-top milliwatt-class extreme ultraviolet high
harmonic light source. Optica, 3(11):1167, 2016.

[196] Z. Zhao and Y. Kobayashi. Realization of a mw-level 10.7-ev (l = 115.6 nm) laser by
cascaded third harmonic generation of a yb:fiber cpa laser at 1-mhz. Optics express,
25(12):13517–13526, 2017.
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I. Pupeza; “Femtosecond Enhancement Cavities in the Nonlinear Regime”, Physical
Review Letters 115, 023902 (2015)

• Oliver de Vries, Tobias Saule, Marco Plötner, Fabian Lücking, Tino Eidam, Ar-
min Hoffmann, Arno Klenke, Steffen Hdrich, Jens Limpert, Simon Holzberger, Tho-
mas Schreiber, Ramona Eberhardt, Ioachim Pupeza, and Andreas Tünnermann;
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• Henning Carstens, Maximilian Högner, Tobias Saule, Simon Holzberger, Nikolei
Lilienfein, Alexander Guggenmos, C. Jocher, Tino Eidam, Dominik Esser, V. Tosa,
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