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Zusammenfassung vii

Zusammenfassung

Im Rahmen dieser Arbeit wurde ein Femtosekunden Uberhohungsresonator (UR) ent-
wickelt und die Skalierung dieser Technologie zu hohen Leistungen untersucht. Der UR
wurde zur Erzeugung kohédrenter extrem ultravioletter (XUV) Strahlung mittels Genera-
tion hoher Harmonischer (HHG) in einem Gas als nichtlineares Medium eingesetzt.

UR sind optische Resonatoren, in welchen kontinuierliche Laserstrahlung oder Pulse
eines Frequenzkamms kohérent iiberlagert werden. Im Falle des Frequenzkamms entsteht
im Resonator ein leistungsstarker Puls, der mit der Repetitionsrate des Eingangspulszuges
(mehrere zehn MHz) zirkuliert. Die Leistungsiiberhthung, die durch die Verluste und die
Dispersion des Resonators beschrénkt ist, betrégt iiblicherweise bis zu drei Groflenordnun-
gen. Somit sind UR ideal zum Treiben nichtlinearer Prozesse mit niedrigen Konversionsef-
fizienzen geeignet, da das nicht konvertierte Licht nach jeder Interaktion mit dem nicht-
linearen Medium wiederbenutzt wird, was hohe Intensitéiten im Resonator aufrechterhélt.
UR, gekoppelt an leistungsstarke Laserquellen, die Pulse mit multi-MHz Repetitionsraten
im Sichtbaren und ins Infrarote emittieren, bieten die Aussicht, diese Strahlung mit ho-
hem Wirkungsgrad in Regionen des elektromagnetischen Spektrums zu konvertieren, in
denen Laseriibergéinge entweder selten oder ineffizient sind. Insbesondere wurde die Ent-
wicklung von UR im letzten Jahrzehnt durch die Aussicht auf kompakte, leistungsstarke
kohérente Strahlungsquellen fiir das Vakuum UV, XUV und weiche Rontgenstrahlung mit-
tels HHG, sowie fiir das mittlere und ferne Infrarot mittels Differenzfrequenzmischung
motiviert. Beim gegenwirtigen Stand der Entwicklung sind allerdings die fundamentalen
Grenzen dieser Technologie bei weitem nicht erreicht.

Der in dieser Arbeit vorgestellte UR wird mit einem Yb-basierten Lasersystem mit
einer Repetitionsrate von 78 MHz angeregt und unterstiitzt Pulsedauern von 200fs und
2ps bei Durchschnittsleistungen von 20kW bzw. 72kW, begrenzt durch intensitétsbed-
ingte Effekte in den Spiegeln. Bis heute ist dies das hochste Leistungsniveau, welches mit
ultrakurzen Pulsen bei einer multi-MHz Repetitionsrate erreicht wurde und es entspricht
einer Steigerung von etwa einer Gréflenordnung gegeniiber dem Stand der Entwicklung am
Anfang dieser Arbeit in 2007. Weiterhin wurde die erste hochsensible Messmethode fiir
die Umlaufdispersion in einem UR entwickelt, die Messungen bei voller Leistung erlaubt.
Damit wurden die intensitatsbedingten Limitierungen der Leistungsskalierung bestétigt.

Eine der groBten Herausforderungen der UR-gestiitzten XUV-Erzeugung ist die Auskop-
plung der im Resonator erzeugten hohen Harmonischen. Als Teil dieser Arbeit wurden
neue Methoden entwickelt, die die Aussicht auf eine Erweiterung der aktuellen Limitierun-
gen beziiglich Leistungsskalierung und Auskoppeleffizienz bieten. Erste HHG Experimente
wurden durchgefithrt und eine gute Ubereinstimmung mit der Theorie wurde festgestellt.

Diese Ergebnisse stellen Meilensteine dar, auf dem Weg zu leistungsstarken, kompakten
Strahlungsquellen fiir Spektralbereiche in denen Anwendungen bisher nur mit Synchrotrons
oder Freie-Elektronen-Lasern demonstriert wurden. Zusétzlich zur Kompaktheit bietet die
Strahlungserzeugung in UR den Vorteil ultrakurzer Pulse bei hohen Repetitionsraten. Dies
eroffnet neue Moglichkeiten fiir die Grundlagenforschung, insbesondere in der Attosekun-
denphysik und der Frequenzkammspektroskopie.
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Abstract

In the course of this work, a femtosecond enhancement cavity (EC) was developed and
scaling the intracavity power to very high values was investigated. The EC was then
used for the generation of coherent extreme ultraviolet (XUV) radiation via high-harmonic
generation (HHG) in a gas as a nonlinear medium.

EC’s are passive optical resonators in which continuous-wave laser radiation or pulses of
a frequency comb are coherently overlapped. In the case of a frequency comb this results
in one (or several) high-power pulse(s), circulating in the resonator with the repetition
rate of the initial pulse train of typically several tens of MHz. The enhancement, which is
limited by the cavity losses and chromatic dispersion, usually amounts to a few orders of
magnitude. This makes EC’s ideally suited to boost the efficiency of nonlinear processes
with low single-pass conversion efficiency since the non-converted light is recycled after each
interaction with the nonlinear medium, thus sustaining high intracavity intensities. EC’s
coupled to high-power laser sources emitting multi-MHz-repetition-rate, phase-stabilized
femtosecond pulses, in the visible and infrared promise to efficiently convert the radiation
of these sources to regions of the electromagnetic spectrum, where direct laser action is
either scarce, inefficient, or not available at all. In particular, the prospect of table-top
sources of bright, coherent radiation in the Vacuum UV, XUV and soft X-ray region, as
well as in the mid and far-infrared, via HHG and difference frequency mixing, respectively,
has been motivating the development of EC’s for the last decade. But still, fundamental
limitations of EC’s are yet far from being reached.

The EC presented in this thesis is seeded by a 78-MHz repetition rate Yb-based laser
system and supports pulse durations of 200 fs and 2 ps with average powers of 20 kW and
72kW, respectively, limited by intensity-related effects in the mirrors. To the best of our
knowledge, this power level is the highest for ultrashort pulses at a multi-MHz repetition
rate reported to this day and corresponds to an increase of roughly one order of magnitude
with respect to the state of the art at the beginning of this work in 2007. Furthermore,
we developed the first highly sensitive intracavity dispersion measurement method working
for fully loaded cavities, in particular including nonlinear processes. With this method the
intensity-related power scaling limitations were confirmed.

One of the main challenges of high-power EC-based XUV generation is coupling out
the intracavity generated high harmonics from the EC. Novel methods were developed as
a part of this work, offering the prospect of pushing the limits of high-power operation of
current output couplers and promising an increased output coupling efficiency. Finally, first
HHG experiments were carried out successfully and good agreement with the theoretical
prediction was obtained.

These results represent milestones on the way to realizing bright, table-top radiation
sources for spectral regions in which applications have so far only been demonstrated with
synchrotron or free-electron laser radiation. In addition to the simplicity and compactness
of the setup, laser-based radiation generation exhibits the advantage of ultrashort pulses at
high repetition rates, opening the door to new insights in fundamental science, in particular
in attosecond physics and frequency comb spectroscopy.



Jedes Wekzeug triagt den Geist in sich,
aus dem heraus es geschaffen worden ist.

Werner Heisenberg

Chapter 1

Introduction

1.1 About Light: From the Genesis to the Laser

Light is present in virtually all areas of life. It is involved in the majority of processes in
nature, it plays a primordial role in most religions and it has been one of the fundamental
(and perhaps the oldest) subjects of philosophy, arts and scientific research. The preoccu-
pation with light and in particular, with the study of its origin and properties and with its
control has always constituted an integral part of culturd’]

Many principles of optics, i.e. the science of light, were already known in antiquity.
Euclid’s description of the principles of geometrical optics from the 3'¢ century BC counts
among the first documented scientific works in optics. The Greek geometrician possessed
the mathematical apparatus necessary for the description of fundamental facts related to
the rectilinear propagation of light. Archimedes, who lived around the same time as Euclid,
is said to have defended Syracuse from the invading Roman fleet by using large mirrors
to focus the sunlight on the enemy ships, setting them on fire. Another testimony of the
knowledge in the field of optics during antiquity is found in a book of Ptolemy from the
2" century AD. In addition to his predecessor’s work, he describes the phenomenon of
refraction of light at interfaces between media of different optical densities.

The most important treaty on optics during the Middle Ages was written by Ibn al-
Haitham (or Alhazen) around the year 1000. He delivers descriptions of the magnification of
lenses, spherical aberration, parabolic mirrors and explanations for phenomena such as the
formation of rainbows and atmospherical refraction. Together with the writings of Ptolemy,
this work represents the fundamental reference on optics up to the 17" century. After
this, the field of optics experienced rapid development, supported by the refinement of the
manufacturing of lenses and measurement devices and techniques as well as by the evolution
of mathematical tools. Outstanding landmarks of this development include the observation
of the interference of light by R. Boyle and R. Hooke and the foundation of the wave theory
for light by Ch. Huygens in the 17" century, experiments on interference and diffraction
by Th. Young, the discovery of the polarization of light by L. Malus, detailed explanations

!The following historical review is largely based on Th. and H. Walther’s book Was ist Licht? [1].
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for the interference and diffraction phenomena by Fresnel and Fraunhofer in the early 19"
century and the direct measurement of the speed of light by L. Foucault and H. Fizeau in
1850. In the late 19*" century, J. C. Maxwell succeeded in mathematically describing the
experiments on the generation of variable electric and magnetic fields initiated 40 years
earlier by M. Faraday. The speed of the electromagnetic wave propagation predicted by
Maxwell’s equations coincided with the previously measured speed of light. Experiments
performed by H. Hertz in 1888 demonstrated electromagnetic waves directly, rounding up
the classical wave picture and providing an apparent conclusion of the research on the
nature and the properties of light.

However, the understanding of light-matter interaction provided by the classical wave
model of light fails at describing atomic absorption and emission processes. The necessary
expansion of the existing theory was provided by Max Planck in 1900 with the introduction
of the quantum hypothesis. Planck postulated that an electronically oscillating system can
only exchange energy of discrete amounts with an electromagnetic field. The energy E of
a quantum of radiation is proportional to the frequency f of the radiation via £ = hf,
where Planck’s constant h is a new fundamental physical constant. Einstein’s explanation
of the photoelectric effect in 1905 provided the validation of the new model, using particles
of lightf] later called photons. Shortly thereafter, the hypothesis of a coexistence of waves
and particles was extended to electrons by L. de Broglie and supported by the observation
of interference phenomena of electrons at crystal lattices by C. Davisson and L. Germer.

The wave-particle duality marks modern physics and, in particular, the field of quantum
electronics, which studies quantum phenomena related to the interaction of electromagnetic
radiation with matter. The process underlying the probably most important sources of ra-
diation in this field is amplification by stimulated emission of radiation, which was first
predicted and experimentally demonstrated for microwaves (therefore the acronym maser)
in the first half of the last century, and then extended to the infrared, visible, ultravio-
let and even X-ray regions of the electromagnetic spectrum, loosely designated as light,
conferring the acronym laserf] The output signal of this coherent amplification process
reproduces the frequency of the input electromagnetic wave with the respective phase, but
with a substantially increased amplitude. In the case of the laser, the gain medium consists
of a quantum-mechanical system such as a collection of atoms, molecules or ions or a semi-
conducting crystal, which is excited by a pumping process (providing the energy necessary
for the amplification process) into higher energy levels, so that a population inversion is
achievedﬁ. In conjunction with the feedback provided by an (optical) resonator, the ra-
diation obtained with this amplification mechanism forms a bright beam with unequaled
spatial and temporal coherence properties.

2In the second half of the 17tR century, Newton developed a particle-based model for light. However,
his theory lost ground to Huygens’ wave theory, which could explain most of the experiments of that time.

3During the time of this doctorate work, the scientific community celebrated the 50 years anniversary
of the first experimental demonstration of the laser by Th. H. Maiman in 1960.

4A detailed description of the mode of operation of the laser would exceed the frame of this section. A
textbook introduction is given in A. Siegman’s book Lasers [2].
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Figure 1.1: Coherent light sources. Hashed regions: only scarce, discrete laser lines (transi-
tions) are available. Main nonlinear processes used to convert laser light: SHG, THG, HHG:
second-, third- and high-harmonic generation, SFG, DFG: sum- and difference-frequency
generation, OPG: optical parametric generation, SRS: stimulated Raman scattering.

The past few decades have witnessed a rapid development of laser sources, motivated
by and enabling myriads of applications ranging from the investigation of microcosm dy-
namics over telecommunications to industrial manufacturing. Today, a great variety of
gain media is available, providing quantum energy transitions for laser action over large
parts of the electromagnetic spectrum between X-rays and far-infrared. Still, significant
spectral regions remain, where direct laser action is either inefficient or not available at
all, other than by means of large facilities such as free-electron lasers. Figure [1.1| provides
an overview of the available coherent light sources, compiled using data from [3-6]. Most
notably, the spectral regions below 200 nm (Vacuum UV, XUV, soft X-rays) and above
10 pm (mid- and far-IR) exhibit a sparse presence of efficient direct laser action. A conve-
nient alternative of generating high-power coherent radiation in these spectral regions relies
on the conversion of light emitted by a laser in a different spectral region via nonlinear
processes. However, these processes can exhibit low conversion efficiencies and in general,
their efficiency increases with increasing intensity. In the sixties, shortly after the first ob-
servation of an optical nonlinear process - namely second-harmonic generation (SHG) - the
technique of passive laser light enhancement in an optical resonator was successfully em-
ployed to improve its overall conversion efficiency. In recent years, this technique has gained
new importance due to the advent of high-power laser sources emitting phase-stabilized
femtosecond pulses at multi-MHz repetition rates, in conjunction with advances in mirror
coating technology enabling the construction of high-finesse broadband resonators. Today,
the generation of radiation via nonlinear processes driven by femtosecond pulses, which are
enhanced in passive resonators, exhibits the potential of approaching power levels necessary
for applications which so far have only been demonstrated with synchrotron or free-electron
laser radiation. In addition, the laser-based generation provides the prospect of unprece-
dented time and space coherence in the envisaged regions of the electromagnetic spectrum
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Figure 1.2: Schematic of an enhancement cavity. IC: input coupler, HR: highly reflective
mirror (for the fundamental radiation).

and exhibits the advantages of simplicity, compactness and low cost. Further development
of the femtosecond enhancement cavity technology has motivated the research reported in
this thesis.

1.2 Motivation: Enhancement of Nonlinear Processes
in Passive Optical Resonators

An enhancement cavity (EC) is a passive optical resonator in which laser light is coherently
overlapped. Coherence in this context refers to the condition that the input laser light has
a constant phase relationship with the light “stored” in the EC, i.e. the intracavity light?]

Figure shows a schematic of an EC. A train of input (also referred to as seeding)
laser pulses, equidistant in time and with a fixed electric field phase relation, hits the
input coupler of the EC. Under proper conditions, a high-power pulse forms in the cavity,
circulating at the repetition rate of the initial pulse train (usually several tens of MHz),
and receiving energy from each of the seeding pulseﬂ The power enhancement in an EC
is limited by the cavity losses and chromatic dispersion, and in state-of-the-art setups it
amounts to a few orders of magnitude. EC’s are ideally suited to boost the efficiency
of nonlinear processes with low single-pass conversion efficiency (such as HHG or DFG)
because firstly, the low conversion efficiency does not affect the enhancement considerably,
enabling high intracavity intensities and secondly, the pulse used to drive the nonlinear
process is recycled after each interaction with the nonlinear medium|’]|

>This can be either satisfied by a single-frequency continuous-wave (CW) laser, or by a laser emitting
several frequencies with a fixed phase relationship, which is the case of a mode-locked laser generating
pulses. Since CW operation can be regarded as a special case of a mode-locked laser, the following
discussion of pulsed EC’s includes the CW case.

6Note that multiple pulses can be stored in the EC in the same manner, if the cavity roundtrip time is
a multiple of the pulse repetition period.

"The task of coupling out the new frequencies from the cavity strongly depends on the participating
wavelengths.
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EC’s are often referred to as external resonators because they do not contain a gain
medium. Driving nonlinear processes in such a resonator rather than in a laser cavity
exhibits several additional advantages. The lack of elements prone to the high average and
peak powers (such as the gain medium and/or the mode-locking components) circumvents
their inherent limitations related to thermal and nonlinear effects and also facilitates op-
eration under vacuum conditions, which is mandatory for certain applications. Moreover,
the input laser light can be readily subjected to single-pass processes (such as amplifi-
cation, nonlinear spectral broadening, pulse picking, pulse shaping etc.) before seeding
the EC. Further advantages include the flexibility concerning the intracavity power regime
which can be easily varied over a large range by adjusting the parameters of the seeding
pulses, an outstanding intracavity beam quality and the action of the passive resonator as
a high-frequency low-pass noise filter. The on-resonance sensitivity amplification of single-
roundtrip dispersion and losses can also be used for accurate detection measurements.

The principle of resonant enhancement of an optical nonlinear process was demonstrated
as early as in 1966 for SHG with a continuous-wave (CW) laser [7]. Further development
followed, see [8-10] and references therein. Other EC’s were constructed for pulsed SHG [11]
12], third harmonic generation of a CW laser [13], frequency mixing of two CW lasers [14],
the generation of THz radiation via DFG [15] and recently, an EC-based optical parametric
chirped-pulse amplification scheme was proposed [16]. First proofs of principle for EC-
based HHG in a neutral noble gas jet have attracted high interest in recent years [17723][51
However, the power scaling limitations of these unique sources are still far from being
reached.

At our institute there are two main motivations of pursuing further power scaling of
high-repetition rate HHG in EC’s. On the one hand, this technology offers the prospect
of extreme nonlinear optics and in particular, isolated attosecond pulse generation at rep-
etition rates of several tens of MHz, which is a few orders of magnitude larger than in
current systems [24],25]. This would open new perspectives in attosecond physics, allowing
for new insights to both the collective and individual motion of electrons on atomic and
molecular scales. On the other hand, efficient XUV generation with high repetition rates
will enable high-precision frequency comb spectroscopy in a hitherto inaccessible spectral
region [17]. In the frequency domain, the distance between the comb lines equals the repe-
tition frequency of the ultrashort pulses and is transferred to the generated high harmonic
spectrum. Fewer comb lines per unit of frequency implies more energy per comb line and
the possibility of resolving single lines.

The significance of investigations related to the power scaling of the femtosecond en-
hancement cavity technique extends beyond these two particular applications. The avail-
ability of a table-top source of bright VUV and XUV radiation would undoubtedly result
in a significant boost of pertinent experiments in numerous fields, including XUV mi-
croscopy and tomography [26], interferometry and holography [27], plasma physics [28],
spectroscopy [29], at-wavelength-testing of components for EUV lithography [30] and sur-

8 A more detailed overview of EC’s for HHG is given in Appendix
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face and material studies |31], just to name the most prominent oneﬂ. So far, some of these
applications have only been demonstrated using synchrotron radiation. Besides HHG in a
gas, the study and development of power scaling of the EC technology can be useful for
arbitrary nonlinear processes. Therefore, the motivation of this work ties in with the basic
preoccupation with the study of light, mentioned at the beginning of this chapter.

1.3 Overview of the Results

During the past four years, in the frame of this doctorate work a femtosecond enhance-
ment cavity experiment was set up and investigations concerning the power scaling of this
technology were performed. The results can be summed up into 4 categories:

1 - Power scaling of the empty cavity. The EC presented in this thesis is seeded
by an Yb-based laser system and supports 200-fs pulses with 20 kW of average power at a
repetition rate of 78 MHz. Beyond this power level, intensity-related effects in the mirrors
were identified, leading to resonator instabilities and damage. By extending the pulse
duration to 2ps by chirping the seed laser pulses, we could obtain 72kW of intracavity
circulating power with the maximum available input power of 50 W. To the best of our
knowledge, this power level is the highest for ultrashort pulses at a multi-MHz repetition
rate reported in the literature to this day and corresponds to an increase of roughly one
order of magnitude with respect to the state of the art at the beginning of this work [32].
The limitations identified spawned the design of the next-generation EC in our group,
following the strategy of increasing the spot size on the mirrors.

2 - Advanced diagnostics. The first highly sensitive intracavity dispersion measure-
ment method working at high intra-cavity intensities was developed, based on spatially and
spectrally resolved interferometry (SSI) of a copy of the input beam to the cavity with a
copy of the circulating beam. In particular, dispersion measurements of the empty cavity
have confirmed the intensity-related power scaling limitations. This method is expected to
be instrumental to the optimization of the operation of EC’s including nonlinear processes.

3 - XUV output coupling. One of the main challenges of EC-based XUV generation
is coupling out the intracavity generated high harmonic radiation from the EC, especially
at the power levels demonstrated in our EC. As a part of this work, the suitability of several
output coupling methods for high-power operation was investigated. Two novel methods
were developed, offering the prospect of pushing the limits of high-power operation and
efficient output coupling of the shortest wavelengths.

4 - High-harmonic generation. First HHG experiments were carried out success-
fully at a moderate power level. With 200 fs pulse duration, 2.4 kW of average power and a
focus radius wy = 23 pm (1/e*intensity decay), harmonics up to order 17 generated in Xe
were detected. The results are in excellent agreement with theoretical predictions. These
experiments are intended as benchmarks for future scaling of the HHG process, especially
employing one of the novel output coupling methods mentioned above, suited for the power
regimes which have been demonstrated in the empty cavity.

9A number of further exciting applications are summarized in Refs. [4L[5.
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In the following, an overview of the journal publications related to the results in these
4 categories, which I co-authored, is given:

1 - Power scaling of the empty cavity. The main results are published in the
following two papers, for which I performed the majority of the experimental work and
manuscript preparation:

e [. Pupeza, T. Eidam, J. Rauschenberger, B. Bernhardt, A. Ozawa, E. Fill, A. Apolon-
ski, Th. Udem, J. Limpert, Z. A. Alahmed, A. M. Azzeer, A. Tiinnermann, T. W.

Hénsch and F. Krausz, “Power scaling of a high repetition rate enhancement cavity,”
Opt. Letters 12, 2052 (2010).

e [. Pupeza, T. Eidam, J. Kaster, B. Bernhardt, J. Rauschenberger, A. Ozawa, E. Fill,
T. Udem, M. F. Kling, J. Limpert, Z. A. Alahmed, A. M. Azzeer, A. Tiinnermann,
T. W. Hénsch, and F. Krausz, “Power scaling of femtosecond enhancement cavities
and high-power applications,” Proc. SPIE 7914, 791411 (2011).

In the frame of the collaboration with the Hansch-group, I contributed (mainly with dis-
cussions) to the green-cavity project led by Birgitta Bernhardt. The following manuscript
is currently in preparation:

e B. Bernhardt, A. Ozawa, A. Vernaleken, I. Pupeza, J. Kaster, Y. Kobayashi, R.
Holzwarth, E. Fill, F. Krausz, T. W. Héansch, and Th. Udem, “First green enhance-
ment cavity generating an ultra violet frequency comb,” manuscript in preparation.

2 - Advanced diagnostics. The dispersion measurement method is published in the
following manuscript. While I contributed most of the experimental work, data interpreta-
tion and manuscript preparation, the initial idea of applying SSI as well as great support
with the experiment and data interpretation came from Xun Gu, along with substantial
support from the other authors:

e [. Pupeza, X. Gu, E. Fill, T. Eidam, J. Limpert, A. Tiinnermann, F. Krausz, and T.
Udem, “Highly Sensitive Dispersion Measurement of a High-Power Passive Optical
Resonator Using Spatial-Spectral Interferometry,” Opt. Express 18, 26184 (2010).

3 - XUV output coupling. For the following paper I performed the majority of the
experimental work and manuscript preparation:

e [. Pupeza, E. Fill, and F. Krausz, “Low-loss VIS/IR-XUV beam splitter for high-
power applications,” Opt. Express 19, 12108 (2011).

For the following paper, I contributed mainly the experimental setup and the measure-
ments described in Section 4, together with Jan Kaster, and helped with the manuscript
preparation:

e Y.-Y. Yang, F. Siissmann, S. Zherebtsov, I. Pupeza, J. Kaster, D. Lehr, E.-B. Kley,
E. Fill, X.-M. Duan, Z.-S. Zhao, F. Krausz, S. Stebbings, and M. F. Kling, “Opti-
mization and characterization of a highly-efficient diffraction nanograting for MHz
XUV pulses,” Opt. Express 19, 1955 (2011).
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For the following two publications I performed the majority of the experimental work and
contributed to the theory and manuscript preparation:

e J. Weitenberg, P. Russbiildt, T. Eidam, and I. Pupeza, “Transverse mode tailoring
in a quasi-imaging high-finesse femtosecond enhancement cavity,” Opt. Express 19,
9551 (2011).

e J. Weitenberg, P. Russbiildt, I. Pupeza, T. Udem, H.-D. Hoffmann, and R. Poprawe,
“Geometrical on-axis access to high-finesse resonators by quasi-imaging,” manuscript
in preparation.

4 - High-harmonic generation. The HHG results reported in this thesis are pre-
liminary and have not yet been published. However, they are very promising and a timely
publication is being considered.

1.4 Structure of the Thesis

The subsequent chapters are organized as follows:

e Chapter [2] reviews the most relevant theoretical aspects of the area of this work,
including the fundamentals of mode-locked lasers, ultrashort pulses, enhancement
cavities and high-harmonic generation (HHG).

e Chapter[3|addresses the objectives of the experiments presented in this thesis and the
technological challenges on the way to reaching them. An overview of the solutions
worked out during this thesis and of the remaining challenges is given.

e Chapter 4| presents the experimental results elaborated during this work.

e Chapter 5| gives an outlook on future research motivated by and related to the results
of this work.

) Chapter@contains the journal articles [3337] constituting the cumulative part of this
thesis as well as a description of the author’s contribution to these publications. The
results contained in these papers are not repeated in Chapters 1 too|in detail. Rather,
these results are referred to throughout Chapters 1 to |5 with standard citations,
followed by the remark “see Chapter [6].



Chapter 2

Theoretical Background

2.1 Passive Enhancement of Ultrashort Pulses

The setup of any femtosecond enhancement cavity (EC) experiment consists of three main
components. Firstly, the pulses are generated by a mode-locked oscillator and optionally
post-processed (e.g. amplified and/or spectrally broadened and temporally compressed
etc.). The second component is the EC in which the laser pulses are overlapped coherently.
If the EC is used for nonlinear conversion, it also contains the respective mechanism. And
thirdly, one or more feedback loops are needed to ensure an interferometric overlap of the
seeding laser pulses with the pulse(s) circulating in the enhancement cavity.

Ideally, a steady state is aimed for in which the enhanced electric field circulating in the
passive cavity is a power scaled version of the seeding laser field. However, due to the fact
that the spectrum emitted by a mode-locked laser consists of equidistant modes and the
resonances of a passive cavity are in general not equidistant in the frequency domain, this
task is highly challenging. To explain this challenge, we provide a theoretical background
of the three main components. The different nature of the mechanisms underlying the gen-
eration of the pulses and their passive enhancement is addressed, and aspects particularly
relevant for the experimental results presented in this thesis are emphasized.

2.1.1 Ultrashort Pulses from Mode-Locked Lasers

Mode-locking underlies the generation of the shortest light pulses directly from a laser os-
cillator. The advent of self-mode-locking techniques (see. e.g. [24]) merely 20 years ago and
the subsequent development of phase stabilization in the last decade have had a significant
impact on scientific research and technology. With this technique, light pulses comprising
only a few oscillations of the electric field can be generated, confining the available laser
energy to pulse durations on a femtosecond timescale. In addition, phase stabilization
guarantees the pulse-to-pulse reproducibility of the electric field within the pulse intensity
envelope. Pulses with these characteristics have marked the birth of ultrafast and attosec-
ond science [24,25], studying and controlling light-matter interactions at unprecedented in-
tensity levels and atomic dynamics on previously inaccessible time scales. Phase-stabilized
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Figure 2.1: The formation of ultrashort pulses: superposition of axial modes of an ideal
Fabry-Perot resonator, oscillating with the same phase. The red line indicates the intensity
profile for (a) a single mode, (b) for 3 and (c) for 7 modes.

mode-locked lasers have also enabled high-precision optical frequency metrology. Their
frequency spectrum is a regular structure of equidistant lines, called frequency comb, see
e.g. [38-43]. The frequency comb can be parameterized by using only two radio frequencies
(RF), which can be easily measured, e.g. with respect to the hyperfine transition of cesium
at 9.193 GHz which provides the standard for one second. This constitutes a bridge trans-
ferring the measurement precision over the frequency gap between the RF spectrum and
optical frequencies. A textbook-level description of the mode of operation of mode-locked
lasers can be found e.g. in or . Here, we restrict the description to an overview
of the basic mechanisms leading to the formation of a train of femtosecond pulses with a
fixed phase relationship.

Mode locking refers to imposing a certain, fixed phase relation to the resonant axial
(longitudinal) modes of a laser cavity. Figure visualizes the intensity of (a) a single
mode, i.e. continuous-wave operation, and the superposition of (b) 3 and (c¢) 7 modes
of an ideal Fabry-Perot resonator, if these modes oscillate with identical phases. At a
fixed time, or at a fixed space, the modes interfere constructively at equidistant maxima
in space, or in time, respectively, which leads to the formation of light pulses. The more
modes simultaneously resonant in the cavity, i.e. the broader the bandwidth of contributing
frequencies, the shorter the resulting pulses. However, in a real laser cavity, the circulating
light pulses are subjected to dispersion, i.e. to a nonlinear dependence of the wavenumber
k(w) on the angular frequency w. In general, for a pulse with a spectrum centered around
the frequency w,, the wavenumber k(w) can be expanded in a Taylor series:

We W — We

k(w) = + ;GVD(w —we) + . (2.1)

Uph Ugr
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where vpn, vgr and GVD denote the phase velocity of propagation of the frequency compo-
nent we, the group velocity of the pulse and the group velocity dispersion, respectively (cf.
e.g. Section 9.1 in [2]). The terms of orders 2 (i.e. GVD) and higher describe the dispersion
accumulated by the pulse upon propagation and thus, the pulse lengthening in time. In the
presence of non-zero net roundtrip dispersion, a pulse circulating in the laser cavity would
broaden infinitely in time. In a mode-locked laser, however, the pulse reproduces after each
round trip, which is equivalent to the fact that the effect of residual cavity dispersion on
the pulse is compensated for upon each roundtrip. The intensity evolution of the pulse is
given by the relative phase of the frequency components. Therefore, the nonlinear process
of self phase modulation (SPM) can be used to perform this compensation and acts as a si-
multaneous switch for all active modes. The effect of SPM upon a roundtrip is determined
by the interplay of the intracavity nonlinear mechanisms, such as the amplification and
propagation in the active medium and (usually) an additional mode-locking mechanism.
Dimensioning the phase effects in a mode-locked oscillator can be done by solving the non-
linear Schrédinger equation, see e.g. Section 10.3 in [2]. The interplay between the cavity
dispersion, the mode-locking mechanism and the active material net gain bandwidth also
determines the (achievable) output pulse duration of a mode-locked laser. A mathematical
model of the mode-locking process can be found e.g. in [46,/47]. A decisive result is that
the mode locking mechanism counterbalances the terms of order 2 and higher in the Taylor
expansion in eq. (2.1)), implying:
We — W—We

k(w) = — + . (2.2)

Uph Ugr

This means in particular that the pulse can propagate with a different group velocity
Vg than the phase velocity v, of the wave with frequency w.. The following derivation
will show that this fact is of crucial importance for the control of the electric field of the
generated pulse train.

The steady-state resonance boundary condition of a linear Fabry-Perot oscillator with
length L (or 2L for a ring cavity) is given by:

2%(wy)L = 27N, (2.3)

where the integer NV denotes the axial (longitudinal) mode number. The last two equations
determine the frequencies of the modes of a mode-locked oscillator:

27 v
= Ny fwe [1— 2. 2.4
WN 2ng 4+ w ( Uph> (2.4)

Thus, the frequency difference between two adjacent modes amounts to:

2
D e =1 w0y (2.5)

WN+1 —WN = ﬁvgr =

and corresponds to 27 times the repetition frequency of the pulses, which we will denote
by w;.
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Figure 2.2: Frequency-domain representation of the frequency comb emitted by a phase-
stabilized mode-locked laser (as in [40]). The comb parameters are: the repetition frequency
w, and the carrier-envelope frequency wcg.

The second term on the right-hand side of eq. (2.4]) represents an offset frequency, which
we will denote by wcg:

WCE "= We (1 — Ugr) . (2.6)
Uph

The abbreviation CE stands for carrier-envelope due to the significance of wcg in the time
domain, which we will address shortly. In conclusion, the spectrum emitted by a stable
mode-locked laser is a comb of equidistant modes with a spacing w, and offset from a
multiple of w, by wcg:

wy = Nw, + wWcE. (2.7)

Figure shows such a spectrum. With a spectral amplitude envelope S(w), the electric
field of the pulses in the time domain can be written as a Fourier series:
B(l)= 3. Slu)e s Wertuce), 258)

N=—o00

One cavity roundtrip period T = 27 /w, later, the electric field equals:

Et+T) = > S(wy eI Wertwce) t+7)
N=—o00
— E(t)efj(QNﬂJrQﬂ’ch/wr)
=  E(t)e 2%, with: (2.9)
Ap = 27erE_ (2.10)
Wy

In other words, the electric field of each pulse produced by the laser is a copy of the
electric field of the previous pulse, shifted by a phase Ap. Due to the often used time-
domain representation of the electric field as a continuously oscillating carrier wave times
an envelope function, Ay is also called the “carrier-envelope offset phase slippage”, which
also explains the name of wcg. Figure visualizes the evolution of the carrier-envelope
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Figure 2.3: Pulse-to-pulse evolution of the carrier-envelope offset for Ap = 7/2 (as in [40]).

offset for the slippage phase Ay = 7/2. Stabilizing the pulse-to-pulse phase of a mode-
locked laser is crucial for localizing the comb modes in the frequency domain as well as for
time-domain applications which demand the reproducibility of the electric field rather than
just that of the intensity profile. Carrier-envelope phase measurement and stabilization has
been made possible in the last decade, see e.g. [38-43.|48-50).

The basic property enabling the enhancement of the pulses generated by a mode-locked
oscillator in a passive cavity is the pulse-to-pulse reproducibility of the electric field, which
is equivalent to the comb spectrum. Depending on the purpose of the enhancement, the
pulses generated by the mode-locked oscillator can be further processed without affecting
this basic property. Such processes include: pulse picking: reduction of the repetition rate;
this generates new spectral components, in such a way that the comb spacing equals the re-
duced repetition rate; sideband generation: generation of additional frequency components
through fast modulation, particularly useful for the Pound-Drever-Hall locking scheme (see
Section ; pulse chirping: manipulation of the spectral phase, in particular, allows for
a variation of the pulse peak power while keeping the spectral components and the energy
constant; linear power amplification: scaling up the pulse energy while keeping the other
parameters constant; comb-preserving harmonic generation: creates a frequency comb with
the original comb spacing at a multiple of the central frequency.

2.1.2 Passive Enhancement in an External Cavity

Similar to a mode-locked laser, the steady-state condition of an enhancement cavity requires
a pulse which is reproduced after each roundtrip. However, in contrast to a mode-locked
oscillator, the latter does not incorporate an intracavity mechanism for dispersion com-
pensation. Rather, the optical resonances of cavity, which are continuously excited by
the seeding frequency comb modes, are not equidistant in the frequency domain due to
roundtrip dispersion. This distinction from the seeding frequency comb affects the inter-
ference of the seeding with the circulating field, representing an enhancement limitation.
Moreover, the fact that the circulating field has a different spectral amplitude and phase
distribution than the seeding field requires increased attention when controlling the inter-
ference of the two. In the following, we first derive an analytical model for the steady state
of a passive cavity excited by a frequency comb. Then, we use this model to discuss the
trade-off between enhancement finesse and bandwidth.
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input coupler: reflectivity R(@), transmission T (w)

seeding laser cavity: round-trip field transmission ./ A(0)e

E, (0) = [R(®)E, (0) - E, ()T (0) A(w)e E. (0) = /R(0)E, () A(@)e*® + [T (w)E, ()

field reflected outside of the cavity intra-cavity circulating field

input field E, (@) circulating field
after one round trip

Figure 2.4: Electric fields at the input coupler of an enhancement cavity in the steady
state.

The Steady State

Figure shows the complex electric fields at the input coupler (IC) of an enhancement
cavity in the steady state. Usually, enhancement cavities for nonlinear conversion are im-
plemented as ring cavities. This is to avoid a double pass in opposite directions through
the nonlinear material and to enable a straightforward spatial separation of the field seed-
ing the cavity and the field reflected by the ICJ] The following derivation, however, holds
for both linear and ring cavities. Moreover, we assume perfect transverse mode matching
at the IC, i.e. that the seeding laser beam is matched to the excited cavity transverse
mode. For each frequency component w, the single-roundtrip power attenuation and ac-
cumulated phase are denoted by A(w) and f(w), respectively. Thus, one cavity roundtrip
of the circulating electric field component E.(w) can be completely described by its mul-

tiplication by 4/A(w)exp[jf(w)]. Let R(w) denote the IC power reflectivity, so that a

reflection on the cavity side at the IC implies the multiplication of the impinging electric

field E,(w) by \/R(w). Let T(w) denote the IC power transmission. Resonant enhance-
ment requires the constructive interference of the intracavity field reflected by the IC, i.e.,

R(w)Eo(w)\/A(w) exp[j(w)] with the portion of the input field transmitted through the
IC, ie., \/T(w)Ei(w). In the steady state the sum of these two interfering fields equals
Evc(w):

@ﬁ(w)::’ = , : (2.12)

!This comes in handy especially when using seeding systems sensitive to optical feedback.
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For linear, i.e. intensity-independent behavior of the cavity, the Airy function H (w) de-
fined in eq. represents the transfer function of the cavity. However, the ratio H(w)
evaluated over the spectrum of the input field also bears significance if intracavity nonlin-
ear processes are involved. In particular, H(w) can be measured with high accuracy (see
Section providing information on the nonlinear process itself.

In a similar fashion, the superposition E,(w) of the input field reflected by the IC outside
of the cavity and the intracavity field transmitted through the IC can be calculated:

Ey(w) = R(W)E(w) = Ee(w)y/T(w) A(w) expjf(w)). (2.13)
Note that the minus sign between the two terms stems from a phase shift of opposed sign
compared to the one between the two terms on the right-hand side of eq. (2.11f). This
follows from the Fresnel equations and can also be explained by energy conservation. By
plugging eq. (2.12)) in the above equation, we obtain:

Ei(w) R(W) —[Rw)+Tw)]y/Aw) expljf(w)]

Ei(w) 1 —/R(w)A(w)exp[jf(w)]

The entire seeding energy is coupled to the cavity if the numerator of the right-hand
side of Eq. equals 0. This impedance matching condition is fulfilled for a frequency
w, if on the one hand the roundtrip phase at this frequency is a multiple of 27 and on
the other hand the reflectivity and transmission of the IC are matched to the roundtrip
amplitude losses. For a lossless IC, i.e. if R(w) + T(w) = 1 holds, the second impedance
matching condition becomes R(w) = A(w).

Two further notions, historically stemming from optical interferometry, are important
in the context of passive cavities. The free spectral range FSR of a resonator (or interfer-
ometer) denotes the resonance spacing in the frequency domain. For a dispersive cavity,
the FSR is w-dependent and FSR(w) = mco/[2n(w)L] holds, where ¢y, n(w) and 2L denote
the speed of light in vacuum, the frequency-dependent refractive index for the intracavity
propagation and the cavity geometrical length, respectively. The cavity finesse F is a mea-
sure of the resolving power of the resonator used as a transmission filter (in the sense of an
etalon or interferometer). It is defined as the ratio of the FSR to the FWHM bandwidth
of a cavity resonance Awe,y, see e.g. Section 11.5 in [2]:

(2.14)

FSR(w)
= 2.15
Flu) = 215)
With the field propagation coefficient 7y (w) := /R(w)A(w) summing up the total losses

of the frequency w upon a roundtrip propagation in the passive resonator, the following
equation holds for Awe,y (cf. eq.(52) in [2], Section 11.5):

4 1-—
AWeay = =€ aresin (rmt(w)) (2.16)

2L 24/ 7ot (w)
L= 1o pspio). 217
(W Tt(w)) (w) (2.17)

Q
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It follows for the finesse:

Q

YT ) (2.18)

1-— Ttot ((U)
2T 2

112 (w)  1-RWAW)

F(w)

Q

(2.19)
Thus, the finesse is given by the resonator losses and is independent of the resonator length.

Summary of Useful Formulas

In the following, we sum up the main equations for two important special cases:

e Assumptions: no dispersion, i.e. w-dependence is discarded, lossless IC, i.e. R+T =1
holds, and the cavity is on resonance. Then eqns. (2.12) and (2.14) imply for the
power enhancement P and the reflected portion of the input light RefI:

2

— 2 |E(w) T
Pi=|Hw)| =|= S — (2.20)
Ei(w) (1- VRA)
~ 2 2
E, — VA
Refl = | B _ (M) . (2.21)
Ei(w) 1— V RA
e Assumptions: like above but also impedance matching is given, i.e. R = A holds:
1
P = — 2.22
T’ ( )
Refl = 0, (2.23)
F = =nP. (2.24)

Enhancement Trade-off: Finesse versus Bandwidth

The roundtrip phase #(w) describes the phase changes of a wave of frequency w upon
propagating in the cavity (usually in a transverse eigen-mode of the cavity) and interacting
with its optics. Let us assume that a certain frequency w, is resonant in the cavity, i.e.
the roundtrip phase accumulated by a wave with this frequency is a multiple of 27. Then,
0(w) can be expanded in a Taylor series about wk:

O(w) = 0y + GD(w — w,) + GDD(w — w.)? + ..., (2.25)

where 6y, GD and GDD denote a constant phase, the group delay and the group delay
dispersionf?] respectively. The constant phase term 6, has only a physical significance if a

ZNote that the GDD and the GVD are linked by the relationship §(w) = k(w)d which implies GDD(w) =
GVD(w)d, where d is a distance. While the GVD measures the dispersion upon propagation through
a material in general, the GDD is used to characterize the dispersion of optical elements with a fixed
geometry.
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Figure 2.5: Resonance of an impedance-matched cavity with a power enhancement of 100,
centered at w.. Green line: continuous wave with a slightly different frequency than w,,
would experience a lower enhancement and a phase shift in the cavity.

phase difference is considered, e.g. between two transverse modes of different orders (cf.
Section 2.1.4). The group delay is determined by the repetition frequency of the pulse
circulating in the cavity according to GD = 27 /w, and can usually be easily varied by
tuning the geometrical cavity length.

Figureshows the magnitude and phase of H (w) for an impedance-matched (dispersion-
free) cavity with a power enhancement of 100, which is resonant at w,, over a frequency
range extending 5% of w; to the left and to the right of w.. If a continuous wave with a
slightly different frequency than w. is exciting this cavity resonance (see e.g. green line in
Fig. [2.5]), the wave oscillating in the resonator will not only experience a smaller power
enhancement than that of a wave with w., but also a constant phase shift with respect to
the exciting wave.

Equation (2.12)) implies that roundtrip dispersion, i.e. GDD and higher-order terms
in eq. (2.25) and also frequency-dependencies of \/A(w) affect both the amplitude and

the phase of H (w). In particular, this means that the resonances of a real cavity are not
equidistant in contrast to the seeding frequency comb. Thus, some of the comb modes
will necessarily be offset from the centers (magnitude peaks) of the corresponding cavity
resonances, having a twofold effect on the circulating field. Firstly, the spectrum will not
be evenly enhanced, meaning a spectral filtering of the seeding frequencies. Secondly, the
phase of the circulating field will differ from the one of the input field. The dispersion
imposed on the circulating field amounts to approximately the power enhancement factor
times the roundtrip dispersion of the cavity (a derivation can be found in Section 2.4 of the
paper included [34], see Chapter @ A higher cavity finesse increases both effects. Thus,
when dimensioning an enhancement cavity, a trade-off between finesse and bandwidth is
necessary. Fig [2.6] illustrates this trade-off. The same frequency comb (green lines) is
enhanced in a cavity with high finesse and in a cavity with low finesse. The high-finesse
cavity enhances the central mode to a high degree but filters out the other modes strongly



18 2. Theoretical Background

low finesse
6- — high finesse
seeding comb

field enhancement

Magnitude of electric

(0-w,)! o

Figure 2.6: Qualitative illustration of the enhancement finesse vs. bandwidth trade-off.
Green: seeding comb frequencies, red: high-finesse cavity with dispersion, blue: low-finesse
cavity with same dispersion. Spectral filtering and phase distortions are less pronounced
for the low-finesse cavity. However, the power enhancement at the central mode is also
smaller than in the high-finesse case.

and also strongly affects the phase of the circulating field. The spectral filtering and the
applied dispersion are much smaller in the case of the low-finesse cavity. However, the
power enhancement in the latter is also smaller. This trade-off is clearly noticeable in the
enhancement cavity systems demonstrated so far, c¢f. Appendix [7.1]

2.1.3 Interferometric Stabilization

The strict condition of interferometric overlap of the input field with the intracavity cir-
culating field at all times, usually implies the need for active locking of the seeding comb
to the cavity resonances or viceversa. The example in Appendix [7.2] shows that even small
length deviations on a picometer scale, common to a normal lab environment, can alter
the enhancement significantly. In this section we first address the control variables in the
context of comb-cavity locking and review the most common locking schemes. Then, we
derive quantitative conditions under which the lock of the seeding comb and the enhance-
ment cavity can be realized with a single feedback loop. This is particularly relevant for
the design of an experimental setup.

In our discussion we assume (i) that all fluctuations are slow enough and (ii) that the
cavity response H(w) is linear, so that the steady states described in the previous two
sections can be assumed. These assumptions usually apply for most mechanical and elec-
tronic distortions and they allow the discussion to be carried out in the frequency domain
by using the comb and the cavity models given by eqns. and , respectively.
We stress that processes on shorter time scales, such as nonlinear intracavity interactions,
might introduce additional fluctuations, which are not accounted for by this discussion.

Section [3.2.2]) addresses this in more detail.
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Figure 2.7: Feedback-loop connection of the parameters piaser,1; Plaser,2 @0d Peavity, enabling
optimum overlap of the seeding comb with the cavity resonances. Active locking is indicated
by the arrows.

The Optimum Overlap

The frequency comb described by eq. can be parameterized by using two independent
parameters. The two parameters need not necessarily be w, and wcg and for the sake
of generality we will call them pjaser1 and Praser2. In contrast, under the assumptions
made above, the comb-likd| structure of the enhancement cavity response in the frequency
domain, given by eq. (2.12)), is completely described by the propagation length along the
cavity optical path for a given set of (dispersive) cavity optics. In other words, the cavity
transfer function can be parameterized by a single parameter (once the cavity optics are
given), which we will refer to as peayity-

In analogy to the trade-off between finesse and enhancement bandwidth discussed in
the previous section, the spectral filtering property of the cavity owed to dispersion im-
plies that different combinations of piaser.1, Plaser,2 aNd Peavity might be optimal for different
enhancement purposes. For instance, obtaining the shortest possible circulating pulse or
obtaining the highest enhancement in a certain spectral region might call for a different
overlap between the frequency comb modes and the cavity resonances in the same setup
(cf. e.g. [1]). In general, there exists an optimum overlap of the seeding comb modes
with the cavity resonances, which can be described by a well defined combination of pjaser 1,
Praser,2 and Pcavity -

The train of thought followed so far has two immediate consequences. On the one
hand, the single cavity parameter does not in general suffice to reach optimum overlap,
since the seeding comb requires two parameters for a full description. Thus, at least one
degree of freedom of the overlap needs to be controlled by means of the seeding comb. On
the other hand, if one of the comb parameters, say piaser,1, and the cavity parameter peavity
are locked, the other comb parameter, i.e. Diaser2, is unambiguously determined by piaser1
according to a constraint set by the optimum overlap (e.g. shortest intracavity pulse or
highest intracavity power). In particular, this means that pjaser2 can be locked t0 praser 1,
without a direct feedback from the cavity, which is illustrated in Fig. [2.7]

3By the formulation “comb-like” we wish to emphasize that the cavity resonances are not equidistant.
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Choice of the Control Parameters - Practical Considerations

The main fluctuations causing deviations from the optimum overlap and occurring in every
real experimental setup are of mechanical and electrical nature. In general, mechanical
vibrations affect all parameters, while electrical fluctuations affect mostly the laser (see
e.g. [52,53]), since the cavity is passive. Due to the effect of mechanical vibrations on
the lengths of both the oscillator cavity and the enhancement cavity, it is common to
stabilize the length of one of these cavities to match the length of the other one. If an
enhanced frequency comb is desired for which the absolute frequencies are highly precise
(e.g. for spectroscopy), then it is customary to lock the enhancement cavity to the seeding
laser (which is locked to an external reference). However, if the precise knowledge of the
absolute value of the enhanced modes is not mandatory, as is the case with most time-
domain applications, the passive cavity can be used as a reference and one of the oscillator
parameters can be locked to the cavity parameter. In practice this implementation is
usually less demanding due to the lower power in the oscillator cavity (see also Section [4.1)).
In conclusion, we can thus assume without loss of generality that the cavity resonances
are fixed, i.e. Peavity is constant, and the two comb parameters are used to compensate
deviations from the optimum overlap, which can be divided into two independent locking

tasks (cf. Fig[2.7):

e Loop 1: Praser,1 controls the frequency of a comb mode (e.g. w.), so that this mode is
locked to (usually the peak of) a cavity resonance, which is determined by peavity-

® LoOp 2: Praser,2 is set by using only feedback from piaser,1, with the boundary condition
that optimum overlap is reached.

The complex dynamics of mode locking (see e.g. [47,52]) makes it very difficult to vary
the two comb parameters w, and wcg completely independently. In general, the available
control mechanisms (like piezoelectric actuators, acousto- and electro-optical modulators,
dispersion management, optical pump power variation, etc.) act on both w, and wcg.
Therefore, in practice, the parameters piaser1 and praser2 are two linear combinations of
wy and wcg, which need to satisfy two necessary conditions: (i) they need to be linearly
independent and (ii) they need to be tunable over a region large enough around the op-
timum overlap so that all occurring fluctuations can be compensated for. Under these
two conditions, the comb needs to be brought in the vicinity of the optimum overlap in
the parameter space defined by piaser1 and praser2 by coarse adjustment and, subsequently,
active stabilization will ensure an optimum overlap. In the following paragraph, we review
the most common schemes for the two locking tasks, i.e. Piaser,1 tO Deavity and Diaser2 tO

Plaser,1-
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Common Locking Schemes

An active feedback loop consists of three main components: an error signal, indicating the
deviation of the actuating variable from the desired optimum, locking electronics setting
the control mechanism according to this error signal, and the control mechanism itself.
For the lock of a comb line to a Fabry-Perot cavity with an Airy-function response as
given by eq. and plotted in Fig. the control mechanism can be a piezo-actuated
mirror, the optical pump power of the oscillator, an acousto- or electro-optical modulator
etc.. The locking electronics are usually a standard, commercially available phase-locked
loop. Rather than providing a deep insight into the mode of operation of these standard
electronic components, we address in the following, the generation of the error signal, which
represents the interface of the optical setup, and the task of interferometric stabilization,
which is an electronic one.

The necessary property every error signal needs to fulfill, is bipolarity, i.e. the signal
should indicate unambiguously the direction (and magnitude) of the drift which needs to
be compensated for. For example, the intensity of the optical signal transmitted through a
cavity mirror, as a function of the mismatch between the driving frequency and the cavity
resonance, is not suited as an error signal for locking the peak of the resonance, since the
Airy function is an even function (see Fig. [2.5]). However, this signal is suited to lock the
driving frequency to a sub-maximum level on one side of the Airy fringe, e.g. the position
indicated by the green comb line in Fig.[2.5] This scheme is usually referred to as side-of-
fringe locking and was first employed to stabilize (CW) lasers to a reference cavity [54]
rather than to enhance a field with the purpose of increasing the available power.

Schemes able to lock a driving frequency to the peak of a cavity resonance require a
bipolar error signal that equals 0 at the peak of the resonance and changes its sign when
the mismatch passes through this zero. Such signals are usually obtained from observing
the interference of a portion of light in phase with the driving frequency (“reference”) and
a portion of intracavity light that contains the phase information of the cavity (“sample”).

The Héansch-Couillaud or polarization locking scheme [55] works for polarization
discriminating cavities. The linearly polarized light seeding the cavity needs to contain
nonzero components in two orthogonal polarization directions, e.g. parallel and perpen-
dicular to the intracavity polarization discrimination direction. For each polarization com-
ponent, the overall field reflected by the cavity is given by eq. and represents the
superposition of a portion of the seeding light which serves as the “reference” and a portion
of transmitted light, which carries the phase information of the cavity and serves as the
“sample” part of the interferometer. The “sample” portion is linearly polarized, but, due to
the polarization discrimination, its decomposition along the two polarization directions has
a different ratio of coefficients than the reference part of the beam. When the cavity is on
resonance, the phase difference between the two linearly polarized parts is 0 so that their
superposition is linearly polarized. However, when the cavity is off-resonance, the sample
part has a frequency-dependent phase shift with respect to the reference part, manifesting
itself as an elliptical polarization of the reflected beam. The direction and the magnitude of
the ellipticity can readily be detected with an analyzer consisting of a quarter-wave plate, a
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polarizing beam splitter and a difference photodiode, providing the error signal. The cavity
in the proof-of-principle paper [55] contains a Brewster plate which provides strong polar-
ization discrimination. However, recently we have shown that the nonorthogonal incidence
of the beam on the cavity mirrors provides a polarization discrimination large enough for
a stably working Hénsch-Couillaud lock [33]34]. The results presented in this thesis have
been obtained using the Hénsch-Couillaud locking scheme.

Several locking schemes, which we summarize under the name of transverse mode
mismatch locking, use the fact that an optically stable cavity has a set of well-defined
transverse eigen-modes. If this cavity is excited externally and a mismatch between the
exciting beam and the excited transverse mode is introduced, a spatial interference of the
part of the input beam which is not matched to the cavity mode (reference) with the beam
resonant in the cavity (sample) can be produced. A photodetector placed at a proper
position generates a bipolar error signal. The mismatch can be e.g. given by a non-mode-
matched input beam [56,57] or by a tilted input beam [58]. While these methods are easy
to implement and low-cost, they are inherently prone to misalignment and to changes of
the input beam and the excited cavity transverse mode.

One of the most robust and widely used stabilization schemes today is the Pound-
Drever-Hall locking scheme, see e.g. [59-H61] and references therein. The method was
initially developed by Pound [62] for microwave frequency stabilization of and later adapted
for optical oscillators [59]. By modulating the input light with an RF source (local oscilla-
tor), sidebands of the frequency to be locked are produced. If the distance of the sidebands
from the resonant frequency in the frequency domain is large enough so that these sidebands
are not resonant, the sidebands can be used as the reference. The signal reflected by the
input coupler of the resonant cavity carries the desired phase information and can be used
as the sample signal in a phase-sensitive heterodyne detection scheme which demodulates
the reflection signal against the RF source [59].

The second stabilization task consists in locking piaser2 t0 Plaser,1- As discussed in the
beginning of this subsection, this stabilization concerns the laser only. While the repetition
frequency of the laser is easy to access as an RF signal from a photodiode, the detection
of the CE phase slippage Ay is somewhat more intricate. The most common and straight-
forward scheme for the detection of weg is based on an f-to-2f interferometer, see e.g. [40]
and references therein. Here, an octave-spanning frequency comb is employed to generate a
beat signal between the mode with the number N and the one with the number 2N. Such a
broad spectrum can be generated e.g. by self-phase modulation in a nonlinear crystal. The
two frequencies wy = Nw, + wcg and wony = 2Nw, + weg generate a beat note with an RF
frequency corresponding to their frequency difference, i.e. wony—wy = weg. Controlling weg
can be done in manifold ways. A slow control can be obtained by varying the length of the
oscillator beam path through a dispersive material, which influences the ratio of the group
to the phase velocity, see e.g. [63]. Recently, a related method was demonstrated in which
a composite plate is used to vary this ratio without affecting the repetition rate [64]. Faster
controls can be achieved by modulating the power of the pumping beam, see e.g. [52,/53}/65]
or by shifting the pumping beam with respect to the cavity mode [66].
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Figure 2.8: Illustration of the effect of a shift Awcg of the carrier-envelope offset frequency
wcg on the enhanced frequency comb, if the laser-cavity lock is implemented by controlling
the repetition frequency w, so that the central optical frequency w, is locked to the peak
of a cavity resonance.

Locking a Single Degree of Freedom

The necessity to actively control a second degree of freedom (i.e. the lock of plasero to
Plaser,1) Mainly depends on the jitter, on the optical bandwidth, on the cavity finesse and
on the required stability of the enhanced frequency comb. For many practical applications,
fluctuations of two orthogonal degrees of freedom, e.g. of w, and wcg around the state of
optimum overlap have a very similar effect on the enhancement, making a second active
loop unnecessary. This will be shown quantitatively in the following calculation, in close
analogy to Section 2.1 of our paper [67].

For our derivation, we assume that the central optical frequency w. is being locked to
the peak of a corresponding cavity resonance by actively controlling solely the repetition
frequency w, of the comb, and we calculate the effect of a variation Awcg of the other comb
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parameter wcg on the enhancement. In the context of the laser-cavity lock the following
description of §(w) is convenient:

w
Ow) = Tw+v(w)= 27rw— + P (w), (2.26)
where 7 = 27 /w, is the round trip group delay and ¢(w) is a term describing the residual
intra-cavity dispersion. For simplicity, here we assume that ¢)(w) = 0 and that an initial
wcE is given, which leads to an optimum overlap of the seeding comb modes with the cavity
resonances, see Fig. 2.8 a. Let N, denote the mode number of w,, so that

we = Newy + WeE (2.27)

holds. A variation of the comb parameter w,, meaning a change of the comb mode spacing,
can be entirely compensated for by the active control. In contrast, a variation Awcg of the
carrier-envelope offset frequency shifts the entire frequency comb, as depicted in Fig. 2.8 b.
The active control compensates the drift of w. by introducing a variation Aw, to w,:

We = Nc(wr — Awr) + WeE + AWCE. (228)
The last two equations imply:
Aw, = Awcg/Ne. (2.29)

While the mode with the number N, retains its initial frequency, the mode with the number
N. + m will experience a frequency shift equal to mAw,. This situation is depicted in
Fig. 2.8 c.

In Fig. 2.9] the effect of a variation Awcg, corrected by a variation of w, as described
above, on the enhanced pulse is plotted for several enhancement factors and several optical
bandwidths. As a result of this correction the circulating power decreases and the intra-
cavity spectrum is narrowed relative to the case of optimum overlap of the seeding comb
with the cavity resonances. The relative changes are plotted as functions of Awcg and
of Awcg/(27)Aweay, Where Awe,y is the full-width-half-maximum of the cavity resonance.
The optical bandwidths used in the calculated examples represent typical values used in
femtosecond enhancement cavity experiments. The majority of the experiments presented
in this thesis are performed with parameters close to the 7-nm case shown in Fig. 2.9 c.
Throughout these experiments, the seeding comb could be locked to the cavity by using a
single feedback loop, cf. Section [4.1 However, a high-finesse enhancement of pulses with
broader bandwidths might require a second feedback loop, cf. Section [5.1.2]

2.1.4 Transverse Modes, Cavity Scan and Quasi-Imaging

The transverse modes of a resonator (and also of free space or a waveguide) are self-
consistent transverse electromagnetic field distributions. A textbook treatment of optical
resonator transverse modes is given in Sections 1.6 and 14.3 of Siegman’s book Lasers [2].
The most relevant theoretical aspects for the work presented in this thesis are presented
in Section 2 of the paper included [37], see Chapter @ In this section we emphasize two
further aspects.
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Figure 2.9: Calculated reduction of the enhanced spectral width (FWHM) after a carrier-
envelope offset frequency drift Awcg has been compensated for by a shift of the repetition
frequency w,, locked at the central optical frequency w.. The reduction is related to the
case of optimum overlap between the frequency comb modes and the cavity resonances.
A Gaussian input spectrum is assumed. In a good approximation, the total power en-
hancement is proportional to the spectral narrowing and the pulse lengthening is inversely
proportional to the spectral narrowing. (a) and (b): impedance matched cases with power
enhancements at w. of 50 and 500, respectively. (c): power enhancement of 1500 at w,, not
impedance matched, corresponding to our experimental setup.
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Cavity Scan

The scan of the oscillator length generating the seeding pulses around the value of the
enhancement cavity length is explained in Section 2.3 of the paper included [37] (see Chap-
ter @ and in Figures 3 and 5.b therein, in the context of adjusting the relative phase
between higher-order transverse modes. This is particularly useful to enable the simulta-
neous resonance of a subset of cavity eigen-modes, which can then be coupled by means
of obstacles in the beam path to tailor new low-loss transverse modes. This technique,
which we call quasi-imaging, is addressed in the next paragraph. Besides enabling quasi-
imaging adjustment the scan pattern is also a powerful diagnostic tool, as discussed in the
following] Section includes examples for all points listed here.

o Optimum overlap of the axial comb modes of the seeding pulses with cavity resonances.
The scan pattern can be used to adjust the two laser parameters and the cavity
parameter manually and coarsely so as to be in the vicinity of the optimum overlap
so that subsequent active stabilization ensures a steady state in the optimum overlap,
as discussed in the previous section. For sufficiently small cavity dispersion, this is
achieved when the main resonance in the scan pattern reaches a maximum and the
peaks of the two resonances, one free spectral range to the left and to the right of
the main resonance, have equal heights.

e Transverse mode matching. The scan pattern also provides information on the
amount of light coupled to transverse modes other than the desired one. For in-
stance, in Section 3 of [37] the peaks corresponding to higher-order transverse modes
are used to calculate the overlap of the input beam with the excited modes. If the
target alignment is a perfect transverse mode matching then these peaks must vanish.

e FError signal adjustment. As discussed in the previous section, the bipolar error
signal for locking should indicate unambiguously the direction and magnitude of the
drift which needs to be compensated. Important parameters of the error signal, like
amplitude and balancing can be adjusted while scanning over a cavity resonance.

e [inesse and nonlinearities. For a given seeding frequency comb, the ratio of the main
peak to the ones located a free spectral range to the left and to the right provides a
measure for the spectral filtering of the cavity (as discussed in the previous section),
which increases with a higher finesse and with dispersion, both of which might also
be intensity-dependent. This diagnostic is particularly useful in power scaling exper-
iments, where the (average or peak) power of the seeding comb is increased while all
other parameters are kept constant.

4The frequency-domain scan of a Fabry-Perot resonator is not only a helpful diagnostic for the enhance-
ment in this resonator, but a measurement tool in its own right: a cavity with variable length can be used
as a passive tunable filter or as a scanning interferometer, see e.g. Section 11.5 in [2], scanning a CW laser
through a cavity resonance can be employed for ringdown measurements [68] etc.
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e Stability range detuning and roundtrip phase difference between the sagittal and tan-
gential directions. As explained in [37], the scan pattern contains information about
the detuning from the center of the stability range (see also next paragraph). More-
over, a difference of the Gouy parameters for the z and the y directions in the cavity
leads to different on-axis phased’| of the higher-order modes with the same sum of x
and y indices. This results in a multitude of peaks in the scan pattern correspond-
ing to a group of resonances with identical index sum. Conversely, the roundtrip
phase difference between the x and the y directions can be determined from this scan
pattern (if the finesse is large enough so that these peaks are well resolved). For
example, Fig. 5.b. in Section 3 of [37] shows a case in which the Gouy parameters
are 1, = 0.78 - 2m and 1, = 0.76 - 27. In a stable resonator, in which the beam lies
in a single plane, this difference is caused by the difference of the effective radius
of curvature of the (de)focusing mirrors thus, indicating the angles of incidence on
these mirrors. In an out-of-plane stable resonator this diagnostic can e.g. be used
to adjust the angles of incidence on the curved mirrors so that the Gouy parameters
in both directions are equal. In this case all peaks corresponding to modes with the
same sum of x and y indices coincide. In particular, this could be used to adjust
quasi-imaging in both directions, see Section [5.2.2]

Mode Degeneracy and Quasi-Imaging

A phenomenon which can be very useful if controlled properly, and harmful if unwanted, is
transverse mode degeneracy. Several transverse modes of different orders can be simulta-
neously resonant. Intracavity phase front distortions can then lead to a coupling of these
modes [69], influencing the excited mode in the cavity.

On the one hand, if fundamental-mode operation is desired this phenomenon leads
to a degradation of the beam quality, as discussed in [69]. Such phase front distortions
can for instance be induced by thermal or nonlinear effects in the resonator optics. We
have observed this in experiments involving an intracavity Brewster plate for XUV output
coupling, cf. Section [4.4.1] It has also been reported that the gas target can lead to such
phase front distortions [70]. The consequence of this unwanted effect is an increase of the
roundtrip losses for the distorted mode, possibly a decrease of the overlap with the exciting
mode and thus, overall a decrease of the enhancement and of the HHG efficiency. The scan
pattern can be used to adjust the relative phases of the transverse modes to avoid resonant
coupling among them

On the other hand, the phenomenon of transverse mode degeneracy, together with the
proper choice of obstacles in the beam path and of the seeding transverse mode, enables
the controlled combination of eigen-modes of a cavity resulting in a tailored mode with
desired properties. An example thereof is the quasi-imaging (QI) concept presented in the
paper included [37], see Chapter [6] (see also Section [5.2)). The initial motivation of the de-

5The accumulation of different on-axis phases manifests itself in different optical cavity lengths.
SHowever, the average power during the scan is different from the steady-state regime. Therefore,
distortions due to thermal effects might not be visible in the scan pattern.
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velopment of QI was to obtain a field distribution which simultaneously exhibits an on-axis
maximum for HHG in a gas target close to a cavity focus and, after a certain propagation
distance, an on-axis low-intensity region for coupling out the intracavity generated XUV
radiation through an opening in a cavity mirror in this region. However, this application
can be regarded as a special case of the more general concept of exciting a combination of
degenerate transverse modes in a cavity, among which the coupling can be tuned with high
precision by means of the position in the stability range. This enables the confinement of
different processes to spatially separated regions within the cavity and, at the same time,
a precise control of the energy coupling between these regions and therefore between the
respective processes. This concept might prove to be useful for tasks other than providing
a direct on-axis access to a high-finesse cavity['}

2.2 High-Harmonic Generation (HHG) in a Gas

For longer than the past two decades the process of HHG has been extensively studied,
both experimentally and theoretically. Owing to its immediate relation to the generation of
XUV radiation, such studies have been playing a central role at our institute. In particular,
in the context of enhancement cavities, theoretical descriptions of HHG have recently found
their way into several PhD theses, e.g. [22,/71-73]. Rather than reproducing in detail the
different models describing HHG, this section briefly outlines the semiclassical HHG model
known as the three step model, and subsequently addresses phase matching considerations,
aimed at providing an intuitive introduction to HHG and at enabling the interpretation of
the experimental results presented here as well as of the challenges faced towards further
power scaling. At the end of the section, we sum up scaling laws for HHG.

2.2.1 The Three-Step Model and Phase-Matching
The Three-Step Model of Single-Atom HHG

The specific structure of high-harmonic spectra generated by multi-cycle laser pulses con-
sists of odd harmonics, whose envelope exhibits: (i) an exponential fall-off (perturbative
region) for the lower-order harmonics, (ii) a plateau region of nearly equal power per
harmonic, succeeded by (iii) a cutoff in the short-wavelength part of the spectrum. Ex-
perimentally, this structure has first been observed in the late eighties [74.|75]. The three
step model, developed by Corkum and coworkers, see [76] and references therein, pro-
vides a semiclassical, intuitive approach to HHG, explaining many of its properties. In
1994, Lewenstein and coworkers justified this model with quantum mechanical considera-
tions [77]. In the following, we outline the three step model, explaining the response of a
single atom to a high-intensity field. The model is illustrated in Fig. [2.10]

"For instance, it might enable the implementation of the seeding oscillator resonator (with its active
medium and mode-locking mechanism) and the passive enhancement resonator in the same cavity (here,
cavity designates a hollow space rather than a resonator). This could simplify the experimental setup
considerably and in particular, spare the necessity of active synchronization.
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Figure 2.10: Three step model: 1 - tunnel ionization, 2 - acceleration through the laser
field, 3 - recombination to the ground state and emission of an XUV photon. This image
is reproduced from by courtesy of Matthias Kling.

Gas |Xe|Kr|Ar|Ne|He
U,/ eV | 12.13 | 13.99 | 15.76 | 216 | 24.6

Table 2.1: Tonization potentials (from Section 12.2.1 in [3]).

In the first step, the highly intense driving electric field bends the Coulomb potential
barrier of the atom so that an electron tunnels from the atomic ground state. A necessary
condition for this model to hold is that the so-called Keldysh parameter

U;
=/ 2.30
v 20, (2.30)

is smaller than one . Here, U; is the ionization potential of the atom, see Tab. and
U, is the ponderomotive energy, i.e. the average kinetic energy of an electron in a harmonic
field, given by:

e*F3
Up = fome (2.31)
e? 21
= — — 2.32
dw?m,  cey’ (2:32)

where e, m., w, €y, Fy and I are the electron charge and mass, the optical frequency, the
vacuum permittivity, the electric field amplitude and the laser beam intensity, respectively.
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Plugging in the natural constants and using the common measurement units W/cm? and
pm for I and A, respectively, yields:

U, ~9.33- 1071 \2 (2.33)

For v < 1 the tunneling times of the electron through the bent Coulomb barrier are
short compared to the optical cycle, and the tunnel ionization model implies the formation
of a sequence of wave packets, one close to each electric field maximum of the driving
multi-cycle laser pulse.

The second step concerns the acceleration of the electron in the laser electric field. It
uses classical mechanics to describe well-defined trajectories for the electrons. The trajec-
tories along which the electron wave packets return to the parent ion lead to recombination,
which constitutes the third step. Upon recombination, a photon is emitted with an energy
equal to the sum of the kinetic energy acquired during acceleration and the ionization po-
tential, i.e. hw = Ey, + U;. The trajectory and thus, the energy of the emitted photon,
depends on the time, i.e. the phase of the driving field, at which the ionization takes place.
The model implies that the highest kinetic energy is reached if the electron tunnels at
wt = 0.3 + kwrad for any integer k. In this case, the absolute maximum of the kinetic
energy amounts to 3.17U,, which defines the cutoff frequency via:

hwcutoff = 317Up + Ui. (234)

The typical odd-harmonic spectrum originates from the interference of the spectra of
the radiation emitted by the different optical cycles of the driving pulse. The cycle-to-cycle
repetition of the wave packets passing the parent ions implies that any light that is emitted
will be at an odd harmonic of the laser frequency. In the case of single-cycle driving pulses,
this interference vanishes and the harmonic spectrum exhibits a rather continuous shape.

Another important result is that only close-to-linear polarization leads the tunneled
electron back to the atom and thus to recombination. This is also the key to all isolated
as-pulse generation schemes involving polarization gating, see Section [5.3]

Multi-Atom HHG - Phase Matching

The response of a macroscopic target, such as a gas jet or cell, to a driving field depends
on the spatial phase relation between the radiation contributions of each atom involved in
the HHG process, i.e. on phase matching. On the one hand, the coherent addition of these
contributions is essential for efficient XUV generation. On the other hand, multiple factors,
like the intensity-dependent phases of the excited dipoles, the macroscopic properties of
the emitting medium as well as the driving beam space and time properties influence phase
matching, making it a complex problem. A thorough treatment of HHG phase matching
exceeds the scope of this thesis. Here, the discussion is restricted to an overview of the
main factors determining phase matching.

Firstly, the atomic phase of the participating dipoles is intensity-dependent and thus, a
function of space and time. Section 11.2 of [5] gives an introduction hereof. An important
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result is that two geometries are found for which good phase matching is achieved. One
of them corresponds to collinear phase matching and results in a Gaussian-like emitted
harmonic beam. The other one corresponds to noncollinear phase matching and yields an
annular beam.

Secondly, for a Gaussian beam with the confocal parameter

2 2
b= 7;“’0, (2.35)

where wy is the 1/e2-intensity decay focus radius, the geometrical phase shift with respect
to a plane wave (Gouy phase shift), depends on both the axial and radial coordinates, z
and r, respectively. For a Gaussian beam with a focus at z = 0 and a wavefront curvature
R(z), the geometrical phase is given by the expression:

2

Pgeom (1, 2) = — arctan (2:) + )\;22). (2.36)

The intensity-dependence of the atomic dipole moment together with the geometrical phase
lead to a substantial dependence of the coherence properties of the generated harmonics
on the position of the nonlinear medium with respect to the focus and on its geometry
(see e.g. [79] for details). Assuming a homogenous transverse distribution of the nonlinear
medium, the geometry of the interaction region is mainly described by its length leq.
If lmea < b holds, the system is referred to as exhibiting weak (or loose) focusing. For
lmea > b the focusing is said to be tight. As a rule, optimum phase matching is reached
employing loose focusing conditions [80-82]. The high quality of the transverse mode of
an enhancement cavity favors phase matching.

Thirdly, the atomic density plays an essential role in phase matching since dispersion
introduces a phase mismatch Ak = k, — gk, between the phase k, of the harmonic field of
order ¢ and the phase k; of the fundamental (polarization) field. In a dispersive medium,
the phase lag between the nonlinear polarization introduced by the fundamental laser, os-
cillating with the frequency w, at the frequency qw and the free Gaussian beam propagating
in the medium is [83]:

A¢(z) = (1 — q) arctan <2bz) + Akz. (2.37)

The values of Ak for a fundamental wavelength close to the one employed in our experiment
are given in Tab. 1 in [84] for ¢ between 3 and 33. Another important contribution to
the phase mismatch is caused by the free electrons of the ionized gas, see also Tab. 1
in [84]. The influence of several gas target parameters on the harmonic yield is discussed
in Section 12.2.2 in [5]. In general, an optimum interplay of the mechanisms contributing
to phase matching can be found empirically, by adjusting the geometry, the position and
the pressure of the gas nozzle.
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2.2.2 Scaling Laws

For the design (dimensioning) of any HHG device, the knowledge of the scaling laws of
this highly nonlinear process is imperative. However, as opposed to the cases of many
other nonlinear processes, in the case of HHG in a gas, a simple and general scaling model,
consisting of closed expressions of all relevant experimental parameters, which predict the
spectrally resolved intensity of the generated high harmonics, still lackﬂ This is partly due
to the complexity of the process and the multitude of involved parameters, but also due to
the absence of HHG experiments enabling the validation of theoretical models over large
parameter variation ranges. In particular, the strong intensity-dependence of the process
makes the comparison between different experiments difficult. In this section we sum up
the most relevant HHG scaling laws, which have been confirmed by all experiments so far.

For a better overview we first list the formulas linking the pulse energy FEpue, the
average power P,., the repetition frequency (rate) fiep, the pulse peak power Ppe., the
pulse duration 7,y and the peak intensity I of a pulse with a Gaussian distribution in
time and space:

I
Epulse = , (238)
frep
E ulse
Ppeare. = 0.94=20% (2.39)
Tpulse
P ea. P&V
[ = 2-P2 _9 - (2.40)
Afocus frcprulscﬂ—w()
Eqns. (2.32)) and (2.34) imply for the cutoff frequency:
fieutoft = 2.96 - 107 BTN + UL (2.41)

Thus, higher harmonics are generated using a longer driving wavelength. In particular,
among the most common mode-locked lasers, this constitutes an advantage of Yb-based
systems (centered around 1030 nm) over Ti:Sa systems (centered around 800 nm). Scaling
the cutoff by means of the intensity can be done by (see eq. (2.40)): (i) increasing the
pulse peak power, meaning increasing P,, and/or decreasing Tpuse and/or decreasing frep.
The challenges related to these scaling measures from the point of view of enhancement
cavities are discussed in Section m (ii) by tightening the focusing. However, this usually
alters phase matching (see previous section). Moreover, increasing the intensity is limited
by ionization. The probability for the latter increases with the intensity, leading to an
eventual breakdown of HHG. For example, for Xe the optimum intensity for HHG lies in
the range ~ 10'% — 10 W /cm?.

Furthermore, the cutoff can be pushed towards higher frequencies by choosing lighter
atoms with a larger ionization potential (see Tab. since weutof depends on U; via
eq. ([2.34)).

8First closed-form relations for the conversion efficiency under the assumption of a square-shaped pulse
are provided in [85]. However, the focusing conditions and intensity-dependent phase matching are left
out of this model.
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Concerning the conversion efficiency, a compendium of several HHG experiments is
provided in Section 3.1.2. of [86]. A theoretical study [87] for driving lasers from the near-
visible (800 nm) to the mid-infrared (2pm), has recently predicted a dramatic conversion
efficiency (CE) improvement for HHG driven by shorter wavelengths:

CE oc A5 \7°. (2.42)

This scaling law has been experimentally verified in the range 800 - 1850 nm for Xe (CE
A763ELD) and Kr (CE oc A765%11) [8g].

In weak focusing operation (i.e. for lyeq < b), at constant driving intensity, the inten-
sity of plateau harmonics Ijjatean 1S Observed to scale according to the following law (see
Section 12.2.1 in [5,[89)]):

Tojatean o< b°. (2.43)

The transverse mode characteristics of the generated harmonics depend strongly on the
fundamental beam shape, the intensity and the phase matching conditions. In practice,
spatial coherence measurements can be performed (cf. e.g. Section 12.1.2 in [5]). For
HHG with a focused Gaussian beam the following approximation of the divergence of the
harmonics holds (cf. Section 4.2.1 in [71]):
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—platean o 2 (2.45)
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where ¢, 0f, 07, and 63}, denote the harmonic order, the divergence of the funda-

mental beam with 6y = \/(mwy), the divergence of the ¢** harmonic in the perturbative
regime (exponential decay, low harmonics) and the divergence of the ¢'" plateau harmonic,
respectively.

Like in the case of the A=(6-%) and the b3-laws in eqns. and , respectively,
formulating a scaling law for the harmonic yield with respect to the pulse duration Tpuse
requires a constant intensity. However, unlike in the aforementioned two cases, where the
variables A\ and b have a well-defined influence on the HHG process, the variation of 7yse
and the subsequent adjustment of the intensity to a constant level, is not a well-defined
operation. For instance, T,use can be varied by modifying the amplitude spectrum of the
pulse and/or the spectral phase. The latter influences the distances between the zeros of
the electric field rather than their number, which determines the number of HHG events.
Moreover, the intensity envelope of the pulse, which can exhibit a complex shape, influences
the ionization of the gas during the interaction with the pulse, implying saturation and
dispersion processes. Thus, the terms pulse duration and intensity are too coarse to fully
describe the multitude of possibilities related to these quantities. Despite this shortcoming
several special cases can be found in the literature. In [5,89] it is stated that the harmonic
yield is proportional to Tpyse. This however, follows from the assumption hat the number
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of XUV photons generated at a given intensity is proportional to the pulse duration, which
only holds in the absence of ionization’] In [90] and [91] the pulse duration is reduced
from 750fs to 120fs and from 200fs to 25fs, respectively, by removing an imposed chirp.
In both cases the intensity is kept constant by decreasing the pulse energy along with its
temporal compression. While the first publication reports no dependence of the harmonic
distribution on the pulse duration, the second one states that shorter pulses lead to an
increased conversion efficiency. Moreover, fewer oscillations per pulse, which in the transfer-
limited case means shorter pulses, imply broader spectra of the individual harmonics.

9For shorter pulses, the saturation intensity is higher, allowing to drive HHG at higher intensities. In
a certain sense, this contradicts the 7,,15c-proportionality of the harmonics yield.



Chapter 3

Objectives of the Experiment and
Technological Challenges

The objectives of the experiments presented in this thesis are formulated in Section
The technological challenges on the way to achieving these objectives are reviewed in
Section [3.2l This section also gives an overview of the solutions developed during the
course of this work and of the remaining challenges.

The grand goals of the research in the field of high-repetition-rate, passively-enhanced
HHG are pushing the cut-off of the HHG process towards higher energies and scaling up the
power and the bandwidth of each harmonic. From the point of view of the enhancement
cavity technology, these goals pose analogous challenges as with any other intracavity
high-intensity interaction process. Therefore, the objectives formulated in the following
can be easily translated to other applications, and the results presented in this thesis have
significant implications beyond high-repetition-rate HHG.

3.1 Objectives

A fundamental constraint of the scaling of the enhancement cavity technique towards the
goals mentioned above is the ionization of the nonlinear medium, see Section [2.2.2] Since
the intensity I of the fundamental radiation is given by the ratio of the peak power P, eax
to the focus size Agcus, efficient scaling can only be performed if both are increased. While
increasing Ag,us 18 a relatively straight-forward cavity-design task, scaling up the peak
power is technologically challenging and will be discussed in the following. Moreover,
increasing the focus size (i.e. loose focusing) is also desirable due to the b-scaling law for
the intensity of the plateau harmonics.

Increasing Ppeax can be achieved by increasing the pulse energy Fpus and/or decreasing
the pulse duration 7y, Which is equivalent to increasing the enhancement bandwidth.
For a fixed repetition rate (which is e.g. given by the envisaged application), scaling up
E,uise means increasing the average power F,,. The enhancement-cavity-related challenges
concerning the increase of P,, and the decrease of T, are discussed in Section m
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In conclusion, a viable power scaling strategy consists of the following objectives:

e increasing the average power Py,
e decreasing the pulse duration 7pyise,

e optimizing the HHG process by increasing the focus size Ag,s according to the
scaling of the first two.

e coupling out the intracavity generated harmonics efficiently.

Currently, from the point of view of the seeding lasers, Yb-based systems are the most
appropriate sources for pursuing the first two objectives, see also Section Further-
more, Yb-based lasers emit radiation at a longer wavelength than Ti:Sa-systems, which are
the closest alternative for seeding high-power femtosecond enhancement cavities. Due to
the A\2-scaling law of the cutoff frequency of the high harmonics, this constitutes another
advantage of the Yb-based systems. Conversely, the A~(6-)_scaling law for the conversion
efficiency implies a roughly 3 to 4 times lower conversion for Yb-based systems. How-
ever, this shortcoming can usually be readily compensated by means of an average power
increase. It should also be mentioned that the highly desirable generation of isolated as-
pulses offers the most promising prospects in conjunction with short pulses (see Section,
which is in accordance with the second objective. Moreover, extending the operation range
of cavity-based HHG towards higher average powers and shorter pulses will lead to a better
understanding of the HHG process itself by enabling the variation of isolated parameters
over larger ranges.

3.2 Challenges

3.2.1 Power and Bandwidth Scaling of an Empty Cavity
Average and Peak Power Scaling for a Constant Finesse

The optics for a given cavity design impose circulating average and peak power limitations.
To push the damage threshold of the cavity and enable power scaling these limitations need
to be investigated and overcome. One of the major results of this thesis is the investigation
of the power scaling of a standard-design bow-tie cavity consisting of commercially avail-
able, state-of-the art dielectric mirrors, see Section [£.3] In particular, it was found that
power scaling is primarily limited by intensity effects in the cavity mirrors. On the one
hand, this insight led to the development of next-generation enhancement cavity designs,
see Section [5.1.1 The design goal of these novel cavities is to increase the spot size on all
the mirrors, thus decreasing the intensities on the mirrors. On the other hand, while the
novel designs are expected to allow for average and peak power scaling beyond the levels
presented in this thesis, they present new challenges. Firstly, average-power-related effects,
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such as absorption, scattering and thermal lensing are expected to play an increasingly im-
portant role. Secondly, increased spot sizes in general request an increased mechanical
stability. These aspects are discussed in Section Besides improved cavity designs,
mirror development promises to contribute to pushing the current power scaling limits.

Broad Bandwidth versus High Finesse

Enhancing seeding pulses with shorter durations, i.e. increased bandwidths, represents
manifold challenges in a high-finesse cavity. Firstly, non-zero roundtrip group-delay disper-
sion leads to spectral filtering and chirps magnification in the steady state, see Section[2.1.2]
Secondly, the broader the bandwidth and the higher the cavity finesse, the larger is the
difference between the influence of drifts of the two orthogonal frequency comb degrees
of freedom on the comb-cavity overlap, cf. Section Thus, the requirements of the
comb-cavity synchronization become more strict.

These effects need to be taken into account when designing the reflectivity and phase
properties of the cavity mirrors in the frame of the technological limitations. In particular,
trading in power enhancement (or cavity finesse) for a broader circulating bandwidth might
be useful. Owing to the relatively narrow optical bandwidth of the pulses used in the
experiments presented in this thesis, the effects mentioned above only played a role when
intracavity nonlinearities were pronounced. However, for further bandwidth scaling, special
attention needs to be paid to these effects, cf. Section [5.1.1]

In the course of this thesis a diagnostic method was developed, which allows for the fast
and accurate determination of the cavity roundtrip dispersion, including even intracavity
nonlinear effects. This method (described in Section is expected to be instrumental
in the design process of mirrors for future bandwidth scaling.

3.2.2 Inclusion of a Gas Target

The mode of operation of femtosecond enhancement cavities relies on the superposition
of the intracavity circulating pulse with every pulse of the seeding train at each bounce
off the input coupler. Any distortion of the intracavity pulse affects this superposition
and therefore, the performance of the cavity. From this point of view, nonlinear cavity
dynamics [70,92-94] and in particular, the interaction of the fundamental radiation with
the gas target, require special attention.

Very recently, two publications have tackled the still open question of the effect of the
intracavity plasma on the cavity performance [70,94]. The majority of the experimental
findings reported there have been qualitatively observed in our system as well (see e.g.
Section 3.3 in the paper enclosed [34] in Chapter [6). In our group a thorough analysis
of these effects remains a subject for future study. In the following we review the most
important laser-gas interaction mechanisms influencing the performance of the cavity and
constituting future challenges related to power scaling.
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Effect on Longitudinal Modes

The interaction of the high-intensity fundamental radiation with the gas affects both the
amplitude and the phase of the circulating field. The amplitude effect is due to the energy
which the laser loses when producing photoelectrons and increases if the interaction volume
is increased, see e.g. [95].

There are two processes with characteristic timescales on the order of the pulse repeti-
tion period [70]: (i) the plasma decay and (ii) the travel time of gas atoms in the interaction
region. If the pulse repetition period is shorter than these two times, the number of ion-
ized atoms and of electrons in the interaction region will be large and dispersion will affect
the circulating beam, cf. Section Moreover, ionization is accompanied by self-phase
modulation (SPM) and a spectral blue-shift, resulting in additional dispersion and affecting
the spectral overlap at the input coupler.

To avoid ionization and enable efficient HHG from a large interaction volume, finding
the optimum intensity will be necessary and will presumably play a more important role
than in experiments with smaller interaction volumes. Moreover, the prevention of cu-
mulative effects becomes more important as the interaction volume increases, due to the
longer travel time of gas atoms through the high-intensity region.

Effect on Transverse Mode

The plasma also acts as a negative lens, defocusing the beam and influencing the excited
cavity transverse mode [70]. If several transverse modes are degenerate (or close to de-
generacy), this phase front distortion might lead to a coupling among them, as explained
in Section To avoid this, a proper position in the stability range, where coupling
among modes is strongly suppressed and/or spatial filters might be useful. Moreover, this
effect might be detrimental to the quasi-imaging technique (see Section , where the
coupling among modes of different transverse orders is cruciall]

Effect on Lock Stability

As discussed above, the nonlinear cavity response due to the gas target has a dynamic
nature. This might lead to locking instabilities and/or irreproducibility, a fact which has
been observed experimentally in our system and in 70,94]. One of the main reasons for this
is that the error signal for the lock of the cavity parameter and one of the laser parameters
(see Section is usually generated from an isolated (and narrow) part of the enhanced
spectrum. In principle, the narrower this optical bandwidth, the more accurate is the
confinement of the error signal generation to a spectral region, which ideally extends over
a single cavity resonance. However, an extremely narrow bandwidth also means a poor
SNR. Therefore, in practice this bandwidth extends over many cavity free spectral ranges,
which, in the case of a nonlinear response, fluctuate according to the dynamic nature of
the optical dispersion.

'However, in principle it could be pre-compensated for by proper transverse mode matching.
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Usually, the the error signal for locking is generated using the fundamental beam itself.
If the effect of the plasma on the transverse mode exhibits dynamic behavior, this might lead
to error signal distortions. A solution to this problem might be the use of an intermediary
single-frequency continuous-wave (CW) laser, which is coupled into the cavity in addition to
the seeding frequency comb [96]. Locking both the cavity and one seeding laser parameter
to this CW reference promises several advantages. First, the SNR of the error signal
is dramatically increased due to the confinement of the laser power generating the error
signal to a single frequency [97]. Second, SPM will not affect the CW beam. And third,
the fluctuations of the spatial profile of the resonant CW beam will carry information on
the time scale(s) of plasma dynamic{}

3.2.3 XUV Output Coupling

Finding a suitable output coupling solution has been one of the main tasks within the HHG
enhancement cavity community over the past few years and also a subject of this thesis.
The strict design criteria of an XUV output coupler makes this task highly challenging.
This challenge is described in the first part of Section 2 of the paper enclosed [35] (on page
12110) in Chapter [0 The results regarding output couplers obtained during the work that
led to this thesis are discussed in Section [£.4l An outlook on the development of XUV
output coupling techniques planned in our group is provided in Section An overview
of the methods proposed and demonstrated so far is given in Appendix [7.3]

2Probing the negative plasma lens to investigate whether the plasma decays between the pulses or not,
could in principle be also done by sending a single-pass beam trough the focus and observing its phase
front distortions.
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Chapter 4

Experimental Setup and Results

4.1 Yb-Based CPA System with 80 MHz, 200 fs, 50 W

The laser system providing the pulses for our enhancement cavity was designed and built
by the fiber laser group from the Institute of Applied Physics at the University of Jena.
The main components, the mode of operation and the performance are described in detail
in [98]. This section concentrates on the adaptations made to the laser system, which were
necessary for the operation in conjunction with our enhancement cavity.

4.1.1 The Oscillator

The 78 MHz-repetition-rate pulse train is delivered by an Yb:KYW solid-state bulk crys-
tal based, passively mode-locked oscillator, depicted in Fig. 4.1 The crystal is optically
pumped by a Jenoptik CW laser Diode providing 2.2 W of average power at a central
wavelength of 980 nm for a pump current of 3.5 A. The central wavelength of the transfer-
limited 170fs pulses is 1042nm. The average output power of the oscillator for a diode
pump current of 3.5 A is 150 mW. This value deviates from the 220 mW reported in [98]
due to the changes made to the oscillator, which are addressed in the following.

As discussed in Section for resonant enhancement the two independent frequency
comb parameters need to be set in the vicinity of the optimum overlap with the enhance-
ment cavity resonances. Then, at least one of these parameters needs to be actively locked
using a feedback loop. We manually vary the oscillator cavity dispersion by displacing a
fused silica wedge in the beam. A second wedge is used to account for the direction change
of the beam passing through the first wedge, see Fig. 1.1l The angle of incidence on the
wedge surface is close to Brewster’s angle to ensure low losses for p polarization. Varying
the roundtrip dispersion of the oscillator cavity changes the difference between the phase
and the group velocity and thus, influences wcg and the carrier-envelope offset slippage,
cf. Section an in particular eq. (2.4). In addition, we can vary the current driving the
pump diode to influence the laser parameters. An active control of this degree of freedom is
not installed yet. However, it could be implemented in future for a fast stabilization of the
second comb parameter see e.g. [52,53,65]. The position of the wedge as well as the pump
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Figure 4.1: Oscillator picture (see text for details).

current are both set manually. Once the seeding frequency comb is brought in the vicinity
of the optimum overlap with the cavity resonances by means of at least one of these two
mechanisms, we lock the laser to the cavity with a fast piezo-electric transducer (PZT),
onto which one of the cavity end mirrors is glued. We found empirically that the ampli-
tudes of the drifts of the two laser parameters are small enough so that stable locking over
several minutes can be performed with a single parameter, as described in Section [2.1.3
The mirror used for the active lock is a semiconductor saturable absorbing mirror
(SESAM, provided by Amplitude Systems), which is also responsible for the mode-locking.
The SESAM surface was initially ~ 5x5mm?. We chose this mirror to implement the active
stabilization because it is the thinnest (and therefore lightest) one in the oscillator cavity
and also because the impinging beam diameter is the smallest of all mirrors. The SESAM
was cut into 4 equal square pieces, one of which was glued on a fast PZT (PI-PL022.31),
see Fig. [1.2] The opposed surface of the PZT was glued onto a bulky brass recoil body to
avoid mechanical resonances of the system at acoustic frequencies. The maximum travel of
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Figure 4.2: SESAM-PZT-recoil body construction.

the PZT is 2.2 pm. To ensure that the PZT system does not have mechanical resonances at
low acoustic frequencies, we applied a sinusoidal signal to the PZT and slightly misaligned
the oscillator cavity, so that a PZT travel resulted in an amplitude change of the oscillator
output signal. We swept the frequency of the driving sinusoidal signal from a few Hz to
many kHz and observed the phase shift of the oscillator output modulation with respect
to this signal on an oscilloscope. Figure shows oscilloscope screenshots for 100 Hz and
29kHz. While at low frequencies the oscillator output amplitude modulation follows the
PZT driving signal with a constant phase, at roughly 30kHz it exhibits a phase shift
of approximately 7 indicating the presence of a mechanical resonance. The phase shift
between the two signals gives a good hint at the presence of mechanical resonances so
that this method can be applied to roughly determine the linear range of the mechanical
system’s transfer function. In this case we can assume a linear response up to approx.
20kHz. While our locking loop performs satisfactorily for enhancement factors of just
below 2000, the system is very sensitive to acoustic noise and vibrations in this high-
finesse operation regime. An improvement of the lock stability is one of the near-term
goals in the further development of this system. To increase the available lock bandwidth,
new mirror-on-PZT systems could be used, such as the recently demonstrated system with
a linear bandwidth in excess of 180kHz, see [99].

The oscillator was empirically found to be the most critical component in terms of
mechanical stability. Therefore, additional measures were taken to avoid both fast and
long-term drifts, cf. Fig. £.I] To suppress sound waves inside the oscillator box, we
attached absorption panels (Axifoam SH001, 50 mm) to the inner side of the surrounding
box walls. Moreover, to avoid a feedback of the pump diode light, a dichroic mirror was
used in the resonator. The transmitted pump light was dumped onto a bulky beam dump
for thermal stability.
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Figure 4.3: Bandwidth measurement of the PZT construction shown in Fig. .2 performed
by a misalignment of the oscillator so that (a) the output beam is modulated according
to the displacement of the PZT. Red: PZT driving voltage, blue: oscillator output. (b) A
phase shift of ~ 7 is observed around 30 kHz, indicating the first mechanical resonance.

4.1.2 Chirped-Pulse Amplification

The pulses generated by the oscillator are stretched to 150 ps in a transmission-grating
based stretcher (1250 lines/mm) with an efficiency of 55%. Subsequently, the chirped pulses
are amplified in a two-stage fiber amplifier using polarization-maintaining photonic-crystal
fibers, see [98]. The amplified pulses are compressed with two highly efficient fused silica
transmission gratings with 1250 lines/mm [100]. The output pulse parameters are 200 fs
and up to 60 W of average power. The deviation with respect to the parameters published
in [9§] is due to the better alignment of the oscillator, resulting in a broader bandwidth
and due to several exchanged components, including the fibers and the pump diodes.

By varying the distance of the two compressor gratings, the output pulse duration can
be adjusted continuously between the close-to-transfer-limited value of 200 fs and several ps
while leaving the other output parameters constant. The dependence of the spectral phase
on the grating distance can be found e.g. in Appendix A.2 of [101]. The straightforward
variation of the output pulse duration over a large range is particularly important for peak
power scaling experiments at constant average powers.
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Figure 4.4: (a) protection housing of the laser against mechanical vibrations and air fluc-
tuations. (b) vibration-damping heavy iron blocks attached to the bellows connecting the
pre-vacuum pump with the turbo pump. (¢) mounting of the turbo pump and connection
to the vacuum chamber containing the enhancement cavity (see text for details).

4.2 The Enhancement Cavity

4.2.1 Setup

The enhancement cavity is described thoroughly in the papers included ,, see
Chapter [6] In this section the description is rounded up with additional details on the
passive protection of the setup against mechanical vibrations and heating. Measures against
these factors include the use of rigid components (base plates, mounts etc.) i.e. with
large inertia, the use of oscillation damping mounting posts and a housing around the laser
system, doubled with absorption panels (Axifoam SH001, 50 mm), see Fig. a. The latter
also prevents air fluctuations. Scattered and residual light is dumped using cooled beam
dumps to avoid heating of the system components which might lead to instabilities. Despite
these measures, a long-term drift of the relative length between the seeding oscillator and
the enhancement cavity can be observed. Its origin is subject to current investigation.
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The vacuum pumps attached to the chamber containing the cavity constitute an un-
avoidable source of vibrations and we took several measures to damp these vibrations before
they reached the vacuum chamber. The pump building up the pre-vacuum (Busch Fossa
0030A/B scroll pump) is attached to a turbomolecular drag pump (Pfeiffer TMH 1000M)
with ~4m long flexible bellows. Several heavy iron blocks are attached to the bellows to
damp the vibrations caused by the pre-pump, see Fig. [4.4lb. A vibration damping bellows
is mounted between the turbo pump and the vacuum chamber. The pump itself is fixed
to an iron pillar attached to the floor, see Fig. [f.4lc. The vacuum chamber walls are also
mechanically detached from the base plate of the enhancement cavity so that the coupling
of vibrations from the vacuum pumps is minimized.

4.2.2 Diagnostics

The diagnostics used to characterize the intracavity beam are addressed in the papers
included [33][34,/36}37], see Chapter [6] This section contains additional details.

The intracavity beam is mainly monitored by observing the leakage through the highly
reflecting cavity mirrors. The devices used to this end are: a power meter (Coher-
ent OP-2 IR, FieldMate), two optical spectrum analyzers (Ocean Optics HR 4000 and
ANDO AQ 6315A), an autocorrelator (APE PulseCheck), a photodiode (Hamamatsu In-
GaAs G8376) and a CCD camera (WinCam D). The transmission of the cavity mirrors
used for diagnostics amounts to 1.65- 10~% when measured with an incident power of 50 W
(estimated uncertainty of 10%). The transmission and reflectivity are nearly constant over
the entire bandwidth of the enhanced pulses. However, when many kW of power circulate
inside the cavity, this transmission value might change due to effects caused by the large
powers. Thus, in order to prevent systematic errors in the intracavity beam characteriza-
tion, we implemented a second measurement method of a different nature to the first one
which uses the leakage beam. In the cavity around the laser beam, we placed a circular
aperture with a diameter around 3 times larger than the 1/e? beam diameter (see Fig. 1.b
on page 2052 of the paper included [33]). This aperture is realized as a hole in a reflector.
It clips the beam and sends the clipped portion to a detector. In theory, the beam intensity
profile after one cavity round-trip behind this aperture (i.e. the far field of the aperture)
corresponds to the convolution of the Fourier transform (FT) of the beam profile just be-
fore the aperture with the FT of the aperture function (Fraunhofer diffraction). With
the aperture being very large in respect to the beam size, the FT of its function can be
approximated by a very narrow peak, so that the beam profile remains largely unaffected
by this convolution. In practice, we choose the diameter empirically as small as possible
under the constraint that the enhancement is not significantly affected by the aperture.
Even though the clipped portion of the beam is insignificant for the cavity enhancement,
owing to the large circulating powers, it is well measurable. Since the ratio of the powers
measured with both methods (i.e. leaking portion and clipped portion) stayed constant
throughout the power scaling experiments [33], we assume that all measurements using the
leakage beam are reliable.
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Figure 4.5: Spatial interference of a copy of the input beam (a) with higher-order modes,
detected on a CCD camera; (b) the cavity TEM;o mode; (c) spatial interferogram of the
beams in (a) and (b). The dashed line indicates that the lobes of the excited mode are
anti-phased; (d)-(f) interferograms of a quasi-imaging mode. The two central lobes are in
phase (e) while the first two (d) and the last two (f) lobes are anti-phased.

A diagnostic method, which we developed in the course of this work is the cavity
roundtrip dispersion measurement via spatial-spectral interferometry of a copy of the seed-
ing laser beam with a copy of the intracavity circulating beam. The method is described
in the paper included [34], see Chapter @ By exchanging the imaging spectrometer with
a CCD camera, the interferometer is also suited for the detection of the spacial phase re-
lation between the lobes of higher-order modes excited in the cavity. Examples are shown
in Fig. [£.5] For best fringe contrast, the delay of the two interferometer arms was set to 0.

One of the most useful diagnostics for the alignment of the system is the periodic scan
of the seeding comb through the cavity resonances, see also Section [2.1.4] Ideally, the scan
time over a resonance should be chosen much longer than the cavity build-up and ring-
down times, so that at each point in the scan a close-to-stationary state can be assumed.
However, unless the relative positions of the comb and the cavity are actively locked during
this scan, in a real experiment fluctuations are likely to distort the scan pattern if the scan
speed is too slow. This holds in particular for high-finesse cavities with long build-up
times. Therefore, for the diagnostic methods described in the following, we choose a scan
speed which is large enough to prevent fluctuations from prevailing and slow enough to
allow for a clear distinction of peaks with different magnitudes in the scan pattern. In our
system, usually, the scan is performed with a triangle signal with 20-Hz period and a PZT
excursion of up to 2.2 pm.
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Figure 4.6: Oscilloscope screenshots of: (a) cavity length scan (amplitude slightly larger
than 2FSR, period 20 Hz). The central peak corresponds to the optimum overlap of the
comb modes with the cavity resonances. The peaks to the left and to the right correspond
to the cases in which the comb is shifted by approx. one FSR with respect to the optimum
overlap by means of the repetition rate (secondary resonances). Due to good transverse
mode matching, no light is coupled to higher-order transverse modes. (b) The locked state.
Here, an effective power enhancement of 700 was achieved.

As mentioned in Section [2.1.4] the intracavity intensity evolution while scanning the
frequency comb over the cavity resonances (i.e. the scan pattern) is a powerful diagnostic.
The scan pattern can be used to monitor changes of the cavity finesse, the enhanced
bandwidth, the detuning from the stability range center and the coupling to higher-order
modes, all of which is particularly useful in power scaling experiments.

Figure[4.6la shows an oscilloscope screenshot of a scan over slightly more than two FSR.
The PZT in the oscillator cavity is driven periodically with a voltage which is proportional
to the purple signal. The blue signal indicates the intracavity power, measured with a
photodiode through one of the cavity mirrors. The central (highest) peak corresponds to
the main resonance, i.e. the case of optimum overlap of the seeding comb with the cavity
resonances. The secondary peaks to the left and to the right are generated by a comb-cavity
overlap which is reached when the change of the repetition rate is large enough so that it
has a similar effect to an overall shift of the frequency comb of approximately one cavity
FSR. However, these peaks are smaller and broader than the main resonance peak due to
the repetition rate mismatch. Increasing the repetition rate (i.e. cavity length) mismatch
further leads to further secondary resonances. The corresponding peaks exhibit decreasing
amplitudes and increasing widths as the mismatch grows. The ratio of the maxima of the
main resonance peak to the secondary resonances increases with the coupled bandwidth.
In the case of a CW laser, all resonances have the same hight.
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Figure 4.7: Oscilloscope screenshots of the scan patterns with a 1-mm thick fused silica in-
tracavity Brewster plate, for an input power of 35 W and two different pulse autocorrelation
durations: (a) Tac = 0.3ps and (b) Tac = 2.4 ps. The peaks corresponding to higher-order
modes are clearly visible, which indicates a suboptimal alignment. The changing peak
maximum ratio of the central peak to the next secondary peaks confirms the nonlinear
effects observed in the other measurements (see text).

Figure [£.7 shows two scan patterns which were recorded with a 1-mm thick fused silica
intracavity Brewster plate. Except for the input pulse duration, all seeding beam param-
eters are kept the same in the measurements in panels (a) and (b). The fact that the
central peak (main resonance) is significantly weaker for input pulses with an autocorre-
lation duration of (a) Tac = 0.3ps than for (b) Tac = 2.4ps clearly indicates nonlinear
effects limiting the intracavity peak power.

The scan pattern is also an indicator for the transverse mode matching and the align-
ment. For example, the alignment which led to Fig. [4.6la is very good, since higher-order
modes are barely visible. In contrast, intensity peaks corresponding to higher-order-modes
are visible in the scan patterns shown in Fig. [4.7] indicating a misalignment either of the
input beam or of the cavity (see also Section .

Moreover, the scan pattern can be used to coarsely adjust the two laser parameters
and the cavity parameter in a vicinity of the optimum overlap, so that the active feedback
loop(s) can subsequently provide a locked steady state. Firstly, it is necessary that the
main peak lies in the scan range of the PZT. This can be adjusted by manually setting
the relative length of the oscillator and the enhancement cavity. Secondly, the other laser
parameter can be coarsely adjusted (e.g. by means of the wedges in the oscillator cavity
or the pump power of the oscillator). In our case, the empty cavity dispersion over the
enhanced optical bandwidth is small enough so that it does not affect the circulating pulse
significantly. In this case, optimum overlap is achieved when the central peak is maximized
and, in a good approximation, the closest secondary resonances have equally high peaks.
For example, this is the case in Fig. [4.6la but not in Fig. [4.7}a.
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Figure 4.8: Oscilloscope screenshots of: (a) cavity length scan. The seeding transverse
mode is matched to the excited cavity mode so that the reflection signal has a dip shape.
In contrast, the Hansch-Couillaud error signal exhibits a slope when passing through the
cavity resonance, whose sign indicates the scan direction (bipolarity). (b) By introducing
a transverse mode mismatch of the seeding beam with respect to the cavity mode, the
reflection signal (offset for clarity) can be used to produce a bipolar error signal (see text).

Another important scan pattern signal monitors the reflection of the input beam from
the cavity input coupler. As the frequency comb approaches optimum overlap during the
scan, light is coupled to the cavity, which results in an intensity dip in the reflection signal,
cf. Figs.[.6la,[d.7]and [£.8a. The dip depth and shape primarily depend on the transverse
mode matching, the spatial region of the beam profile which is used to generate the signal,
the scan speed and the impedance matching. Let us first assume perfect transverse mode
matching, see e.g. Fig. [£.8la. The scan speed determines the time the light has to build
up in the cavity and hence, influences the hight of the transmission signal peak(s) and the
depth of the reflection dip(s), thereby giving a measure of the amount of light coupled into
the cavity. The dependence of the dip depth on the scan speed relates the build-up process
to the scan time and could in principle be used to determine the degree of impedance
matching of the cavity. However, we have not done this so far. On the other hand, we
frequently use the reflection signal to maximize the dip depth for the coarse setting of
the laser and cavity parameters in order to achieve the desired vicinity of the optimum
overlap. It is noteworthy that like the transmission signal, the reflection signal in the
case of perfect transverse mode matching does not provide a bipolar signal which could
be used as an error signal for active stabilization, see e.g. Fig. [£.8la. However, if a slight
transverse mismatch of the input beam with respect to the cavity mode is introduced, like
a tilt or beam parameter mismatch, then a portion of the reflected beam having a bipolar
shape on resonance can be spatially filtered for detection. The reason for this shape is
the interference of the reflected part of the input beam that is resonant with the cavity
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mode (and therefore bears the information on the cavity roundtrip phase) with a portion
of the input beam which is spatially filtered out, i.e. rejected by the cavity, and travels
along a slightly different path which introduces a delay towards the first part and acts as
a reference. This leads to a transverse mode mismatch locking error signal as can be seen
in Fig. [£.8Db.

Although the above mentioned method was successfully employed to lock the cavity,
for most of the experiments presented in this thesis we used the Hansch-Couillaud locking
scheme. Figure [4.8a shows a typical Hansch-Couillaud signal. With such a signal and an
alignment leading to a scan pattern similar to Fig. [4.0]a, a stable lock over several minutes
can be achieved, see Fig. [4.6lb. The scan pattern is also useful for balancing the difference
photodiode in the Héansch-Couillaud scheme as well as the amplitude of the error signal.
The transmission signal level difference of the main peak in Fig. [4.6la and the locked level
in Fig.[4.6]b is due to the scan speed, which at this finesse does not allow for a full build-up
of the main resonance. For locking we used a customized proportional integral controller
(Menlo Systems Lockbox PIC 201).

Further diagnostics customized during this work include a z-scan setup and a ring-
down loss-meter, adapted for arbitrary angles of incidence. These devices are described
in the paper included [36], see Chapter @ The vacuum z-scan setup can be used for
nonlinear refractive index measurements (cf. [102,/103]) and as a single-pass diagnostic for
nonlinearities in cavity optics. It was developed with Jan Kaster, who also constructed it.

4.3 Power Scaling of the Empty Cavity

One of the major results of this work consists in the power scaling experiments performed
with the standard-design bow tie cavity presented in Section and is documented in
the paper enclosed [33], see Chapter @ The significance of these experiments is twofold. On
the one hand, they show that the enhancement cavity technique enables the combination of
high pulse energies (up to the the mJ level) with high repetition rates (80 MHz) for sub-ps
pulses with standard optics. This power regime is ideally suited for driving low-conversion-
efficiency nonlinear processes and cannot be achieved with alternative techniques to this
day. On the other hand, these experiments reveal power scaling limitations of standard
bow-tie-design enhancement cavities built with state-of-the-art mirrors. Identifying these
limitations allows for the development of new solutions to overcome them. In particular,
the high-intensity induced nonlinear effects on the mirrors have been identified as one of the
main power scaling limitations. As a consequence, our group is developing a novel cavity
design supporting increased spot sizes (thus decreasing the intensity ) on the mirrors, see
Section[5.1.1] Peak power scaling limitations are identified also in the experiments reported
in Section 3.2 of the paper enclosed [34], see Chapter @ By using the novel spatial-spectral-
interferometry-based technique, an intensity-dependence of the empty cavity roundtrip
GDD was measured.
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Figure 4.9: Third-harmonic generation at the cavity mirrors: (a) photograph of cavity
mirror surface and of the fluorescence on a piece of paper placed behind the mirror; (b)
UV spectrometer counts [a.u.] at 347 nm versus input power P, at a constant input pulse

duration of 200fs; (c) log-log plot of the points, at which THG was detected. The slope
indicates a 2.5-power dependence, see text.
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Figure 4.10: Optical microscope images of enhancement cavity mirror damages: (a) input

coupler, (b) and (c) same cavity high reflector, two different focusing depths of the optical
microscope.



4.4 XUV Output Coupling Techniques 53

Another phenomenon observed at large peak powers, which is not accounted for in [33]
and [34] is third-harmonic generation (THG) in the cavity mirrors. Figure [4.9a shows a
picture of a piece of paper placed behind a cavity mirror. The beam transmitted through
the mirror contains a portion of UV light, which leads to fluorescence on the paper. With an
UV spectrometer, this light was identified as the third harmonic of the infrared fundamental
radiation. The spectrometer counts at 347 nm for several input power values at a constant
input pulse duration of 200 fs are plotted in Fig. f.9b and c¢. The 2.5-power exponential
dependence revealed by the log-log plot in Fig. [4.9l¢ deviates from the expected power of 3.
This deviation most likely stems from the fact that due to THG the circulating power does
not scale linearly with the input power, which provides the abscissa of this measurement.
Optical THG at interfaces between materials with different refractive indexes is a well-
known phenomenon [104]. Most likely, the UV light is generated at the interface vacuum -
mirror surface and/or at the interfaces of the coating layers. Independent measurements
with the z-scan setup (see Section showed that a portion of this generated third
harmonic is transmitted and a portion reflected by the mirror. Therefore, the measured
THG signal behind the cavity mirrors is a superposition of contributions from several
cavity mirrors, each with a slightly different angle of incidence and spot size, which makes
tracing back these contributions an involved tasK'} The results plotted in Fig. [4.9/b show
qualitatively that THG in the cavity mirrors is a potential limitation of this cavity design.
This corroborates the need for novel cavity designs with large spot sizes on the mirrors,
like the ones described in Section [5.1.11

Finally, Fig. shows mirror damages produced when driving the cavity with pow-
ers resulting in intensities beyond the identified damage thresholds. The study of these
damages could perhaps be useful on the way to developing mirrors with higher damage
thresholds.

4.4 XUV Output Coupling Techniques

Coupling out the intracavity generated XUV radiation is one of the major challenges in the
field of enhancement-cavity-based HHG. In the frame of the work that led to this thesis,
several existing output coupling methods were investigated and further developed and also
novel techniques emerged. This section addresses this progress. A summarizing overview
of the proposed and demonstrated output coupling methods is given in Appendix [7.3|

'In the frame of this thesis, the THG in the cavity mirrors was not investigated quantitatively. The
main reason for this is the characteristic of the cavity mirrors at the third harmonic of the fundamental
radiation. Since the employed mirrors are dielectric quarter-wave stacks, they have a strong reflection band
in the vicinity of the third harmonic. However, the exact position of this band in the frequency domain
depends on the mirror dispersion and also strongly depends on the angle of incidence.
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Figure 4.11: (a) The Brewster plate is located about half way between the cavity focus
and the subsequent curved mirror. (b) Brewster plate mount with an 100 pm thin fused
silica plate and (c) with an 1 pm thin Si3N, foil, mounted on a Si frame.

4.4.1 Brewster Plates

The first method ever employed for coupling out intracavity generated XUV radiation
(and still the most widespread method) relies on a thin plate placed under Brewster’s
angle (for the fundamental radiation) between the HHG focus and the subsequent cavity
mirror [17,[18,[20]. Since in the XUV the refractive index of the plate material is smaller
than 1, the harmonic beam experiences total internal reflection at the plate surface and is
coupled out of the cavity. In our setup, several thin plates/foils were tested. Figure 3E|
shows the position of the Brewster plate in the cavity and Fig.[£.11]b and ¢ show our mount.
Note that no measures for cooling the plates are taken. In our group, an extensive material
search was conducted by Oleg Pronin with the purpose of identifying the materials suitable
as intracavity Brewster plates. The main results of intracavity power scaling experiments
with the most promising plates are summarized in Tab. .1}

2The graphic illustration was done by Jan Kaster.
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Material Si,N, sic MgO | C (single- AL, Sio, Sio, Sio,
crystal & crystalline fused fused
CVD)
Thickness 30-500 nm 300 nm 50 pum 20-100 pm 340 um 100-150 um 100 pm 1000 pm
Maximum P, _ <3 kw 0.5 kW 2.3kw - 0.5 kw 5 kw 12 kW 4.5 kW
Enhancement 685 50 500 - 30(?) 400 500 100 - 250
Observations Damage at Thermal Thermal no SHG, Thermal Thermal Strong
Peirc>3 KW effects, effects, resonances thermal effects, effects, nonlinear
strong damaged | Observed at effects SHG, damage effects,
SHG, all no damage | after several | no damage
no damage minutes

Table 4.1: Power scaling results with different intracavity Brewster plates. P.. denotes
the circulating average power. CVD: chemical vapor deposition. Thermal and nonlinear
effects are discussed in the text.

The effects limiting the power scalability of the cavity including a Brewster plate can
be divided into thermal and nonlinear effects. Thermal effects can be mainly attributed to
the absorption of the circulating power in the plate. However, in the results presented here,
the possibility of scattered light heating up the mount of the plates cannot be excluded.
Especially in the case of ultrathin foils spanned in a frame this might quickly lead to
damage. To minimize the absorption in the plates, the thickness should be chosen as
small as possible. However, this also implies poor heat conduction (see Section and
mechanical fragility. The thermal effects mentioned in Tab. manifest themselves in
two ways. Firstly, if the position in the stability range of the cavity is set so that several
transverse modes are (close to) simultaneously resonant, a coupling between those modes
can be observed after a “heating time” on the order of 1s. In other words, immediately
after the cavity is locked, the fundamental, i.e. the G Hyg mode is excited and shortly after,
the transverse field distribution changes, which can be detected with the CCD camera.
This effect can be attributed to a phase front distortion in the plate originating either
from a thermal deformation of the plate or from a temperature-dependent refractive index.
Secondly, thermal effects can be identified via a “cool-down” when switching from the lock
to the scan mode after a longer period of locking. Then, the initial position of the main
resonance in the scan pattern (cf. Fig. just after switching to the scan mode, changes
slightly to a steady position, indicating a change of the cavity length. Both phenomena
occur on a ~1s time scale, leading to the conclusion that they cannot be attributed to
nonlinearities. For the thinner plates/foils, thermal effects eventually lead to damage. The
nonlinear effects mentioned in Tab. include mainly second harmonic generation (SHG)
and self phase modulation (SPM). The latter affects the roundtrip phase of the cavity
and leads to spectral filtering which can be identified in the intracavity spectrum and in
the overall power enhancement. To distinguish between thermal and nonlinear effects, the
input pulses can be chirped while keeping the pulse energy constant.
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Figure 4.12: Circulating power and effective power enhancement measured as functions
of the input power with a 1-mm thick fused silica intracavity Brewster plate.

Fused Silica, 1 mm

As an example of power scaling with an intracavity Brewster plate, we discuss the results
with a 1-mm thick fused silica plate. Figure shows the measured circulating power
and effective power enhancement factor as a function of the input power. The input pulse
duration was kept constant (autocorrelation time 300 fs). A substantial power enhancement
decrease is observable as the input power increases. To investigate the origin of this effect we
recorded the intracavity spectrum for different input powers. Figure shows the results.
Panel (a) shows the input spectra for 5W and 35 W at a constant input pulse duration.
The power-dependent modulations in the spectrum are due to higher-order modes excited
in the main amplifier fiber, which is a sign of suboptimal alignment of the input coupling
in this fiber. However, this artefact does not affect the conclusions of this measurement.
We observe that even at a relatively moderate power (5 W, purple curve), the dispersion
of the Brewster plate is not negligible since only a part of the spectrum is coupled to the
cavity. Moreover, this part can be selected by varying the carrier-envelope phase slippage
of the input comb (by displacing the wedges in the oscillator cavity), see green curve. As
the input power is increased to 35 W, the circulating spectrum becomes narrower, which
indicates nonlinear dispersion. To ensure that the observed effects are caused by the peak
power, we kept the input power of 35 W constant and measured the circulating spectrum
for two different input pulse durations, obtained by chirping the input pulses (but keeping
their bandwidth constant). The results are shown in panel (b) of Fig. [4.13] The narrowing
of the enhanced spectrum for a measured input pulse autocorrelation of 300 fs as opposed
to 2.4 ps is clearly visible and confirms the nonlinear dispersion. The scan pattern shown
in Fig. H provides another confirmation of the nonlinearity (further explanations of this
scan pattern can be found in Section [1.2.2).
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Figure 4.13: Spectra of the laser input fields and of the circulating fields for different power
levels with a 1-mm thick fused silica intracavity Brewster plate (screenshots): (a) spectra
for a constant input pulse duration (autocorrelation of 300 fs) and (b) spectra for a constant
input power of 35 W and two different input pulse durations. (The high-frequency ripples
are caused by the etalon effect of transmission neutral density filters we used to attenuate
the beam. They are not related to any cavity-relevant effect.)
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Fused Silica, 0.1 mm

The best results with a Brewster plate in our setup were achieved with a 100 pm thin
SiOq (fused silica) plate. The introduced dispersion can be neglected for 200 fs circulating
pulses. With an enhancement of 500 we were able to stably lock 12 kW of circulating power.
However, this regime could only be kept constant for ~5 minutes, after which time the plate
got damaged. This was reproduced several times, using new plates. With a circulating
power level of 3 to 4kW long-time stable operation can be achieved, without damaging
the plate. These observations agree well with a similar system reported in [23,105]. The
results presented in Section were achieved with this plate.

4.4.2 WOMOC: Wedge-On-Mirror Output Coupler

A novel optical element for output coupling, based on the Brewster plate, but exhibiting
a better thermal conductivity was developed as part of this thesis and is described in
the publication enclosed [34], see Chapter @ A prototype of the wedge-on-mirror output
coupler (WOMOC) was produced and characterized.

A further conceivable manufacturing option for a WOMOC, which is not discussed
in [34] is an “upside-down” production, in which the highly reflecting multilayer structure
is coated on a bulk substrate, out of which the wedge is subsequently lapped (and polished).
For mechanical stability, a supporting substrate can be glued or optically contacted to the
last layer of the dielectric coating before processing the upper layer.

Another advantage of the robustness of this element is that an additional (optional) heat
conducting structure could be attached to the front surface of the WOMOC by coating,
gluing or optical contacting. It should also be mentioned that the mirror underlying the
wedge layer need not be a dielectric mirror. In principle, other mirror technologies could
be used to realize the same spatial separation effect caused by the wedged layer.

4.4.3 Direct On-Axis Access

Ideally, the intracavity generated XUV radiation does not interact with any material while
it is coupled out, a situation to which we refer as direct (or geometrical) output coupling.
Two different direct output coupling techniques are being pursued in our group: (i) the
enhancement of the fundamental mode with a small on-axis hole in the mirror succeeding
the HHG focus and (ii) quasi-imaging (QI), i.e. the cavity operated with a combination of
transverse modes, with a hole (or slit) in the same mirror.

The first approach is discussed in [106]. With the model developed there, a power
enhancement of a few hundred is expected with holes with an aperture diameter of ~100 pm
in our present setup. On the one hand, a precise prediction of the enhancement is difficult
because usually the edge of such a hole is imperfect, leading to additional phase front
distortions which affect the enhancement. On the other hand, manufacturing such mirrors
is highly challenging. The accurate drilling of such a small hole has been demonstrated
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only recently by Dominik Esser and coworkers at the Fraunhofer ILT in Aachen, by using
laser micromachining [107] (see also Section [5.2.2).

The major expected disadvantage of the first method with regard to power scaling
is the fact that the field distribution of the excited cavity mode has a maximum at the
position of the hole. Imperfections of the hole edge might lead to additional absorption
and might decrease the damage threshold of the mirror. The quest for an alternative
direct output coupling technique, which enables an intensity minimum at an aperture in
the mirror following the HHG region (with an on-axis maximum) led to the development of
quasi-imaging. This technique is introduced in the included publication [37], see Chapter@
where a successful proof of principle is also presented. In Section we give an outlook
on the steps taken to show that this is a viable XUV output coupling method.

Due to the decreasing of the beam divergence with the harmonic order, cf. eq. (2.44]2.45)),
the efficiency of direct output coupling increases with the harmonic order. Moreover, since
the harmonics do not interact with any material while being coupled out, we consider this
to be the most promising strategy for coupling out short-wavelength XUV radiation.

4.4.4 Other Methods

We address two further methods which were developed in close collaboration with our
project. However, these methods have not yet been implemented in our experiment.

Reflective Nanograting

A recently developed output coupler relies on a diffractive nanostructure written in the last
layer of the dielectric multilayer coating of the cavity mirror following the HHG focus. The
nanograting diffracts the XUV light, while the element still acts as a high reflector for the
fundamental IR beam. This concept was first presented in [19]. In our group, Ying-Ying
Yang and coworkers optimized, produced and characterized such an element. The results
are presented in the publication enclosed [36], see Chapter [6]

A main property of the nanograting is the spatial dispersion of the output coupled high
harmonics. However, this property is undesirable for several applications, such as isolated
attosecond pulse generation (see e.g. Section . Moreover, in the experiments reported
in [36] we have found that the nanostructure enhances nonlinear effects, which might limit
the power scaling of an enhancement cavity containing such an element.

GIP: Grazing-Incidence Plate

An extension of the Brewster plate method towards larger output coupling efficiencies was
developed by Oleg Pronin and coworkers [108] in our group. By applying an s-polarization
broadband anti-reflection coating for large angles of incidence (e.g. 75°) on both sides of a
thin transparent plate, this element can be placed in the cavity similarly to the Brewster
plate, but under a larger angle of incidence. While the output coupling efficiency is expected
to be increased considerably, this approach does not overcome the inherent average (and
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Figure 4.14: Gas nozzles for HHG: (a) A (hand-made) tapered glass capillary. Typical
hole diameters lie between 100 and 200 pm. (b) Bright Xe plasma generated with the glass
capillary at a lateral distance of ~1 mm from the focus. (c) Pierced tube (200-pm-diameter
holes). (d) 150-pm-diameter Laval nozzle. See text for details.

peak) power scaling limitations of the free-standing Brewster plate. In particular, the
coating requires a certain substrate thickness due to mechanical tension.

4.5 XUV Generation

The first XUV measurements made with the system described here were carried out at
relatively low powers with a conventional Brewster plate output coupler. There are three
reasons for this choice. Firstly, this technique is well understood and allows the XUV
detection hardware to be set up. Secondly, measurements made with the Brewster plate
can be used as benchmarks for alternative output coupling methods. And thirdly, at the
time of writing this thesis, none of the preferred alternative output couplers was available
yet (see also Section [5.2). In the following we describe the gas target used for HHG and
the XUV diagnostics, and show the first XUV spectra recorded with our setup.

4.5.1 Intracavity (Gas Target

Figure [£.14] shows the gas nozzles available for our XUV experiments. All the experiments
presented in this section were carried out with tapered glass capillaries like the one shown
in Fig. [f.14la with Xenon being used as the nonlinear medium. We chose Xe due to
its low ionization potential (cf. Tab. , enabling HHG at relatively low intensities.
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Figure [£.14lH| shows a bright plasma, generated when such a nozzle is placed at a lateral
distance of approximately 1mm from the cavity focus. The brightness of the plasma
indicates strong ionization of the gas. On the one hand, this confirms the high intensity
in the cavity focus. On the other hand, the ionization dramatically decreases the HHG
efficiency. We found out empirically that moving the gas target very close to the beam
increases the generated XUV powerﬂ, see Section and [111]. In this case, the brightness
of the plasma decreases significantly. The gas dynamics as well as related phase matching
conditions require further intensive investigations, see also Section [3.2.2]

These handmade glass nozzles are cheap, easily produced and have several advantages
regarding intracavity HHG. Their alignment is straightforward, requiring no special orien-
tation (at least when the fundamental transverse mode is used for HHG). Moreover, they
can be positioned very close to the beam. In contrast, the pierced-tube nozzle shown in
Fig. f.14lc is quite likely to clip the beam slightly due to its tiny holes, which are necessary
for optimum gas flow. Owing to the large circulating power levels, even absorption of only
several ppm due to clipping can lead to overheating and damage of the nozzle material, as
was observed in our experiment. The use of a Laval nozzle, as the one shown in Fig. [4.14]d
will be a subject of future experiments.

Without the gas target, the roughing pump alone provides a vacuum of 0.4 mbar.
Switching on the turbo pump yields a pressure of 107 mbar. The backing pressure of
the gas target can be varied up to approximately 4 bar. At a backing pressure of approx.
1.2 bar, which was empirically found to be the optimum for the experiment presented in
Section [4.5.3] the background pressure in the vacuum chamber was 7 - 1073 mbar.

4.5.2 XUV Diagnostics

For spectrally resolved measurements we use a McPherson grazing incidence monochro-
mator, model 248/310G. Several XUV diffraction gratings are available, of which we used
the one with 133.6 grooves/mm in the experiments presented in this section. The XUV
detection can be carried out by scanning a solar blind channel electron multiplier (chan-
neltron) along the Rowland circle of the monochromator. We use a McPherson model
425 channeltron. At the time of writing this thesis, detection with a multichannel plate
(MCP), model XUV-2040, which is also sensitive to IR radiation, was unsuccessful due to
saturation by residual IR. For an absolute XUV power measurement we mounted an XUV
photodiode (IRD, model AXUV 100 AL3), shielded against IR radiation with 150 nm and
300nm thick Al filters. However, both filters were destroyed by the residual IR radiation,
superimposed to the XUV beam. To solve this problem and enable both the MCP and
the photodiode measurements, we plan to use additional Brewster plates, or, for a better
XUV reflectivity, grazing-incidence optics with an anti-reflection coating for the IR (like
the plate presented in [108]) for splitting the residual IR from the output coupled XUV.

3This picture was taken by Thorsten Néser.
4This was also confirmed by [109}/110].
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Figure 4.15: HHG generation and detection setup, see text for details. A close-up of the
region around the focus is shown in Fig. [£.11]a.

Figure shows a schematic of the XUV generation and detection setup, which was
designed to offer maximum flexibility. The XUV beam coupled out by the Brewster plate
is steered by a gold mirror to the entrance slit of the monochromator. Figure [4.16la shows
the power attenuation encountered by the XUV beam upon reflection at the Brewster plate
and at the Au mirror as well as after having propagated through the residual Xe along
the distance of 65cm from the output coupler to the spectrometer. The reflectivity values
were calculated for an angle of incidence of 56°, corresponding to Brewster’s angle for fused
silica with a refractive index of 1.45. The three combined power attenuation contributions
are plotted in Figure [£.16]b. To enable a convenient switch between a spectrally resolved
measurement and an integrated power measurement, we placed the XUV photodiode on a
motorized translation stage, so that it can be readily driven in and out of the beam. This
setup can easily be adapted to suit the related output coupling methods of the WOMOC
and the GIP.

4.5.3 XUV Generation - First Results
Locked Cavity

In order to lie below the damage threshold of the free-standing 0.1 mm fused silica Brew-
ster plate, we seeded the cavity with an average power of 7W. With an input coupler with
R =99.74% and 7 highly reflective mirrors, we measured a circulating average power level
of 2.4kW at the beginning of the experiment. The measured effective power enhancement
was 340 with an intracavity pulse autocorrelation identical to the one of the input pulse.

5The graphic illustration was done by Jan Kaster.
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Figure 4.16: XUV power transmission from the focus to the spectrometer entrance: (a)
separate contributions of the fused silica Brewster plate, of the gold steering mirror (both
calculated with refractive index data from [112], for p polarization) and of the propagation
along 65 cm of free space at a surrounding Xe pressure of 7- 1072 mbar (data from [113]);
(b) combined contributions.

We adjusted the cavity close to the center of the stability range, yielding a focus radius
wo ~ 23 um. This corresponds to an intensity of 2-10* W /cm? in the focus. The XUV yield
was optimized by aligning the nozzle very close to the focus and by adjusting the backing
pressure. The optimum for the latter was found to be approx. 1.2bar. The measurement
took several minutes, during which the intracavity power decreased to 1.8 kW, correspond-
ing to a power enhancement of 260 and an intensity of 1.5-10®* W/cm? (the measurement
was performed starting from long towards short wavelengths). Since the cavity without
the Brewster plate can operate steadily for tens of minutes, the most likely cause of the
circulating power decrease is the heating of the plate. Further experiments need to be per-
formed in order to gain more insight into this process (see also Section . Figure [4.17a
shows the channeltron counts as the wavelength was scanned. Note that these are raw
measurement data, i.e. no calibration of the detector was performed. Harmonics up to the
17" order can be clearly observed. The roll-off of the noise level could be attributed to the
slow power decrease discussed above. The broad width of the harmonics is caused by the
relatively low resolution of the measurement (determined by the monochromator entrance
slit size and the employed XUV diffraction grating). The cutoff frequency calculated with
eq. (2.34) and with an average power of 2kW (which is the value at the respective mea-
surement point) corresponds to a wavelength of 70 nm, see green dashed line in Fig. .a.
The strongly decreased intensity of the 17'" harmonic indicates good agreement with the
expected cutoff value.
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Figure 4.17: First XUV spectra recorded from the system presented in this thesis. (a)

Locked state with 2.4 kW of circulating power (which decreased in time to 1.8 kW), 200 fs
intracavity pulse duration. Green dashed line: calculated cutoff. See text for further
details. (b) Spectrum recorded while scanning through the main resonance with 50 W of
input power.

Scan Mode

To detect even higher harmonics without damaging the Brewster plate, we scanned the
frequency comb through the matched cavity resonance periodically with an input power of
50 W. In this way high intensities build up, but a large thermal load is avoided since the
cavity is off-resonance most of the time. Figure [4.17/b shows the results for a 20 Hz scan
over approximately half of the cavity FSR around the resonance (and with an increased
channeltron counts integration time). In this regime, XUV up to the 21%* harmonic could
be detected. While this mode of operation of the cavity does not serve the purpose of most
envisaged experiments, it reveals that the achievable high intracavity power levels bear the
potential of generating higher harmonics and more power per harmonic. This enforces the
justification to search for better suited output couplers, which was done in the course of
this thesis.
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Figure 4.18: XUV spectrum calculated with the HHG model developed by Lewenstein et
al. [77], see text for further details.

Lewenstein Model Simulation

For a further theoretical confirmation of this measurement, the harmonic spectrum was
simulated [114] according to the Hydrogen-like atom model developed by Lewenstein et
al., see Section III.D in [77]. The measured driving laser parameters from the beginning
of the measurement (i.e. an intensity of 2 - 10'®* W/cm?) were plugged in the simulation
and perfect phase matching was assumed. The latter assumption is justified by the loose
focusing on the one hand and by the empirical optimization of the gas pressure on the
other hand. Figure shows the result of the simulation’] The cutoff frequency is at the
~17"" harmonic. Despite this slight mismatch, which is due to the power decrease during
our measurement, this result corroborates the agreement between HHG theory and our
measurement.

6This simulation was carried out by Ernst Fill
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Chapter 5

Outlook

5.1 Further Power Scaling of Enhancement Cavities

The power scaling results presented in Section have shown that the enhancement in
a standard-design passive cavity, built with state-of-the art, commercially available ion-
beam sputtered dielectric multilayer mirrors, is primarily limited by nonlinear effects in
the mirrors. An approach to circumventing this limitation consists in increasing the laser
spot size on the mirrors, thus decreasing the incident intensity and relaxing nonlinear
effects in the mirrors. Moreover, a larger irradiated area decreases the thermal gradient
which is beneficial for the high-average-power regime. In this section we first report on two
large-mode-area (LMA) enhancement cavity designs, in close analogy to [115], developed
in our group as a consequence of the power scaling results presented in this thesis. Then we
address two laser sources which will be employed for the next power scaling experiments.
Combining these laser sources with the next-generation LMA cavities offers on the one hand
the potential of scaling up the average power of femtosecond laser pulse enhancement to the
MW level and on the other hand provides the prospect of few-cycle IR pulse enhancement.

5.1.1 Novel Cavity Designs

We discuss three ways of increasing the laser spot sizes on the mirrors of ring resonators
that can be implemented separately or combined. The first method relies on increasing the
angle of incidence (AOI) on the mirrors. The laser spot size increases proportionally to
the reciprocal cosine of the AOI leading to a decrease of the intensity by the same factor.
This approach can be implemented in a ring resonator configuration with oblique incidence
(OI) on the mirrors. The radiation can be focused by two consecutively arranged off-axis
parabolic mirrors, as shown in Fig. aEI (the AOI in this example are 60°). The second
approach relies on detuning the resonator from the center of the stability range by means
of curved mirror distance and AOI variation. In so doing, the irradiated areas on the
mirrors can be increased and the sizes of intra-cavity beam waist radii can be decreased.

!The graphic illustration was done by Jan Kaster.
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Figure 5.1: (a) Oblique incidence setup: OI 1 is the input coupling (IC) mirror, OI 4 and
OI 5 are identical high reflecting (HR) off-axis parabolas and OI 2-4 are flat HR mirrors.
(b) All-curved-mirror resonator: ACR 1 is the IC, the other mirrors are HR. All mirrors
are curved with the same radius. (c¢) Standard bow tie setup: SBT 1 is a flat IC, SBT 2
is a flat HR mirror and SBT 3 and SBT 4 are curved HR mirrors with the same radius.
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Figure 5.2: The 1/e*intensity radius along the optical axis of the three different cavity
designs calculated with the ABCD matrix formalism for the tangential and sagittal planes,
respectively. The mirror positions and AOI are indicated by markers drawn into the di-
agram. The laser spot sizes on the mirrors increase by the reciprocal cosine of the AOIL
In the OI design the plotted beam dimension in the tangential plane has to be multiplied
by a factor of 1/c0s0.96 ~ 1.74 for the plane and by 1/ cos 1.221 ~ 2.92 for the parabolic
mirrors. In the other two designs, this factor is almost 1.
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While this can be carried out in any stable resonator, we exemplify this method with
a symmetric all-curved-mirror resonator (ACR) design, where all mirrors have the same
radius of curvature, see Fig. [5.1lb. The main advantage of the symmetry is the fact that all
spots on the mirrors are identical so that no mirror is exposed to an intensity larger than any
of the others. Further advantages of this resonator design include multiple foci (the central
focus could be used for noncollinear HHG with two circulating pulses [106,116,117]), easy
access to the foci for Thomson scattering experiments (see Section and compactness.
The resonator is detuned from the center of the stability range by means of the distances
between the mirrors. In this way, the beam radius on the mirrors is increased and the focus
size decreased. The limit is given by the beam ellipticity owing to the nonzero AOI on the
mirrors, diffraction losses at the finite surfaces of the mirrors and mechanical stability. The
third method relies on increasing the cavity length by an integer factor. The achieved spot
size variation depends on the resonator design. In the case of the ACR, the spot areas on
the mirrors will be increased by the square of the number of circulating pulses.

In the following, we compare the OI and the ACR designs to the widely used standard
bow tie (SBT) design consisting of two spherically curved and at least two plane mirrors,
as shown in Fig. b.Ilc. For this comparison, we assume a central wavelength of 1046 nm,
a pulse duration of 250fs, a pulse repetition rate of 250 MHz, two intra-cavity circulating
pulses and fundamental-mode propagation with a beam waist radius of 30 pm. The pulse
parameters were chosen according to the target parameters of a new laser system which
is currently being built to seed the next-generation enhancement cavity in our group, see
Section [5.1.2] Fixed beam waist radii correspond to certain positions in the resonator
stability ranges and vice versa.

Figure [5.2| shows the beam radius along the cavity optical axis calculated with the
ABCD matrix formalism. For the interpretation of the results of this comparison, it is
essential to note that among the designs, several cavity parameters are not equivalent,
such as e.g. the focal lengths f of the focusing mirror§? The spot sizes on the mirrors are
increased by a factor of 7.1 in the OI cavity (both focusing mirrors with f = 120mm) and
in the ACR cavity (all mirrors with f = 150 mm) by a factor of 14.1 compared to the SBT
cavity (both focusing mirrors with f = 75mm, as in the system presented in this thesis).

The next-generation LMA enhancement cavity system to be built in our group will
have an ACR design. Currently this design is being experimentally implemented by Jan
Kaster. The reasons for the choice of this design over the OI resonator include the larger
achievable beam radii on the mirrors, simpler alignment and increased flexibility. Moreover,
the currently available parabolic mirrors for an OI resonator exhibit significantly lower
surface quality than the available spherical mirrors.

The experimental realization of an ACR means new challenges. On the one hand, in
general large spot sizes imply an increased misalignment sensitivity (see e.g. [118]) and thus,
require an increased mechanical stability. On the other hand, pushing the limitation related

2For the OI cavity, f was chosen according to current manufacturing limitations for parabolic mirrors,
for the SBT design f was chosen according to the system presented in this thesis and for the ACR design
a convenient f was chosen.
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to nonlinear-effects will also allow for much higher average powers. Thus, absorption,
scattering and thermal lensing in the cavity mirrors are expected to play an increasingly
important role. In particular, thermal lensing increases the misalignment sensitivity (see
e.g. [119]) and affects the transverse mode matching. As a measure towards solving these
new problems and optimizing high-power operation, we plan to investigate the thermal
conduction in the cavity mirrors theoretically and experimentally.

5.1.2 Novel Laser Sources

There are two directions in which further power scaling of the enhancement cavity technique
is being pursued in our group. On the one hand, we aim at scaling up the average power of
few-hundred-fs pulses. On the other hand, we pursue the reduction of the enhanced pulse
duration. In the following we give a brief review of the experiments planned in these two
directions, with emphasis on the laser sources.

Higher Average Power from Novel MHz Amplifier Systems

Among the available high-repetition-rate femtosecond laser systems, the most rapid growth
of available average output power in the last few years has been achieved with Yb-based
systems. Compared to the power available when this work was started, i.e. ~50W [98], the
power available now is approximately one order of magnitude larger. The most prominent
techniques allowing for this growth are fiber amplifiers [120] and the Innoslab concept [121]
122]. Initial power scaling experiments with the novel LMA cavity, currently being built,
are planned with a modified version of the system presented in [120], currently under
construction in the frame of a collaboration of our group with the fiber laser group at the
IAP in Jena. The target parameters are 250fs pulse duration with an average power of
500 W at a repetition rate of 250 MHz. For peak-intensity-related damage thresholds of
state-of-the-art mirrors identified with our current setup, the ACR cavity in conjunction
with the new seeding laser system offers the prospect of peak intensities on the order of
10 W /cm? at intra-cavity beam waist radii of 30pum. The circulating pulse duration is
expected to remain unaffected and the circulating average power on the order of 1 MW.
This regime is expected to boost the generated XUV power.

Besides highly efficient HHG, such a device with relatively long pulse durations would be
ideally suited for the generation of hard X-ray radiation via inverse Compton (or Thomson)
scattering, cf. Section Here, the required laser pulse duration is lower bounded by the
duration of the relativistic electron bunch and lies in the range of 1 ps.
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Figure 5.3: Simulated pulse enhancement for transform-limited input pulses. The curves
are normalized for clarity. (a) The conditions of some of the experiments presented in this
thesis: 200 fs input pulse, input coupler with R = 99.86% and 7 highly reflecting mirrors.
(b) Same mirrors, but 27fs input pulse. The circulating pulse FWHM duration is 80 fs.
(c) 27fs input pulse and decreased finesse (with same GDD as before). The circulating
pulse FWHM duration decreases to 49fs. These simulations were carried out by Simon
Holzberger.

Shorter Pulses Through Nonlinear Spectral Broadening

To obtain few-cycle femtosecond pulses, Ti:Sa-based laser systems are customarily em-
ployed. However, the challenges imposed by the short pulse duration on Ti:Sa ampli-
fiers [123] have been limiting the achieved average powers to values significantly lower than
those of longer pulses generated with Yb-based systems. Nonlinear spectral broadening
and subsequent temporal compression can be used to shorten the inherently multi-cycle
high-power pulses of Ybh-based systems. For instance, the original layout of the laser sys-
tem employed in the experiments presented in this thesis contains a nonlinear compression
stage (which is currently bypassed), with which a pulse duration as short as 27fs at an
average output power exceeding 50 W was achieved at the repetition rate of 78 MHz [9§]. In
the meantime, even larger pulse energies have been obtained with the same technique, see
e.g. [124], which were successfully used for direct, single-pass HHG. However, the process
of spectral broadening in a fiber has both average and peak power limitations, which, in
general, result in a longer pulse duration if the input parameters of the process are scaled
up (e.g. 35fs in [124]). Therefore, a very promising approach to highly efficient HHG
consists of strong single-pass nonlinear compression with relaxed conditions on the input
power and subsequent passive enhancement of the compressed pulses.

In our group Simon Holzberger works on the activation of the nonlinear pulse compres-
sion stage of the seeding system (see [98]) and its inclusion into the existing experimental
setup. This implies additional major challenges. Firstly, the effect of the cavity single-
round-trip dispersion on the circulating pulse in the steady state is magnified by a factor
on the order of the power enhancement [34]. Moreover, dispersion also leads to a spectral
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filtering of the seeding comb. Thus, a bandwidth vs. power enhancement trade-off needs to
be found (cf. Section [2.1.2). To illustrate this, we have simulated the enhancement of the
200 fs pulses obtained before the nonlinear compression stage as well as the enhancement of
the spectrally broadened and compressed pulses in the current cavity, using the calculated
reflectivity and GDD curves for the mirrors provided by the manufacturer. Figure [5.3a
depicts the enhancement of the 200 fs pulses. The calculated effective power enhancement
(i.e. circulating average power divided by input average power) of 1520 is in excellent
agreement with the experimental results (see Chapter [4]). The circulating pulse duration
is not affected significantly. Figure [5.3|b shows the result of using the same mirrors and
seeding the cavity with the measured spectrum of the compressed 27-fs pulses if a flat
spectral phase is assumed. We observe an effective power enhancement decrease to 440
and an intracavity pulse duration increase to 80 fs. Calculating with a simulated set of mir-
rors having the same dispersion properties but lower reflectivity (input coupler R = 99.5%
and 7 cavity mirrors with R = (99.5%)1/7), i.e. providing an impedance matched peak
enhancement of 200), yields the result depicted in Fig. .C. Due to the reduced finesse
and better impedance matching, a broader spectrum is coupled to the cavity, leading to
a shorter intracavity pulse duration of 49fs. However, the effective power enhancement is
also reduced to 95. In conclusion, customized mirror designs with low GDD and/or the
use of pairs of mirrors with opposite GDD are necessary. Research on an optimum mirror
design is currently being performed in our group in collaboration with Vladimir Pervak
and coworkers.

Amplitude and phase fluctuations stemming from the nonlinear spectral broadening
process might hamper the resonant enhancement. To the best of our knowledge, spectrally
broadened pulses have not yet been enhanced in a passive resonator. Additional stabiliza-
tion precautions might become necessary, including the detection and stabilization of the
second laser parameter, as suggested by the 50-nm cases in Fig. in Section 2.1.3

5.2 Power Scalable XUV Output Coupling

The first XUV generation experiments carried out with the system presented in this work
are in good agreement with the theoretical predictions, see Section 4.5 The current limita-
tion for experimentally investigating the HHG process in the new power regimes available
in femtosecond enhancement cavities is given by the output coupling mechanism. In order
to access the XUV radiation generated in these power regimes, novel XUV output cou-
pling techniques need to be implemented first. In the course of this work, several new
output couplers were developed and proposed, however, not yet tested. In the following,
the techniques coming into consideration for the systems developed in our group will be
discussed.
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5.2.1 Thin Plates and WOMOC

A conceivable way to increase the damage threshold of thin plates, operated in transmission
for the fundamental radiation and reflecting the XUV (such as Brewster plates or the
GIP [108]), is improving their mounting with respect to cooling. In contrast to free-standing
plates (see Fig. , the WOMOC is expected to allow a better cooling due to the fact
that one surface of the wedged top layer, acting as the thin plate, is entirely attached to
the underlying multilayer structure. To optimize cooling, the quantitative investigation of
the heating effects is planned in our group. On the one hand, the in-situ measurement of
the heating of these elements (and of the cavity mirrors) using a high-resolution thermal
camera is planned. On the other hand, as for the cavity mirrors, we plan to develop a
theoretical model for this process by numerically solving the heat conduction equation
with appropriate boundary conditions.

5.2.2 Mirrors with Apertures, Direct Output Coupling

As mentioned in Section mirrors with a circular hole with a suitable diameter have
only very recently become available. Thus, to this day we have not carried out experiments
with these novel mirrors. We expect that for a successful implementation of this method,
additional precautions concerning the excited mode need to be taken. For instance, a
position in the stability range will need to be chosen at which higher-order modes are
not simultaneously resonant with the fundamental mode, thus avoiding a coupling among
transverse modes. Additional spatial filtering with appropriate apertures might be neces-
sary. Furthermore, the effect of the high intensity at the fundamental mode center on the
hole edges is subject to future investigations. However, the major advantage of using the
fundamental cavity mode is the already existing understanding of the HHG process for this
transverse field distribution.

In parallel, quasi-imaging (QI) as presented in [37] is being investigated. To this end,
curved mirrors with horizontal slits have been produced at the ILT in Aachen |107]. The
manufacturing constraints of such slits are somewhat more relaxed than those of small
holes, since the QI mode avoids the slit. In our cavity, the QI mode consisting of the
degenerate Gauss-Hermite eigen-modes G Hyy and G Hy experiences low losses even at slits
with ~300 pm width. Initial power scaling results with such a mirror have revealed thermal
limitations at around 5 kW of circulating power. The origin of this limitation is subject to
further investigations. The production of new slotted mirrors with improved slit edges is
planned in collaboration with the ILT. With those, further power scaling experiments and
the investigation of thermal effects are planned. Moreover, in contrast to the fundamental
mode, QI modes change their shape upon propagation along the optical axis due to the
different Gouy phases of the involved resonator eigen-modes, cf. [37]. The relative rapid
shape change in the region with an on-axis intensity maximum might affect the phase-
matching of the HHG process. Furthermore, the spatial distribution of the generated high
harmonics still needs to be investigated and the question whether the generated XUV light
will pass through the slit needs to be answered.
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Two further variations of the above methods are conceivable. Firstly, realizing QI in
both transverse directions simultaneously could be achieved by canceling out the difference
between the Gouy parameters for the two transverse directions, i.e. setting 1, = v,. This
could be done by horizontally tilting the beam incident on one of the curved mirrors in
the current setup or by inserting an additional convex mirror [125]. In this case, a circular
hole could be used instead of the slit. The rotational symmetric mode, which is a linear
combination of Gauss-Laguerre eigen-modes in this case, might be beneficial for the HHG
process. A second approach concerns the ACR design. To obtain relatively small foci,
this resonator needs to be operated close to a stability range border. Therefore, QI in
the center of the stability range cannot be achieved in this LMA cavity. However, as
the stability range border is approached, the Gouy phase differences among higher-order
modes decrease and the coupling among them increases. A quantitative description of this
coupling is subject to further studyf] We plan to investigate whether this coupling could
be used to excite a QI-like mode in the ACR resonator with losses small enough so that
they allow the desired power enhancement.

Finally, we mention that the currently implemented XUV detection setup (see Fig.
can easily be modified to suit the implementation of collinear, direct output coupling
through a hole. The geometrically output coupled XUV beam can be steered to the XUV
spectrometer by two parallel Au mirrors (or plates, anti-reflection coated for the IR [108])
under (close-to-) grazing incidence while the XUV photodiode mounted on the translation
stage can remain at the same position.

5.3 Towards Isolated as-Pulses Using fs-Enhancement
Cavities

In pump-probe experiments, probing with single pulses rather than a pulse train provides
the best time resolution because the moment (or period) of observation is well-defined.
In the frame of attosecond physics, the availability of isolated attosecond (as-) pulses at
MHz repetition rates would enable new insights in the dynamics of the microcosm and is
therefore highly desirable.

XUV as-pulses are generated with every linearly polarized optical half-cycle of the
fundamental radiation driving the HHG process. Therefore, to obtain one isolated as-burst
per driving fs pulse, either a single as-burst has to be isolated from the harmonic radiation
generated by the driving pulse (which is usually a train of as-pulses), or the HHG process
has to be confined to a single half-cycle of the driving pulse. The operation of methods
following the first approach (e.g. amplitude gating [126]) is inherently limited to few-cycle
pulses. Enhancing pulses this short in a passive resonator imposes extreme challenges to
the mirror design. While the construction of such a setup would be a sensation, the second

3Fig. 8.a in the paper included [37], see Chapter @ shows the power enhancement vs. detuning from
the stability range center. The width of this curve is given by the coupling among transverse modes, which
increases again as the position in the stability range approaches an instability boundary.
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approach seems more realistic for obtaining isolated attosecond pulses from fs-enhancement
cavities in the near future. In the following we give a brief overview of the most prominent
techniques in line with this approach and discuss aspects relevant for implementing HHG
gating in an enhancement cavity.

Polarization gating (PG) uses the fact that the HHG process is strongly polarization-
dependent (see [127] and references therein). By combining two delayed counter-rotating
circularly polarized pulses (with slightly different wavelengths), the polarization of the
driving pulse is modulated in such a way that close-to linear polarization, necessary for
HHG, is only achieved over a short time window within the resulting pulse, on the order
of a half-cycle. The upper limit of the driving pulse duration is set by the ground state
population depletion: if the pulse is too long, then the atoms will be fully ionized by the
leading edge before the linear polarization gate starts and the as-burst can be generated.
Two-color gating (TCG) employs waveforms synthesized from a fundamental-radiation
pulse and its second harmonic (SH), which can increase the period between the generation
of as-bursts to a full optical cycle of the fundamental, see e.g. [128]. Another technique
relying on the few-cycle duration of the driving pulses is ionization gating (see e.g. [129] and
references therein). Here, the first cycle reaching the intensity required for HHG generates
an as-pulse and the subsequent cycles fully ionize the gas atoms so that HHG cannot occur
anymore. A powerful method working also with multi-cycle driving pulses is double optical
gating (DOG) [130], which combines PG and TCG. Finally, generalized double optical
gating (GDOG) [131}/132] employs two elliptically (instead of circularly) polarized pulses
to reduce the ground state population depletion at the leading edge of the pulse. GDOG
allows the generation of isolated as-bursts with fundamental radiation pulses as long as
28 fs, generated by a Ti:Sa laser system. This value already lies in the pulse duration range
for which enhancement in a passive cavity has been demonstrated [17]. Due to the larger
wavelength, for an Yb-based system the same number of optical cycles corresponds to a
pulse duration of approximately 36 fs, which can be achieved with nonlinear compression,
cf. Section [5.1.2] Therefore, from the point of view of the pulse duration, the prospect of
intracavity gating is given.

Another encouraging result is provided by a test we performed in our cavity. To verify
the resonance of the cavity for elliptically polarized seeding light, we placed a quarter-wave
plate in the input beam, just in front of the cavity input coupler. While we rotated the
plate over 360°, the cavity scan pattern did not change observably, implying that the cavity
losses for any ellipticity of the input polarization are comparable. Therefore, we assume
that any linear combination of elliptically polarized pulses can be resonant in the cavity.
This is a prerequisite for the majority of the gating methods mentioned here. The unique
power regime achievable in enhancement cavities, which provides multi-cycle pulses with
large intensities at MHz repetition rates, might also open the door to novel combinations of
the existing techniques (e.g. a combination of PG with ionization gating seems promising)
or to completely new gating mechanisms.

It should also be mentioned that superimposing a SH portion to the fundamental driv-
ing the HHG process can be readily implemented in a single-pass fashion. Standard highly
reflecting dielectric mirrors usually have a transmission band at the second harmonic fre-
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quency of the fundamental light. Thus, the mirror just before the HHG focus could serve as
the input coupler for the fundamental radiation, while a SH portion is transmitted through
this mirror and overlaps coherently with the intracavity circulating pulse in the HHG focus
(but is not resonant in the cavity).

Recently, Durach et al. [133][134] predicted a plasmonic metallization of thin dielectric
films, illuminated by intense single-cycle laser pulses. Such a film could be used as a
reflective surface onto which the intracavity generated as-pulse train impinges. If a second
pulse, with a slightly different wavelength (e.g. a Ti:Sa-generated) impinges on this surface,
the metallization follows the electric field of the pulse virtually instantaneously and thus,
could switch the reflectivity of the surface. This phenomenon could in principle be used as
an alternative to the above methods for isolating an as-pulse from a train.

5.4 Other Experiments with High-Power Enhancement
Cavities

An alternative way for converting the laser light to short wavelength radiation involves
scattering the laser pulse from a relativistic electron pulse [135]. The relativistic Doppler
shift leads to an increase of the photon energy by a factor 492, where v is the relativistic
mass factor of the electrons. A 50 MeV electron beam thus generates 50 keV X-rays from
1.2eV photons. Due to the small Thomson cross-section, a high laser pulse energy and
high charge of the electron bunch are required for generating a useful number of X-ray
photons. The weak nature of the interaction may be considered an advantage in case of an
enhancement cavity since it induces negligible depletion of the circulating laser pulses [136].
We point out that the ACR cavity design shown in Fig. [5.1]b is particularly suitable for
Thomson scattering applications. Its geometry allows straightforward insertion of the
electron pulse and extraction of the X-rays generated. If the electrons collide at a small
angle with the laser pulse, only a small downshift of the X-ray photon energy is induced.
The high circulating power in the cavity combined with the high repetition rate affords
applications of enhancement cavities in quite different fields of research. We mention mul-
tiphoton entanglement experiments [137], cavity-enhanced scattering |138], ultrasensitive
absorption and dispersion spectroscopy [139], precision spectroscopy with helium [140], the
generation of quantum frequency combs [141] and THz radiation generation [15]. For a
successful realization of these applications a high circulating power is of crucial importance.
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This chapter contains the journal papers included in this cumulative thesis. First, an
overview of the publications and the thesis author’s contribution to the results presented
therein is given. Subsequently, the papers are included in their original form(T|

[33] I. Pupeza, T. Eidam, J. Rauschenberger, B. Bernhardt, A. Ozawa, E.
Fill, A. Apolonski, Th. Udem, J. Limpert, Z. A. Alahmed, A. M. Azzeer, A.
Tiinnermann, T. W. Hansch and F. Krausz, "Power scaling of a high repetition
rate enhancement cavity,” Opt. Letters 12, 2052-2054 (2010).
http://www.opticsinfobase.org/abstract.cfm?URI=01-35-12-2052

In this paper we present our enhancement cavity for the first time. The largest circulating
pulse energy in a high-repetition rate femtosecond laser resonator to date is demonstrated.
Power scaling limitations are investigated. The major part of the novel results presented
in this paper can be attributed to the author of this thesis.

[34] I. Pupeza, X. Gu, E. Fill, T. Eidam, J. Limpert, A. Tiinnermann, F.
Krausz, Th. Udem, "Highly sensitive dispersion measurement of a high-power
passive optical resonator using spatial-spectral interferometry,” Opt. Express
18, 2618-26295 (2010).
http://www.opticsinfobase.org/abstract.cfm?URI=0e-18-25-26184

In this paper, the first highly sensitive intracavity dispersion measurement method working
at high intra-cavity intensities was developed, based on spatially and spectrally resolved
interferometry (SSI) of a copy of the input beam to the cavity with a copy of the circulating
beam. While most of the experimental work and data interpretation were done by the
author of this thesis, the initial idea of applying SSI as well as great support with the

!These paper were published in Optics Letters and Optics Express and are made available as electronic
reprints with the permission of OSA. The URL’s at which the papers can be found on the OSA website
are given in the citations. Systematic or multiple reproduction or distribution to multiple locations via
electronic or other means is prohibited and is subject to penalties under law.
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[35] I. Pupeza, E. Fill, F. Krausz, "Low-loss VIS/IR-XUV beam splitter for
high-power applications,” Opt. Express 19, 12108-12118 (2011).
http://www.opticsinfobase.org/abstract.cfm?URI=0e-19-13-12108

This paper deals with a novel optical element designed to spatially split a high-power laser
beam from a collinearly superimposed beam consisting of its high harmonics. In particular,
due to improved heat conduction, this element is expected to enable the power scalability
of HHG enhancement cavities. The major part of the novel results presented in this paper
can be attributed to the author of this thesis.

[36] Y.-Y. Yang, F. Siilmann, S. Zherebtsov, I. Pupeza, J. Kaster, D. Lehr,
H.-J. Fuchs, E.-B. Kley, E. Fill, X.-M. Duan, Z.-S. Zhao, F. Krausz, S. L.
Stebbings, M. F. Kling, ’Optimization and characterization of a highly-efficient
diffraction nanograting for MHz XUV pulses,” Opt. Express 19, 1955-1962
(2011).
http://www.opticsinfobase.org/abstract.cfm?URI=0e-19-3-1954

In this paper, the optical element initially presented by Yost et al. in [19] is optimized
with respect to its XUV efficiency. The contribution of the author of this thesis lies
mainly in setting up and performing the characterization of the optical element for IR
radiation (Section 4). In particular, this contribution includes the modification of the
lossmeter for operation with arbitrary angles of incidence and the z-scan setup, built and
operated together with Jan Kaster. The nonlinearity enhancement of the optics owed to
the nanostructure, which was measured in the z-scan setup, is a result relevant to this
thesis in that it exhibits a potential disadvantage with respect to power scaling.

[37] J. Weitenberg, P. Ruflbiildt, T. Eidam, I. Pupeza, ”"Transverse mode
tailoring in a quasi-imaging high-finesse femtosecond enhancement cavity,” Opt.
Express 19, 9551-9561 (2011).
http://www.opticsinfobase.org/abstract.cfm?URI=0e-19-10-9551

In this paper, the concept of quasi-imaging (QI) is introduced. QI uses a subset of degener-
ate resonant transverse modes in an optically stable resonator to excite a field distribution
which simultaneously has an intensity maximum on the optical axis and avoids an on-
axis obstacle far away from this maximum. This concept is particularly interesting as a
potential means of coupling out harmonics generated in a high-intensity focus through a
hole in a resonator mirror, which is avoided by the QI transverse field distribution. An
important experimental result is the fact that in our ~3000-finesse cavity, quasi-imaging
can be achieved without any additional active control. The experiments were performed
mainly by the author of this thesis who has also contributed to the theoretical part of the
work.
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A passive optical resonator is used to enhance the power of a pulsed 78 MHz repetition rate Yb laser providing 200 fs

pulses. We find limitations relating to the achievable time-averaged and peak power, which we distinguish by vary-

ing the duration of the input pulses. An intracavity average power of 18 kW is generated with close to Fourier-limited

pulses of 10 W average power. Beyond this power level, intensity-related effects lead to resonator instabilities, which

can be removed by chirping the seed laser pulses. By extending the pulse duration in this way to 2 ps, we could

obtain 72 kW of intracavity circulating power with 50 W of input power. © 2010 Optical Society of America
OCIS codes: 320.7090, 060.2320, 320.7160, 140.4780, 190.4160.

Efforts to resonantly enhance pulsed lasers in an external
cavity have recently been boosted by the prospect of in-
tracavity high-harmonic generation (HHG) [1-5]. Tradi-
tional methods of generating peak intensities exceeding
103 W/cm? required for HHG rely on a largely reduced
pulse repetition rate (see, e.g., [6]). The intracavity ap-
proach allows HHG with a multimegahertz repetition rate
such that individual modes of the resulting frequency
comb [7] in the extreme UV (XUV) may be used as cw la-
sers. Such a laser source would be highly desirable for
high-resolution spectroscopy in this hitherto inaccessible
wavelength region. Further applications of such a com-
pact and coherent XUV source include lithography or XUV
optics characterization. Yet another emerging applica-
tion, for which compact enhancement cavities constitute
a very promising approach, is the generation of high-
brilliance hard x-rays via inverse Compton scattering
of laser photons by a relativistic electron beam, Doppler
upshifting them to the hard x-ray or even gamma-ray
range [8,9].

Enhancing a train of pulses in an optical resonator is
analogous to the cw case if the mode spacing of the pulse
train matches the resonator’s frequency-resolved free
spectral range. In the time domain this means that, after
each round trip, the pulse circulating in the passive cavity
interferes constructively with the next pulse from the la-
ser. A power enhancement of a few thousands has been
achieved so far with enhancement cavities seeded by Ti:
sapphire [1-3] and Yb-doped [4,5] lasers reaching a few
kilowatts of intracavity average power and peak intensi-
ties exceeding 10'® W/cm? at the cavity focus. With the
advent of high-power ultrafast laser systems [10-12], the
power scalability investigation of enhancement cavities
becomes crucial to the development of this technique.
In this Letter, we explore limiting factors for the intra-
cavity power in a high-repetition-rate, bow-tie cavity em-
ploying state-of-the-art commercially available ion-beam
sputtered dielectric mirrors (Layertec).

0146-9592/10/122052-03$15.00/0

We seed our external cavity with the system presented
in [10] [see Fig. 1(a)]. Transform-limited 170 fs sech? in-
itial pulses are generated by a passively mode-locked,
diode-pumped Yb:KYW oscillator with 78 MHz repetition
rate and 220 mW average power. The FWHM bandwidth
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PZT
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Seed oscillator Pre-amplifier Main amplifier (a)

/ telescopefor | | 78 MHz Yb laser
i mode -matching system as in (a)
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M, \
M, -
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Fig. 1. Experimental setup: (a) seeding laser [10] and (b) en-
hancement cavity. M2-M8, dielectric mirrors with R = 99.995%
+ 20 ppm (parts per million) (ring-down measurement); M1,
99.86% reflectivity input coupler. M5 and M6 have a radius of cur-
vature of 150 mm and enclose the 22 um cavity focus (1/€?
radius calculated at the stability range center). HWP, half-wave
plate; LCAR, large circular aperture reflector; diagnostics,
photodiode/power  meter/spectrometer/autocorrelator/beam
profiler.

© 2010 Optical Society of America



is 7nm centered around 1042 nm. The pulses are
stretched to 150 ps with a transmission grating and sent
to a two-stage fiber amplifier. The amplifier fibers are
pumped at 976 nm by laser diodes delivering up to 25
and 130 W. Subsequent compression down to 200 fs is
achieved with two fused-silica transmission gratings.
By varying the distance between these gratings, the pulse
length can be adjusted between 200 fs and more than
10 ps without affecting the other beam parameters. After
compression, the average power exceeds 50 W. The out-
put spectrum is largely independent of the amplifica-
tion level.

As in the work presented in [1-5], our enhancement
cavity is a ring resonator whose round-trip time is ad-
justed to the inverse of the seeding laser repetition rate
[see Fig. 1(b)]. For compactness, the beam is folded sev-
eral times. The 1/e? beam diameters on the cavity mirrors
range between 1.5 and 2.6 mm. To minimize group delay
dispersion (GDD) and losses, the cavity is placed inside a
vacuum chamber. Its optics exhibit very low dispersion
(GDD <20 fs®> per mirror, according to the manufac-
turer’s specification) over the bandwidth of the 200 fs
seed pulses, making further dispersion compensation un-
necessary. The frequency of the nth laser mode is given
by f, = Nf rep +fcr, Where f, is the laser repetition fre-
quency and fcg is the carrier-envelope (CE) frequency
[1]. Because of the relatively narrow bandwidth of the
seeding laser, small variations of f\., and fcg have very
similar effects on the structure of the frequency comb.
Thus, a stable lock of the seeding laser to the enhance-
ment cavity can be achieved by actively controlling a sin-
gle comb parameter. In our case, this control is obtained
by varying the position of an oscillator cavity end mirror
with a fast piezoelectric transducer. The lock is realized
with a Hinsch—Couillaud scheme [13]. In contrast to the
original scheme, where an intracavity Brewster plate is
employed, in our case the necessary polarization discri-
mination is given by the nonorthogonal incidence on the
mirrors. In addition, for optimum enhancement, a coarse
CE-offset adjustment is achieved by manually varying the
seed oscillator optical pump power. The power enhance-
ment factor P is defined as P = P,,../P;,, Where P and
P;, denote the circulating intracavity power and the seed-
ing laser power, respectively. We determine P,;,.. by two
different methods. We measure the power P, leaking
through a cavity mirror and divide it by the mirror trans-
mission of 1.65 x 107%. To prevent measurement errors
due to potential mirror transmission changes at higher
powers, we implement a second measurement method
for P, using a large circular aperture around the intra-
cavity laser beam [see Fig. 1(b)]. This aperture does not
affect the enhancement but still reflects a measurable
portion P, of the intracavity light. Moreover, by using
the leakage through the diagnostic mirror, we record
the beam profile with a CCD camera and measure the
intracavity autocorrelation and spectrum.

In a first experiment, we investigated the enhancement
for various input powers P;, while keeping the input
pulse duration at 200 fs. For 36 mW < P;, < 10 W, we ob-
serve anearly linear dependence of both Py, and P,.; on
Pj, [see Fig. 2(a)] in a stable locking regime. The entire
spectrum was coupled into the cavity and uniformly en-
hanced, with the intracavity autocorrelation remaining
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constant. The reflection from the input coupler indicated
an input coupling ratio of ~65%. These results imply a
nearly constant enhancement factor P = 1800 and are
in excellent agreement with the expected values assum-
ing a lossless input coupler and perfect transversal mode
matching. For P;, = 10 W, a circulating power P.. =
18 kW was reached. As discussed later in the text, a cav-
ity transverse mode variation was observed with increas-
ing power. For input powers beyond 10 W, the lock
became increasingly unstable and, during the short per-
iods of resonance, an intracavity pulse duration between
300 and 400 fs was observed. Operation beyond 10 W of
input power invariably led to mirror damage.

To further investigate the limits of enhancement, we
conducted a second scaling experiment. To distinguish
between purely thermal effects and effects involving non-
linear processes in the cavity mirrors, the circulating
pulse duration 7., was varied by chirping the input
pulses, while keeping P;, = 50 W constant. The results
are shown in Fig. 2(b). For 7. > 2 ps, the locking was
stable with an intracavity circulating power of P, =
72 kW, which corresponds to an enhancement factor
P =1400. The input coupling ratio to the cavity
amounted to ~50%. As the pulse duration was decreased
from 2 ps toward 640 fs, the lock became increasingly
unstable and the enhancement factor decreased. For
Teire < 640 fs; mirror damage occurred repeatedly. Da-
mages were observed not only on the mirror with the
minimum impinging beam size, where the peak intensity
reached around 10! W/cm?, but occasionally, the mirror
with the maximum beam size, implying a roughly 3 times
lower peak intensity, was also damaged. This behavior is
subject to further investigation. Thus, for P, = 50 W, the
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Fig. 2. (a) Circulating power versus input power for a constant

intracavity pulse duration of 200 fs. (b) Circulating power
versus pulse duration for constant input power of 50 W. The
squares show the ratio of the values of P, and P}, normalized
to their average. (c) Beam diameter (1/¢® value, measured
behind diagnostic mirror) versus P, (for different pulse
durations).
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decrease of both stability and the enhancement factor
and mirror damage primarily relate to the peak power.
The small variation of the normalized values of Pjg
and P, shown in Fig. 2, implies that the transmission
of the diagnostic mirror remained constant during all
experiments.

Moreover, we observed a circulating power-dependent
variation of the cavity transverse mode with a CCD cam-
era placed behind the diagnostic mirror; see Fig. 2(c). We
believe that this effect is due to thermal lensing in the cav-
ity mirrors since it scales with the average circulating
power, and is independent of pulse duration. However,
the exact physical mechanisms for the change in beam
diameter and for instabilities at higher peak powers still
need to be investigated. The thermal nature of the beam
diameter change is also supported by the observation of a
delay of roughly 1 s from the moment the lock is initiated
until the intracavity power settled to a steady state. We
attribute the reduction of the cavity enhancement from
1800 at low circulating powers to 1400 at the maximum
power to changes of the intracavity transverse mode pro-
file due to this effect. This leads to a less than optimum
overlap of the incoming and the circulating beam at the
cavity input coupler. The decreasing input coupling
ratio to the cavity with increasing P.,. confirms this
assumption.

In conclusion, we have investigated power scaling lim-
itations of a 78 MHz repetition rate, bow-tie enhance-
ment cavity. By comparing the enhancement behavior
for constant circulating power and varying the pulse
duration, we found that high peak power is the primary
cause of mirror damage. Below this damage threshold, in
a stable locking regime, pulse duration can be traded in
versus circulating power. A maximum circulating power
of 18 kW was achieved for the minimum pulse duration
of 200 fs, and a minimum pulse duration of 2 ps was mea-
sured for the maximum circulating power of 72 kW. In
the cavity focus, these peak powers lead to intensities
exceeding 10'* W/cm?, derived with the calculated focus
diameter. With the demonstrated peak power, stronger
focusing (e.g., as reported in [5]) would increase the peak
intensity in the focus by another order of magnitude. This
enhancement cavity offers the prospect of HHG as well
as hard x-ray generation via inverse Compton scattering

at previously unachieved power levels. Further increase
of the supported intracavity peak power calls for ad-
vances in mirror technology as well as cavity design.

This work was supported by the Deutsche Forschungs-
gemeinschaft (DFG) Cluster of Excellence, Munich
Centre for Advanced Photonics (MAP) (www.munich-
photonics.de), by the KORONA Max-Planck-Institut fiir
Quantenoptik (MPQ)/Fraunhofer Institut fiir Lasertechnik
(ILT) cooperation and the King Saud University (KSU)/
MPQ collaboration.
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Abstract:  We apply spatially and spectrally resolved interferometry to
measure the complex ratio between the field circulating inside a high-finesse
femtosecond enhancement cavity and the seeding field. Our simple and
highly sensitive method enables the measurement of single-round-trip group
delay dispersion of a fully loaded cavity at resonance for the first time.
Group delay dispersion can be determined with a reproducibility better than
1 f& allowing the investigation of nonlinear processes triggered by the high
intracavity power. The required data acquisition time is less than 1 s.
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1. Introduction

Enhancement dties are frequently used to increase the efficiency of nonlinear interactions
such as second-harmonic generation (SHG). For near-infrared continuous wave lasers, cavi-
ties with a finesse approaching®liave been demonstrated [1], albeit with a rather low input
power. Recently, efforts to resonantly enhance pulsed lasers have been boosted by the prospect
of intracavity high-harmonic generation (HHG) with multi-MHz repetition rates [2—6]. While
traditional methods of generating peak intensities exceedifg Wacn? required for HHG

rely on a largely reduced pulse repetition rate (see, for example, [7] and references therein), the
intracavity HHG approach can preserve the original repetition rate of the pulsed laser source.
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Other proposed applications, for which enhancement cavities constitute a very promising ap-
proach, arehe generation of high-brilliance hard X-rays via inverse Compton scattering [8, 9],
THz generation [10] and the detection of the birefringence of vacuum [11].

Enhancing the power of a train of pulses in an optical resonator requires the constructive
interference of the intracavity field with the seeding laser field inside the cavity. In the fre-
guency domain this means that the seeding frequency comb and the cavity resonances have
to be matched over the optical bandwidth of interest. While the mode spacing of the seeding
mode-locked laser can be assumed to be perfectly regular, the cavity free spectral range may
be irregular due to dispersion. In a high-finesse cavity, the effect of single-round-trip dispersion
is accumulated over many round trips in the resonant state. This typically restricts the power
enhancement to a limited spectral range and therefore needs to be precisely measured and
compensated for optimum enhancement. Conversely, the same effect enables highly accurate
dispersion [12, 13] and absorption measurements [14].

In the past few years, several approaches to measuring the intracavity dispersion of fem-
tosecond enhancement cavities have been presented [15-18]. All these techniques rely on a
controlled variation of the seeding frequency comb and the subsequent interpretation of the
cavity response. In [15] and [16], a limited number of modes of the seeding comb is locked to
the cavity. In the locked state, either the repetition frequency [16] or the carrier-envelope-offset
frequency [15] of the seeding comb is varied and the intracavity spectrum is recorded. Suitable
linear cavity models are fitted to the acquired 2-dimensional data sets. Due to the accumulation
of dispersion over many cavity round trips, the group delay dispersion (GDD) can be detected
with very good sensitivity and a reproducibility on the order of 1 ifsachieved. However,
the necessary variation of the seeding comb allows only a few modes to resonate at once, such
that these methods are limited to the measurement of the linear cavity response. Thus, they are
not suitable for the investigation of average- and peak power-related intracavity effects. In [17]
and [18] the authors present techniques in which the frequency comb is scanned through the
cavity resonances without locking the laser and the cavity. Even if a steady state is not neces-
sarily reached in the cavity, comparable GDD measurement accuracies are reported. However,
these methods are also limited to the linear case. For applications of enhancement cavities
involving high peak powers, the restriction of dispersion measurement methods to low power
levels is rather severe. Peak-power-dependent enhancement behavior has been reported in HHG
cavities [4] including a gas target and an XUV output coupler and even in empty cavities [19].

A phase-sensitive measurement method suitable also for regimes beyond linear enhancement is
highly desirable and described in this work.

We employ spatially and spectrally resolved interferometry (SSI) [20-29] to measure the
phase difference between the intracavity circulating field and the seeding field. Together with
the spectrally resolved power enhancement, this measurement provides full information on
the cavity response. This method has several major advantages: for phase retrieval over the
entire enhanced bandwidth the seeding comb need not be varied. In particular, this enables
the investigation of effects related to high intracavity peak power. The experimental setup is
simple and the total measurement time is only limited by the cavity build-up time. Once the
cavity reaches the steady state, a single-pulse acquisition is sufficient for an accurate cavity
response determination. This provides an increased robustness against jitter effects. We present
experimental results for both the linear and nonlinear enhancement regimes, demonstrating
sensitivities and reproducibilities comparable to those reported in previous works for linear
enhancement.
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2. Experimental Setup and Phase Measurement Method

2.1. TheSteadyState and the Desired Information

Consider an enhancement cavity in the steady statevldenote the angular optical frequency.

Let Ei(w) andE¢(w) denote the complex frequency-domain input electric field from the seed-
ing laser and the intracavity circulating field, respectively, within the enhanced spectral region.
The behavior of the cavity is described by the r&Ti(Jw) of the circulating to the incoming
field:

Fi(w) = |Fi(e)] expli ()] = 'é((o‘j)) 7 &)

where(w) is the phase ofl (w).

There are two qualitatively different regimes of enhancement. In the linear Hasa,is
independent of the circulating fiel.(w) and merely a property of the cavity. The second
regime of enhancement involves intracavity nonlinear processes. Here, the enhancement be-
havior and, thusH (w), depends on the intracavity electric field. Nonlinearities may emerge
through the interaction of high peak powers with the cavity optics or some intracavity medium,
see e.g. [4,19]. In both cases, the complex funcﬁkﬁm) fully describes the response of the
cavity to the input electric fielﬁi(w). Therefore, the knowledge &f(w) is highly desirable.
However, the single-round-trip propagation properties inside the cavity are often of interest.

The magnitudéH (w)| can be derived from the incident and intracavity power spectra. The
latter is accessible through the leakage of one of the highly reflective cavity mirrors (e.g. M3 or
M8) knowing its spectral transmission function. To quickly and accurately measure the phase
¢(w) of ﬁ(w) we apply SSI. The experimental setup is presented in Section 2.2. In Sec-
tion 2.3 we discuss the derivation of the intracavity single-round-trip propagation properties
in the steady state from the measured complex funddéw). Section 2.4 discusses the ef-
fect of the correspondence between the single-round-trip intracavity phasg(andn the
sensitivity of the interferometric measurement. Section 2.5 addresses the interferometer data
processing.

2.2. The Experimental Setup

Figure 1 depicts the experimental setup. With the exception of the beamsplitter, the delay line
and the imaging spectrometer, the setup is identical to the one described in [19]. The pulses are
generated by a passively mode-locked, diode-pumped Yb:KYW oscillator and are amplified
in a two-stage fiber-based chirped pulse amplifier system. The stretcher and compressor are
implemented with transmission gratings. At the output, the 78 MHz repetition rate pulse train
reaches up to 50 W of average power. The central wavelength is 1042 nm. By varying the dis-
tance between the two compressor gratings, the pulse duration can be adjusted between 200 fs,
corresponding to almost bandwidth-limited pulses, and more than 10 ps with a negligible effect
on other beam parameters. The laser system is described in detail in [30]. Similar to the systems
presented in [2—6], our enhancement cavity is a ring resonator whose round-trip time is adjusted
to the inverse of the seeding laser repetition rate. The beam is folded several times for compact-
ness and convenient handling. The cavity is placed inside a vacuum chamber to minimize GDD
and losses. All eight dielectric cavity mirrors have low dispersion. The reflectivity of mirrors
M2-M8 was determined with a ring-down measurement to be 99.995%+20ppm, per mirror.
Mirror M1 is the input coupler (IC) of the cavity and has a measured reflectivity of 99.887%,
M5 and M6 have a radius of curvature of 150 mm and enclogg & 22 um cavity focus
(1/€-intensity radius calculated for the center of the stability range). The laser transverse mode
is matched to the cavity mode with a telescope. As described in [19], a stable lock of the seeding
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Fig. 1. Experimentalsetup. BS: beam splitter, blue dotted line: reference beam, orange
dashed line: intracavity beam, leaking through the highly reflective mirror M3, ATT: thin
neutral density filter attenuation. Diagnostics: photodiode / power meter / spectrometer /
autocorrelator.

imaging spectrometer

laser to the enhancement cavity is achieved with thedgh-Couillaud scheme [31] controlling

the position of an oscillator cavity end mirror mounted on a piezoelectric transducer. For opti-
mum enhancement, an additional coarse adjustment is achieved by manually varying the seed
oscillator optical pump power. Typical power enhancement factors range between 1400 and
1800 (see [19]).

To obtain the phase(w) of the cavity response function, we use spatially and spectrally
resolved interferometry [21-23]. A beamsplitter placed in front of the cavity IC splits off ap-
proximately 4% of the input beam (see the blue dotted line in Fig. 1). This beam constitutes
the reference arm of the interferometer. The rest of the input beam is sent to and enhanced in
the cavity. A copy of the intracavity circulating pulse leaks through the highly reflective mirror
M3 (orange dashed line). This beam constitutes the sample arm of the interferometer. Note that
throughout the experiments presented in this paper, we assume the constancy of the transmis-
sion of mirror M3 with respect to power. The validity of this assumption is confirmed by the
observations in [19]. The transmission of M3 amounts to 1.65 ppm. The two arms cross with
an anglea at the slit of an imaging spectrometer (model Andor Shamrock 303i using a CCD
camera model Andor DV420A-OE). An alternative method for phase retrieval consists in one-
dimensional spectral interferometry (Sl), see e.g. [32, 33]. For Sl, a second beamsplitter could
be used to recombine the two interferometer arms collinearly into one beam impinging on a
spectrometer, where a 1-dimensional spectral interference fringe pattern is measured. However,
SSI offers a better spectral resolution since it avoids the spectral filtering necessary in Sl (see
e.g. [22]). The time delayAT between the two arms can be adjusted with a delay stage im-
plemented in the reference arm. The spatial-spectral interference of the two arms results in a
2-dimensional fringe pattern, which, together with the spectra from the individual interferome-
ter arms, leads to the complete determination of the complex furidtiar). The interferometer
setup is very flexible in the sense that it allows for arbitrary modifications of the cavity, under
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Fig. 2. Electric fields at the input coupler of an enhancement cavity in the steady state.

the constrainthatthe mirrors M1, M2 and M3 not be displaced. Such modifications may in-
clude length and incidence angle variations as well as the exchange of individual mirrors. In
particular, the intracavity group delay can be varied by manually displacing mirror M7, i.e. by
slightly varying the geometrical cavity length.

To determineAr, a calibration can be performed while the cavity is off-resonance. For this
measurement, we block the cavity beam path without disturbing the propagation in the inter-
ferometer sample arm, for instance between mirrors M4 and M5. The delé&yadjusted to
0 by observing the interference fringe spacing. During the measurement, in order to optimize
the fringe contrast, the powers in the two interferometer arms are balanced using thin neutral
density filters. The GDD imbalance between the two arms can in principle be either corrected
using appropriate compensator substrates or numerically removed from the measured phase. In
our case, the GDD imbalance owed to a single pass through the substrate of mirror M3 and
the neutral density filters amounts to roughly 108 tdowever, as will be discussed in Sec-
tion 2.4, the effect of the cavity round-trip phase on the phase measured in the sample arm of
the interferometer is magnified by more than three orders of magnitude due to the resonant en-
hancement. Therefore, this imbalance introduces a bias of less thasd @i tise determined
cavity round-trip GDD and is neglected in the measurements presented here.

A mechanical shutter placed in front of the imaging spectrometer controls the integration
time of the measurements. Short integration times are favorable to minimize the effects of
amplitude and phase jitter on the recorded data. In the measurements presented here, we used
an integration time of approximately 0.5 s, which can be further reduced if needed.

A potential source of systematic uncertainty can be the spatial mode mismatch between the
cavity and the reference beams, if the input beam phase front is not perfectly matched to that
of the excited transverse cavity mode. In the proof-of-principle experiments presented in this
paper, we found it quite reasonable to accept some minor ripples in the retrieved phase, caused
by this effect (see Section 3.1). To alleviate this issue and to further increase the accuracy of
the measurement, a single-mode input beam is preferred, and additional spatial filtering could
also be helpful.

2.3. Intracavity Round-Trip Loss and Accumulated Phase Determination

Figure 2 shows the complex electric fields at the input coupler (IC) of the enhancement cav-
ity in the steady state. For each enhanced frequency, the single-round-trip power attenuation
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and accumulated phase are denoted\try) and 6(w), respectively. One cavity round trip of
the circulating electric componeEt(w) can be completely described by its multiplication by
VA(w)exp jB(w)]. Thus, the desired quantities, fully describing the single-round-trip propa-
gation, are the frequency-resolved quantifés) and6(w).

Let R(w) denote the IC power reflectivity, such that a reflection on the cavity side at the
IC implies the multiplication of the impinging electric field by R(w). Let T(w) denote the
IC power transmission. Note that we trdfw) and T (w) as real functions by including the
spectral phase affects at the IC infigw). Resonant enhancement requires the constructive
interference of the intracavity field reflected by the IC, i,\gR(w)Ec(w)/A(w) expjB(w)]
with the portion of the input field transmitted through the IC, i@.‘l’(w)ﬁi(w). In the steady
state, the sum of these two interfering fields eqélso):

Ew) = VROEVAGE® + T@E® @
i - B _ o)
TR R T T ReA@esi0e)] <

Equation (3) can be rewritten as:

Alw)elf(@ = ! <1— NT(w)ej‘p("’)) (4)
R(w) IH(w)]

The right-hand side of Eq. (4) contains quantities, which can be independently measured,
while the left-hand side contains the desired quantities. Note that Egs. (3) and (4), evaluated at
the frequencies of the seeding comb, hold for both linear and nonlinear enhancement. However,
in the nonlinear case the model given by Eq. (3) only describes the effect of the intracavity
nonlinearity on the enhancement of the seeding field and it does not allow any direct conclusion
on the nature of the nonlinear effect in question. Moreover, the dependefieodf T (w),

A(w) and / orB(w) on the intracavity electric field may turn Eg. (3) into a transcendental
equation. However, in the steady state, the frequency-dependent qth?a(nﬁ)yinterpreted as

the ratio of the circulating to the incoming fields rather than a linear transfer function, allows
for a full description of the intracavity propagation in terms of an amplitude attenuation, i.e.
loss, and accumulated phase per round trip.

In order to complete the determinationAfw) and6(w) using Eq. (4), we need to address
the measurement &(w) andT (w). Here, we assume a lossless IC, Téw) = 1 - R(w), as
well as the absence of nonlinear processes in the IC. In most practical cases, these assumptions
describe the IC behavior very precisely. The IC reflectiRygan be accurately determined
with a spectrally resolved ring-down measurement. This technique is well-known and does not
require a resonant cavity. Therefore, we assume that the vallggpfandT (w) are known.

While the method described here would work with a continuous-spectrum light source as
well, only a tiny fraction of its power would be coupled to the resonent cavity. This would
result in a low signal-to-noise ratio and, in addition, intracavity strong-field effects could not
be studied. Therefore, we illuminate the cavity with a frequency comb, whose modes can be
assumed to be equidistant:

S~—
l

oy = Nax + ace. 5)

Here,N is the comb mode numbegy the laser repetition frequency angg is the carrier-
envelope offset frequency [34]. In the context of the laser-cavity lock, the following description
of B(w) is convenient:

o(w) = rcw+w(w):2n%+lﬂ(w), ©)
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wheretc = 21/wy is the round trip group delay, measured at the optical frequency used to
lock the laser, whiley(w) is a residual term, describing the intracavity dispersion. Note that a
simple cavity length change, e.g. by slightly displacing mirror M7, influences only the group-
delay term in Eq. (6), whiles(w) remains unaffected. At each frequency of the seeding comb,
the cavity round trip phase is:

Blan) = 2m\|+2ﬂ%+4’(&3\1)- (@)
The first term in the above expression is a multiple aff@r all considered frequencies and,
therefore, irrelevant for the analysis that follows. The second term is a constant phase offset,
which can be manually tuned by slightly varying the seed oscillator optical pump power (which
influencesucg) and / or the cavity length (which influences). This degree of freedom allows
for the selection of the enhanced spectral range. The cavity group delay dispersion is given by

20’60 9%y

Cdw?  dw? ®
and does not depend on the chosen oftagt/wr. Therefore, the GDD information can be
obtained by differentiating twice the retrieved intracavity phase for arbitrary offsets. In the
particular case of large GDD, leading to a truncation of the enhanced spectrum due to the mis-
match of the cavity free spectral range and the seeding frequency comb spacing, the dispersion
information over the entire seeding spectrum can be obtained by “stitching” together several
measurements for different offsedse /. In doing so, the knowledge of the phase offset is
not necessary.

GDD(w)

2.4. Sensitivity Enhancement due to the Resonant Cavity

SSI has been successfully employed for sensitive measurements of linear [20, 25, 26] and non-
linear [24,27-29] phase effects. The main difference between our technique and earlier works
is the resonant enhancement cavity implemented in the interferometer sample arm. This signif-
icantly increases both the effect on the pulse caused by the investigated light-matter interaction
and the peak / average power available for the interaction in the cavity.

Intracavity phase effects are maximally magnified in the spectral range which is also max-
imally power-enhanced, which we will refer to as the maximally enhanced range. By varying
wce and / orwy, as explained in the previous section, the maximally enhanced range can be se-
lected within the seed pulse spectrum, see Eq. (7). In this spectral rigjian| and|¢(w)| < 1
holds, and we can Taylor-expand equation (3) up to the linear tersoé ¢:

_ | N T(w)
H)|exijg@) ~ — O ESEI) ©
. FLE;L(@ e R%% o

T(w) . R@AW)
1- /R(w)A(w) &P J6(00)1— R(w)A(w) 1)
RWA®) g4 (12)

SO T R A®)

Equation (12) shows that in the maximally enhanced region, the SSI-measured phase of the
circulating pulsep(w) corresponds in good approximation to the the intracavity single-round-

trip phasef(w), magnified by a factok/R(w)A(w)/[1— /R(w)A(w)]. This phase magnifi-

cation factor can be several orders of magnitude for high-finesse cavities. In our experimental
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setup, it exceeds 1000. The magnification from the intracavity round-trip pfh@sgto the
SSI-measured circulating pulse phagev) leads to a significant sensitivity enhancement of
our method compared to the conventional SSI.

2.5. Interferometry Data Processing

One axis of the 2-dimensional spectrometer data array represents the wavelength or, equiva-
lently, w. The second dimension, which we denoteybis the spatial axis, along the direction
of the spectrometer slit. To determine the magnit{idéw)|, we integrate the individual arm
measurements along tiredimension, and obtain the power spectra of the reference and sample
arms. The absolute scale [t (w)| is determined by normalizing the ratio of the integrated
areas under the circulating and input spectra to the Rafig/Pn, whereP; andR,, are the
measured intracavity circulating power and the input power to the cavity, respectively.

To determineg(w), we consider the intensity pattern of the interferogram assuming a
separation angler and a time delayAt between the interferometer arms and plane phase
fronts [21-23]:

I(y, w) = Ir(Y, @) + Is(Y, @) + 2+/1r(Y, w)Is(Y, ©) cos[qo(w) + WAT + y%’ sina] , (13)

wherelr andls, represent the intensity distributions of the reference and the sample arms,
respectively. Sincégr(y, w) andls(y, w) can be measured, the cosine term in Eq. (13) can be
isolated and calculated from the interferogrhiy w). This term oscillates with the frequency
©sina along they-direction and with the frequenayr + lc’sina along thew-direction. Note

that for the collinear cas@(= 0) no oscillation takes place along tiairection. An advantage

of SSI withAt = 0 anda # 0 over Sl is that the spectral envelope alongytfdirection usually
displays much less structure and is more stable. Therefore, we set theAdetayzero by
calibrating the interferometer arms while the cavity is off-resonance. Thus, the isolated cosine
term equals coﬁrp(w) +y< sina]. For eachw, this term represents a cosine oscillation in the
y-direction with a phase offset(w). The latter is obtained by a cosine fit for each wavelength

in the interferogram. Nowd(w) andA(w) are retrieved directly from Eq. (4).

3. Experimental Results and Discussion
3.1. Dispersion Measurement of Air

In a first experiment we measured the dispersion of air inside the cavity for several air pressure
values. While the pressure-dependent dispersion of air has been accurately measured with SSI
before [25, 26], the aim of this experiment is to validate our enhancement-cavity-based phase
measurement method by comparing the retrieved GDD with the Sellmeier model for the dis-
persion of air [26, 35]. To measure the air pressure we used a Pirani capacitance gauge (Pfeiffer
Vacuum, model PCR 260) with a manufacturer specified accuracy between 5% and 15% in the
pressure range of our experiment. In order to avoid nonlinear effects in the cavity focus, we
seeded the cavity with a low input power of 7 mW and chirped the input pulses to a duration
exceeding 2 ps. Since our optical bandwidth is relatively narrow, we restrict the dispersion com-
parison to the GDD value at 1042 nm. To obtain this value for different air pressure values, we
determinef(w) as described in the previous section and fit a second-order polynonadetoin

a region corresponding to a few nm around 1042 nm, similar to [15].

Figure 3 shows the results. In a), b) and c) interferograms for 200 mbar, 500 mbar and
950 mbar, respectively, are plotted. An increase of the fringe curvature for increasing air pres-
sure can be observed. Part d) shows the intracavity round-trip gtiagencluding the disper-
sion from the cavity mirrors and from the intracavity air. To obtain the contribution of air, we
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Fig. 3. Dispersion measurement of the air-filled cavity for different air pressure valyes.

b) and c) interferograms for 200 mbar, 500 mbar and 950 mbar, respectively. The white
lines indicate the fit range for the second-order polynomial. d) retrieved round-trip phases.
e) retrieved air GDD in f&/m after subtracting the empty cavity round trip GDD and com-
parison with the Sellmeier models [26, 35]. The error bars show the uncertainty of the
quadratic fit, see text for details.

first measure the cavity GDD in vacuum which amounts-t5 fs?. The difference between

the measured value and the value calculated by summing up the GDD design values specified
by the mirror manufacturer for 7 highly reflecting mirrors and the input coupler is less than

1 fs? if we use an optical bandwidth e$10nm to determine the average GDD. The subtraction

of the vacuum cavity GDD from the total GDD yields the values plotted in €). The agreement
with the Sellmeier model is excellent. The error bars show the 95% confidence bounds of the
quadratic coefficient of the parabolic fit. The calculated relative uncertainties are 4.2%, 5.7%
and 2.3% for the 200 mbar, 500 mbar and 950 mbar measurements, respectively. The uncer-
tainty in the fit is mainly given by the oscillating structure on the retrieved phase curves. These
oscillations are reproducible for all three measurements, are visible in the interferograms and
cause the systematic uncertainty mentioned at the end of Section 2.2.

The parabolic phases in Fig. 3(d) are centered around different wavelength values. This is
caused by locking with different constant phase offsets, i.e. different values of the second term
in Eq. (7). Nevertheless, the retrieved dispersion values are reproduced, which exemplifies the
applicability of our method in the case of relatively large GDD values.
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Fig. 4. Peak-power-dependent round trip GDD measurement of the cavicium. a)

and b) interferograms for peak powdls.ak= 8 kW, andPyeax= 918 MW, respectively.

¢) Retrieved GDD values at 1042 nm vs. peak power. The three circled measurements are
taken atPec = 24 kW and different pulse durations. The two coinciding double-circled
measurements are takenRatc = 24 kW, T¢jrc = 650 fs andPsjic = 7 kKW, Tgjrc = 200 fs.

The error bars (standard deviation of several measurements) are on the order &f 0.2 fs

3.2. Beyond Linear Enhancement: Peak-Power-Dependent Round Trip GDD Measurement

The second experiment demonstrates the applicability of our method beyond the linear en-
hancement regime. In [19] it was reported that the linear enhancement in our cavity is primarily
limited by peak-power-dependent, i.e. nonlinear, effects. In order to activate these effects and to
measure the resulting round trip GDD, we performed circulating and peak power scaling exper-
iments of the cavity in vacuum in analogy to [19]. By varying the circulating power in the range
0.9 W < Pirc <23 kW and the circulating pulse duration in the range 200fg< < 1.5 ps,

we generated intracavity peak powers between 8 kW and almost 1 GW.

The results are plotted in Fig. 4(a) and 4(b) show interferograms for the Basgs- 8 kW,
andPyeak= 918 MW, respectively. The increased curvature of the interference fringes in part
(b) can be recognized. The quantitative results of the GDD determination at 1042 nm are shown
in pannel (c). Up to approximately 300 MW, we observe a constant GDD value. For the higher
peak powers, a deviation from the linear case is evident. The three circled measurements are
taken with a constant circulating power B, = 24 kW and different pulse durations. They
constitute a clear indication that the increased absolute GDD is due to an increase of peak
power rather than an increase of the time-averaged circulating power. Another evidence for this
is given by the two coinciding double-circled measurements which are takeRydth 24 kW,

Teire = 650 fs andPrc = 7 kW, Teirc = 200 fs. The peak power values, at which the determined
GDD value starts to deviate from the constant value for the linear regime are in good agreement
with the observations in [19]. The exact physical mechanism causing this dispersion requires
further study. The error bars indicate a reproducibility of typicalB f82.

3.3. Phase Distortions Caused by Air Plasma in the Cavity Focus

Our third experiment addresses qualitatively the highly nonlinear case of a bright air plasma
at the intracavity focus. To generate the plasma, we increased the intracavity air pressure up
to 8.5 mbar for an input power of 20 W and an intracavity pulse duration of 650 fs. The in-
terferograms for the different pressure values are plotted in Fig. 5. While the autocorrelator
measuring the intracavity pulse duration did not indicate any changes over the entire range of
pressure values, the interferograms clearly show pressure-dependent phase distortions. A quan-
titative interpretation of these effects employing an appropriate theoretical model is beyond the
scope of this paper. However, this example shows that our method is suited for the sensitive
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Fig. 5. Interferograms showing phase distortions caused by an air plasma geneth&ed in
cavity focus for an input power of 20 W, a pulse duration of 650 fs and air pressure values
of @) 0.5 mbar, b) 3.5 mbar and c) 8.5 mbar.

detection and measurement of the influence of highly nonlinear processes on the enhancement
behavior of a femtosecond cavity. Conversely, in conjunction with adequate physical models
for the nonlinear processes, it offers the prospect of a simple investigation tool with unprece-
dented precision. With the advent of high-power cavities in the multi-kW regime enhancing
sub-picosecond pulses for increasing the net conversion efficiency of nonlinear processes, such
as SHG, HHG and THz generation, such studies will become indispensable.

4. Conclusion

We have presented a simple and highly sensitive measurement method for the complex ratio of
the field circulating in a fully loaded femtosecond enhancement cavity to the incoming field.
This method combines the enhancement of power and phase sensitivity provided by a high-
finesse cavity in the resonant state with spatial-spectral interferometry, enabling the highly ac-
curate investigation of both linear enhancement regimes and nonlinear light-matter interaction
processes at high intensities and repetition rates. In particular, a round trip GDD determination
reproducibility better than 1 favas demonstrated. The measurement time for the determination
of the cavity dispersion over the entire enhanced spectrum amounts to less than 1 second.

The significance of the applicability of this methods beyond the linear enhancement regime is
twofold. On the one hand, it allows for the optimization of the cavity for a certain power regime,
consisting of e.g. intensity-specific dispersion compensation and / or impedance matching. On
the other hand, the measured nonlinear behavior can provide information about the mechanisms
causing the nonlinearities, enabling their investigation with a very high accuracy.
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Abstract:  We present a low-loss VIS/IR-XUV beam splitter, suitable
for high-power operation. The spatial separation of the VIS/IR and XUV
components of a beam is achieved by the wedged top layer of a dielectric
multilayer structure, onto which the beam is impinging under Brewster's
angle (for VIS/IR). With a fused silica wedge with an angle of°Ovie
achieve a separation angle of 2&nhd an IR reflectivity of 0.9995. Typical
XUV reflectivities amount to 0.1-0.2. The novel element is mechanically
robust, exhibiting two major advantages over free-standing Brewster plates:
(i) a significant improvement of heat conduction and (ii) easier handling,
in particular for high-optical-quality fabrication. The beam splitter could
be used as an output coupler for intracavity-generated XUV radiation,
promising a boost of the power regime of current MHz-HHG experiments.
It is also suited for single-pass experiments and as a beam combiner for
pump-probe experiments.

© 2011 Optical Society of America

OCI Scodes: (340.7480) X-rays, soft x-rays, extreme ultraviolet (EUV); (190.2620) Harmonic
generation and mixing; (320.7110) Ultrafast nonlinear optics.

References and links

1. D. Attwood, Soft X-rays and Extreme Ultraviolet Radiati@@ambridge University Press, 1999).

2. P. JaegleCoherent Sources of XUV Radiati¢®pringer, 2006).

3. I. Pupeza, T. Eidam, J. Kaster, B. Bernhardt, J. Rauschenberger, E. E. Fill, Th. Udem, M. F. Kling, J. Limpert,
Z. A. Alahmed, A. M. Azzeer, A. Tinnermann, T. W. Bnsch, and F. Krausz, “Power scaling of femtosecond
enhancement cavities and high-power applications,” Proc. 3®1& 791411 (2011).

4. C. Gohle, Th. Udem, M. Herrmann, J. Rauschenberger, R. Holzwarth, H. A. Schuessler, F. Krausz, and T. W.
Hansch, “A frequency comb in the extreme ultraviolet,” Nat4®6, 234—237 (2005).

5. R.J. Jones, K. D. Moll, M. J. Thorpe, and J. Ye, “Phase-coherent frequency combs in the vacuum ultraviolet via
high-harmonic generation inside a femtosecond enhancement cavity,” Phys. Re®4] €%3201 (2005).

6. |. Hartl, T. R. Schibli, A. Marcinkevicius, D. C. Yost, D. D. Hudson, M. E. Fermann, and J. Ye, “Cavity-enhanced
similariton Yb-fiber laser frequency combs3L0M W/cnm? peak intensity at 136MHz,” Opt. Let82, 2870-2872
(2007).

7. A. Ozawa, J. Rauschenberger, C. Gohle, M. Herrmann, D. R. Walker, V. Pervak, A. Fernandez, R. Graf, A.
Apolonski, R. Holzwarth, F. Krausz, T. W.&tsch, and Th. Udem, “High harmonic frequency combs for high
resolution spectroscopy,” Phys. Rev. L&fi0, 253901 (2008).

8. D. C. Yost, T. R. Schibli, and J. Ye, “Efficient output coupling of intracavity high harmonic generation,” Opt.
Lett. 33, 1099-1101 (2008).

9. |. Pupeza, T. Eidam, J. Rauschenberger, B. Bernhardt, A. Ozawa, E. Fill, A. Apolonski, Th. Udem, J. Limpert,
Z. A. Alahmed, A. M. Azzeer, A. Tinnermann, T. W. Binsch, and F. Krausz, “Power scaling of a high repetition
rate enhancement cavity,” Opt. Le36, 2052—-2054 (2010).

10. J.Kaster, |. Pupeza, T. Eidam, C. Jocher, E. Fill, J. Limpert, R. Holzwarth, B. Bernhardt, T. Udem, an$¢ht
A. Tunnermann, and F. Krausz, “Towards MW average powers in ultrafast high-repetition-rate enhancement
cavities,” High Intensity Lasers and High Field Phenomena (HILAS) Conference, paper HFB4 (2011).

#146865 - $15.00 USD  Received 29 Apr 2011; revised 30 May 2011; accepted 30 May 2011; published 7 Jun 2011
(C) 2011 OSA 20 June 2011/ Vol. 19, No. 13/ OPTICS EXPRESS 12108



11. T. Eidam, S. Hanf, E. Seise, T. Andersen, V. T. Gabler, C. Wirth, T. Schreiber, J. Limpert, add#eriann,
“Femtoscond fiber CPA system emitting 830 W average output power,” Opt. 3%t84—96 (2010).

12. P. RuBbldt, T. Mans, J. Weitenberg, H. D. Hoffmann, and R. Poprawe, "Compact diode-pumped 1.1 kW
Yb:YAG Innoslab femtosecond amplifier,” Opt. LeB5, 4169-4171 (2010).

13. I. Pupeza, X. Gu, E. Fill, T. Eidam, J. Limpert, AlUihermann, F. Krausz, and Th. Udem, “Highly sensitive
dispersion measurement of a high-power passive optical resonator using spatial-spectral interferometry,” Opt.
Expressl8, 2678426195 (2010).

14. K.D. Moll, R. J. Jones, and J. Ye, “Nonlinear dynamics inside femtosecond enhancement cavities,” Opt. Express
13, 1672-1678 (2005).

15. R. Paschotta, “Beam quality deterioration of lasers caused by intracavity beam distortions,” Opt. E&press
6069-6074 (2006).

16. Y.-Y.Yang, F. 8mann, S. Zherebtsov, |. Pupeza, J. Kaster, D. Lehr, H.-J. Fuchs, E.-B. Kley, E. Fill, X.-M. Duan,
Z.-S. Zhao, F. Krausz, S. L. Stebbings, and M. F. Kling, “Optimization and characterization of a highly-efficient
diffraction nanograting for MHz XUV pulses,” Opt. Expret8, 1955-1962 (2011).

17. K. D. Moll, R. J. Jones, and J. Ye, “Output coupling methods for cavity-based high-harmonic generation,” Opt.
Expressl4, 8189-8197 (2006).

18. A. Ozawa, A. Vernaleken, W. Schneider, I. Gotlibovych, Th. Udem, and T. &dskh, “Non-collinear high
harmonic generation: a promising outcoupling method for cavity-assisted XUV generation,” Opt. EMjress
6233-6239 (2008).

19. J. Weitenberg, P. RuBhit, T. Eidam, and |. Pupeza, “Transverse mode tailoring in a high-finesse femtosecond
enhancement cavity,” Opt. Expre$8, 9551-9561 (2011).

20. |. Pupeza, J. Weitenberg, P. Rulth, T. Eidam, J. Limpert, E. Fill, Th. Udem, H.-D. Hoffmann, R. Poprawe,

A. Tunnermann, and F. Krausz, “Tailored transverse modes in high-finesse femtosecond enhancement cavities,”
CLEO 2011, Baltimore, paper QMJ7 (2011).

21. E.D. PalikHandbook of Optical Constants of Soligscademic Press, 1991), Vols. 1,2.

22. G. Tempea, V. Yakovlev, B. Bacovic, F. Krausz, and K. Ferencz, “Tilted-front-interface chirped mirrors,” J. Opt.
Soc. Am. B18, 1747-1750 (2001).

23. G. Steinmeyer, “Brewster-angled chirped mirrors for high-fidelity dispersion compensation and bandwidths ex-
ceeding one optical octave,” Opt. Exprdds 2385-2396 (2003).

24. T. Eidam, F. Rser, O. Schmidt, J. Limpert, and Atfinermann, “57 W, 27 fs pulses from a fiber laser system
using nonlinear compression,” Appl. Phys9B 9-12 (2008).

1. Introduction

Over the past decades, the development of high-power ultrafast laser sources enabled intense
research in the field of high-harmonic generation (HHG). Nowadays, for numerous applications
in fundamental research, technology and life sciences, involving the generation of broadband
extreme ultraviolet (XUV) light [1-3], HHG systems constitute a convenient table-top alterna-
tive to synchrotrons. The medium for the highly nonlinear process of HHG is usually a noble
gas and intensities on the order ofl3@V/cn? in the visible and/or infrared range (VIS/IR)

are necessary to drive HHG. The conversion efficiency of the fundamental radiation (FR) to the
high harmonics (HH) typically lies between1band 10°¢, resulting in a significant difference
between the power levels of the driving FR and the HH. Moreover, most optical materials ex-
hibit fundamentally different properties in the VIS/IR and XUV ranges. Thus, in the frame of
HHG experiments, the design of low-loss optical elements such as beam splitters and combiners
is highly challenging.

One of the most prominent state-of-the-art HHG setups, in which this shortcoming plays a
major role, relies on the enhancement of high-repetition-rate laser pulses by several orders of
magnitude in a high-finesse passive resonator, also called “enhancement cavity” [4-9]. Here,
the seeding laser light is interferometrically overlapped with the light circulating inside the
cavity. In this manner, energy is continuously coupled to the cavity. In an intracavity focus, the
peak intensities for HHG are reached with multi-10-MHz repetition rates. On the one hand, this
implies a significant increase of the overall conversion efficiency of the FR to the HH. On the
other hand, many applications like frequency comb or coincidence spectroscopy are expected
to benefit from the high repetition rates of the intracavity-generated XUV pulses. Recently,
the ultrafast MHz-repetition-rate enhancement cavity technology has been scaled up to mJ-

#146865 - $15.00 USD  Received 29 Apr 2011; revised 30 May 2011; accepted 30 May 2011; published 7 Jun 2011
(C) 2011 OSA 20 June 2011/ Vol. 19, No. 13/ OPTICS EXPRESS 12109



level circulating pulse energies [9]. New cavity designs [10] seeded by recently developed,
powerful laser sources such as reported in [11, 12] promise further substantial scaling in the
near future. However, to this day, one of the main limitations of the circulating power inside an

enhancement cavity for HHG is imposed by the XUV output coupling element, i.e. the optics

providing the spatial separation of the FR and the collinearly generated HH. To the best of
our knowledge, the circulating power inside femtosecond enhancement cavities including an
output coupler [4,5,7,8] is significantly smaller than the power level demonstrated in an empty
cavity [3,9].

In this paper we present a low-loss VIS/IR beam splitter suitable for high-power applications.
This novel optical element, which we refer tovasdge-on-mirror output coupldiWVOMOC),
is designed to circumvent limitations of current output couplers for intracavity-generated XUV
radiation and to enable a boost of the power regime in intracavity HHG. However, the WOMOC
might also be employed to separate the XUV from the FR in single-pass HHG systems or to
recombine a VIS/IR and an XUV beam collinearly, e.g. for pump-probe experiments.

The manuscript is structured as follows: in Section 2 the design criteria are discussed and cur-
rent output coupling methods for intracavity HHG are briefly reviewed, in Section 3 the mode
of operation of the WOMOC is described, Section 4 reports on the experimental realization and
the characterization of the WOMOC and Section 5 concludes the paper.

2. Design criteria and existing XUV output couplersfor intracavity HHG

The design criteria discussed in this section are related to the task of coupling out intracavity-
generated XUV radiation. However, they are also desirable in the context of single-pass beam
splitting and/or combining.

There are two categories of effects limiting the power enhancement of a frequency comb
inside a HHG enhancement cavity. Firstly, intracavity losses attenuate the electric field am-
plitude upon each round trip. These losses are mainly caused by the cavity optics and the
interaction with the nonlinear medium employed for HHG. Typical state-of-the art low-loss,
low-dispersion, highly reflecting dielectric mirrors for visible/infrared femtosecond pulses ex-
hibit power loss values of around 50 ppm. The interaction with the gas target strongly depends
on the parameters of the circulating pulse and of the gas jet. Secondly, in the case of signifi-
cantly large optical bandwidths, intracavity dispersion affects the circulating electric field and
represents an enhancement limitation. On the one hand, the cavity round-trip dispersion leads
to a truncation of the optical spectrum coupled to the cavity due to its unevenly spaced res-
onances in the frequency domain. On the other hand, dispersion also affects the phase of the
circulating field. In the high-power case, where nonlinear effects related to the intracavity prop-
agation of the fundamental beam cannot be neglected, both enhancement-limiting mechanisms
exhibit intensity-dependent behavior, see e.g. [13, 14]. Consequently, in a high-finesse, high-
power enhancement cavity, an output coupling mechanism for intracavity-generated XUV light
must satisfy the following conditions:

e C1: The XUV output coupling efficiency should be large.

» C2: The effects of absorption and dispersion of the FR due to the interaction with the
output coupler should be small.

» C3: Nonlinear effects in the output coupler caused by the FR should be small.

» C4: The heat caused by the interaction of the FR with the output coupler should be
efficiently.

» Cb5: Other losses, like scattering due to poor optical quality or depolarization of the FR
should be small.
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In the first demonstrated HHG enhancement cavity experiments the output coupler was a
thin plate, transparent for the FR, placed at Brewster’s angle in the cavity beam path as the
first optical element after the HHG focus [4,5, 7]. The collinear superposition of the FR and the
generated XUV hits the surface of the plate. The p-polarized FR is transmitted through the plate
while the XUV radiation, for which the refractive index of the plate material is smaller than 1,
experiences total reflection at the surface, is therefore spatially separated from the FR and cou-
pled out of the cavity. Concerning criterion C1, the XUV reflectivity of materials transparent
for the FR under Brewster’s angle for the FR typically amounts 1®©%-20% around 60 nm
and decreases for shorter wavelengths. In order to meet the criteria C2 and C3, the thickness
of the Brewster plate should be chosen as small as possible. However, decreasing the thickness
implies two disadvantages. Firstly, in the vacuum environment necessary for XUV light propa-
gation, the decreased thickness leads to a poor conduction of the heat caused by the absorption
in the plate, violating condition C4. As a consequence, the plate introduces a phase front distor-
tion in the cavity, which is likely to affect the excited mode [15] and the enhancement behavior,
and the heating might lead to the damage of the plate. Secondly, mechanical processing and
handling becomes more difficult for thin plates, often limiting the feasibility of such plates or
leading to poor optical quality, violating criterion C5.

There have been several approaches to circumvent the limitations of the Brewster plate output
coupler. In [8, 16], a nanostructure is written in the top layer of the cavity mirror following
the HHG focus. This optical element acts as a highly reflecting mirror for the FR and as a
diffraction grating for the generated XUV, thus providing spatial separation of the HH from
the FR. The output coupling efficiency is comparable to that of a Brewster plate. However,
the harmonics coupled out of the cavity are angularly dispersed. For several applications, this
is a substantial disadvantage. Moreover, while this technique offers the prospect of scaling to
higher circulating powers, the nanostructure might constitute a limiting factor due to undesired
effects, e.g. an increased nonlinearity, see [16]. Other output coupling mechanisms, such as
non-collinear HHG and output coupling through an aperture on the optical axis of the resonator,
optionally using higher-order modes, are proposed in [17—20]. However, these techniques either
violate one of the necessary conditions listed above or complicate the cavity setup significantly.
To the best of our knowledge, none of these output coupling methods has been successfully
experimentally demonstrated to this day.

In conclusion, despite the limitations discussed above, for collinear output coupling of
intracavity-generated XUV light from a high-finesse resonator, the free-standing Brewster plate
output coupler remains the most convenient method so far. The novel optical element presented
in this manuscript combines the low-loss advantages of a thin Brewster plate output coupler
with the heat conduction properties, the robustness and the optical quality of a state-of the-art
dielectric multilayer mirror.

3. Description and mode of operation
3.1. The concept of the WOMOC

Figure 1 shows a scheme of the wedge-on-mirror output coupler (WOMOC). It is a dielectric
multilayer structure, the top layer of which is wedged at a small amglehe physical principle
employed for the spatial separation of the FR and the HH component of the intracavity laser
beam is the same as for the Brewster plate discussed in the previous section. The p-polarized
FR beam impinges on the wedge surface under the Brewster @gnfpe the wedge material.

The XUV radiation is reflected at the surface of the WOMOC under the apgl&he FR
penetrates the wedge and propagates towards the next material interface, under an angle of
incidenceq, which is determined by anda. The subsequent dielectric multilayer structure

is designed to act as a high reflector for the FR. The reflected portion travels back through the
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Fig. 1. The WOMOC. FR: fundamental radiation (p-polarized), HH: higintonics.The
multilayer stack underlying the wedge is matched to the adjacent megiwand for the
angle of incidencey.

wedged layer and hits its surface under an aggléf a and the fundamental beam divergence
are small, the deviation af; from the Brewster angle for this interface is small, such that (i)
the overall losses of the fundamental beam upon reflection at the WOMOC are small and (i)
the fundamental is reflected by the WOMOC under a slightly larger afigle@s than the
HH, providing the spatial separation of the two components. In the following, we derive the
separation angle between the FR and the HH beams analytically.
Let the real part of the refractive index of the surrounding mediumy lgypically vacuum)
and of the wedge materiap. Then, Brewster’s angle for the p-polarized fundamental beam is
given by:
Mo
(@ = arctan—. (2)
Ny

TheHH radiation will be reflected by the WOMOC under this angle. By Snell’s law, the refrac-
tion angle for the beam transmitted through the- n,—interface equals:

o= arcsin(:; ~sin(ng) . (2)
The incidence angle of the fundamental beam on the subsequent layer is:
@=¢s+a. 3)
Figure 1 shows that the outgoing angleof the reflected fundamental beam is:
@ =@+2a. 4)
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Applying Snell’'s law again we obtain the following output angle of the fundamental beam with
respecto the WOMOC surface normal:

B = arcsin(Ez-simp,) (5)
1

} . (6)

Now we can compute the separation angle between the HH beam and the FR beam upon reflec-
tion at the WOMOC:

(np . (ny n
arcsird — -sin|arcsin —Z-sm(arctalﬁ) +2a
N1 ny ny

d=p0—gs. (7)

Because the wedge layer is very thin, we can assume for simplicity that both the HH and the
FR beams leave the WOMOC at the same position, with an ahdletween them. After a
propagation distandethe spatial separatichbetween the centers of the two beams equals:

d=L-tan(d). (8)

The reflection power lossé¥,ss 0f the FR at the WOMOC owed to the deviation from Brew-
ster’'s angle when the beam exits the wedge, assuming a collimated beam, can be calculated by
means of the Fresnel equations and are given by the following expression:

2
2
npy/1— (% sin(pj> — Ny COS;
: 9)

Rloss: >
no 1—<%sin(pj> + Ny cosy,

Note that here we have chosen Brewster’'s angle as the angle of incidence of the incoming
beam for the simplicity of the derivation. In fact, choosing a slightly different angle of incidence
can even decrease the FR reflection losses while the beam separatiod stayle nearly con-
stant. The special cases in which (i) the incident beam (FR+HH) strikes the WOMOC surface
under Brewster’s angle (i.e. the case discussed here) and (ii) the FR beam leaving the wedge
exits under Brewster’s angle exhibit two particularities, which might be desirable: in case (i) the
residual FR co-propagating with the HH beam upon reflection at the WOMOC is minimized.

In case (i), the residual FR propagating inside the wedge is minimized.

3.2. A guantitative example

As a quantitative example, we consider Sifused silica) as the material of the wedge, with

the refractive indexy, = 1.47 for the FR (optical dispersion is neglected in this example). With

n; = 1 we obtain the Brewster angi® = 55.77°. Figure 2 shows the separation anglas well

as the losseRyss as functions of the wedge angte The wedge-induced [0$%ss limits the
theoretically achievable power enhancement in an enhancement cavity containing this element
to 1/Ross (see e.g. [4] for details). The XUV reflectivity at 60 nm amounts-tth% [21].

Figure 3 shows the region around the focus of a standard-design bow-tie enhancement cavity
for HHG, with an implemented WOMOC. Note that for visualization purposes, the figure is
not to scale. In this example, we consider a 78 MHz repetition rate infrared FR cavity, similar
to the one presented in [9]. However, in contrast to [9], asymmetric focusing is used to increase
the distance from the cavity focus to the subsequent curved mirror, facilitating the inclusion of
the WOMOC. The radii of curvature of the spherical mirrorsadd G are 100 and 200 mm,
respectively. In the cavity stability range center this results in a focus radius gh22rhe
WOMOC is placed 50 mm after the focus. The FR beam radii{bf¢he intensity) at mirror
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Fig. 2. Spatial separation angée between the FR and the HH upon reflection at the
WOMOC and FR losseR s at the exit of the wedge due to deviation from Brewster’s an-
gle as functions of the wedge angtdor the wedge material SiXrefractive index=1.47).
The dotted line (red) indicates the values for the prototype presented in Section 4.

C,, at the WOMOC and at mirror £are 0.7, 0.7 and 1.6 mm, respectively. The incidence
angle on the WOMOC surface corresponds to the Brewster gggl&e choose a wedge angle

o = 0.5° leading to a separation angbe= 2.2° between the XUV and the FR. On the one
hand, this small wedge angle enables the realization of a thin wedge layer, implying low losses
and nonlinearities. On the other hand, after propagating 50 mm from the WOMOC to mirror
C,, the centers of the two beams ar& mm apart, making the XUV output coupling possible.
The theoretical lossdRyss amount to 554 ppm, allowing for a power enhancement exceeding
1800.

In order to increase the distance from the WOMOC to the next mirror for a certain wedge
angle and, thus, increase the spatial separation of the FR and HH at the position of this mirror,
additional curved mirrors can be implemented in the cavity. Alternatively, the curved mirror
after the HHG focus could be placed under oblique incidence, as can be done e.g. with parabolic
mirrors. This mirror could on the one hand nearly collimate the FR beam and on the other hand
reflect a substantial portion of the generated XUV due to the large angle of incidence. Placing a
WOMOC after this mirror could therefore bare several advantages over placing it between the
focus and this mirror. Firstly, the FR is (nearly) collimated, implying Brewster angle incidence
over the entire beam profile. Secondly, the spatial constraint imposed to the separatia¥ angle
and, therefore to the wedge anglédy the mirror following the WOMOC can be relaxed if the
mirror following the WOMOC is placed at a large distance.

3.3. Advantages of the WOMOC

While the spatial separation of the FR and the HH at the surface of the WOMOC relies on the
same physical principle as in the case of the free-standing Brewster plate output coupler and
the output coupling efficiencies of both methods are identical, the WOMOC exhibits several
advantages which are discussed in the following.

The WOMOOC is a robust, compact optical element enabling easy handling and processing
in contrast to free-standing foils/plates. This allows for the production of a very thin wedged
layer, introducing low additional absorption, heat production and other losses to the FR. A
particular advantage of the small material thickness is the reduction of dispersion and nonlinear
effects. These properties are particularly valuable in the case of resonant cavities. Furthermore,
it facilitates good control of the optical quality of the surface, even for a very thin wedged
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C, arethe curved mirrors with radii of curvature equal to 100 and 200 mm, respectively.
All other cavity mirrors can be plane mirrors and are left out here for simplicity. High
harmonics are generated collinearly with the laser in the focus.

layer. Also, this robust element is easier to align, to handle and to mount and mechanically
more stable than a free-standing thin plate.

One surface of the wedged layer, through which the FR passes, is attached to a large optical
element, enabling the efficient transport of heat generated by the absorption in the wedge mate-
rial, away from the illuminated area. A thorough investigation of the heat conduction properties
exceeds the scope of this paper. However, the experimental results presented in the subsequent
section illustrate the improved heat conduction. Recent experimental results in our group indi-
cate that thermal effects in the free-standing Brewster plate represent the current limitation of
power scaling in an enhancement cavity including such an output coupler. Thus, the increased
efficiency of the heat transport is expected to boost the achievable intracavity power levels.

While the FR passes through the wedge, it accumulates group delay dispersion. Knowing
the material and geometric properties of the wedge, this dispersion can be estimated and com-
pensated by the mirror coating design. By a slight transverse translation of the WOMOC, the
length of the FR beam path inside the wedge can be varied, such that the incidence angles are
not affected. In this manner, a fine tuning of the FR dispersion upon reflection at the WOMOC
can be achieved. The significance of this property increases with shorter pulses. For the deter-
mination of the dispersion during this fine tuning process, the method presented in [13] can be
employed. Furthermore, both the wedged upper layer and the Brewster angle incidence repre-
sent advantages from the point of view of the low-dispersion design criterion, see [22] and [23],
respectively.
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Fig. 4. Experimental demonstration of the spatial separation property dNVDBIOC:
reflection of a beam impinging under Brewster’s angle on the surface of the WOMOC,
after a propagation of 100 mm. (a) and (b): visualization of the beam with an IR-sensitive
card and sketch of beam propagation path in the WOMOC, respectively, for p-polarized
light. (c) and (d): s-polarized light. Spot 1: direct reflection from the wedge surface, spot

2 beam penetrating the wedge and reflected at the multilayer, spots 3 and 4 are cause by
multiple reflections inside the wedge.

4. Experimental results

4.1. Technical realization

To demonstrate the technical feasibility of the WOMOC we produced a prototype according
to the example considered in Section 3.2. Firstly, a standard low-loss dielectric quarter-wave
stack coating for the highly reflective mirror underlying the wedged top layer was designed.
The reflectivity was maximized for the central wavelength of 1040 nm and the coating design
was matched to the refractive index of the wedge materialnpe= 1.47 and to the inner
angle of incidence ofy = 34.2°. This coating was ion-beam sputtered onto a standard 1-inch-
diameter fused silica substrate. Secondly, a 0.5 mm fused silica plate with parallel surfaces
was optically contacted to the surface of the coated mirror. Thirdly, to obtain the wedge and
optimum optical quality of the surface, the top layer was lapped and polished under an angle
o = 0.5° over the entire surface. The small wedge angle implies a short propagation length
through the wedge material. Therefore, no further dispersion compensation was accounted for
in the coating design.
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Fig. 5. Comparison of the evolution of the temperature increase from room temperature
measuredt the surface of a free-standing Brewster plate and the surface of the WOMOC.
Both were illuminated with a 40-W beam under Brewster's angle in a vacuum chamber.

4.2. Characterization

In a first experiment, we tested the spatial separation property of the prototype. The linearly
polarized output beam of our seeding laser [24] with a central wavelength of 1040 nm and with
an average power of 0.5 W is sent to the surface of the WOMOC upger55.8° angle of
incidence. Figure 4 shows the beam path as well as the laser spots detected with an IR-sensitive
card after propagating 100 mm away from the WOMOC surface, for p and for s polarization.
For p polarization we observe a single reflection, see Figs. 4(a) and 4(b). In order to detect the
direct reflection from the wedge surface, we rotated the polarization of the incident beam by
90 degrees with a half-wave plate. We observe several spots, see Figs. 4(c) and 4(d). The spot
numbered by 1 is caused by direct reflection from the wedge surface. Spot 2 stems from the
portion of the beam which penetrates the wedge layer, is reflected by the multilayer coating
and exits the wedge. Before exiting the wedge, a portion of this beam is reflected back into
the wedge layer at the wedge-air interface. Subsequently, this portion is again reflected by the
multilayer and is split into the beam leading to spot 3 and into another back reflection from the
wedge-air interface. This reflection pattern is repeated and gives rise to spot 4. On the right-
hand side of spot 4, further spots with decreasing intensities can be detected (not shown here).
A collinear combination of a p-polarized VIS/IR beam and its HH, incident ugget 55.8°

on the WOMOC surface would be split into a single reflection of the FR, indicated by the
single spot in Fig. 4(a) and located at the position of spot 2 in Fig. 4(c) and into the XUV beam,
located at the position of spot 1. The distance between the centers of the two spétis,

which is in excellent agreement with the example discussed in Section 3.2.

To determine the reflection losses for the p-polarized FR impinging on the WOMOC surface
undergs = 55.8°, we performed a standard ring-down measurement. Over the entire bandwidth
of our seeding laser, losses in the range 500-600 ppm were measured, which is in excellent
agreement with the value calculated in Section 3.2, see Fig. 2.

The last experiment illustrates the heat conduction improvement of the WOMOC compared
to a free-standing Brewster plate, with a comparable thickness. The WOMOC andari00
thin fused silica plate (same material as the wedge layer of the WOMOC) were illuminated
with 40 W average power. Both elements were mounted at Brewster’s angle in a vacuum cham-
ber. The collimated beam was p-polarized and had a radius of 1.8 mm. The light transmitted
through and reflected by the Brewster plate and the WOMOC, respectively, was steered out of
the chamber to avoid residual heating. The pressure in the vacuum chamberd@asmbar.

With an IR thermometer (Voltcraft IR-1001A) the temperature of the surface of the optical el-
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ements was measured through a zinc selenide vacuum chamber window, which is transparent
for mid-infrared heat radiation. The Brewster plate was mounted by clamping its lower edge
mechanically and the WOMOC was mounted in a standard mirror mount. Figure 5 shows the
temperature increase from room temperature measured over a time of 30 minutes and clearly
indicates that the WOMOC exhibits superior heat conduction. In the case of a high-power ap-
plication, such as XUV output coupling from an enhancement cavity, with average powers in
the multi-kW range, this advantage is expected to play a decisive role. It should also be men-
tioned that the heat transport away from the illuminated spot can be improved for both optical
elements by means of their mounting. A detailed analysis of the heat transport mechanisms and
an optimization of the mechanical mounts exceeds the scope of this paper such that the results
plotted in Fig. 5 should be interpreted qualitatively rather than quantitatively.

5. Conclusion

The concept, realization and experimental characterization of a novel low-loss VIS/IR-XUV
beam splitter, suitable for high-power applications, is presented. The spatial separation of the
XUV from the VIS/IR spectral components is achieved by the wedged top layer of a dielectric
multilayer structure and relies on the same physical mechanism as in the case of a free-standing
Brewster plate. However, the robustness of our beam splitter leads to two advantages over a free-
standing thin Brewster plate. On the one hand, the heat conduction is significantly improved,
allowing for operation at higher powers. On the other hand, mechanical handling becomes
easier. In particular, this allows for high-optical-quality fabrication, even for an extremely thin
top layer. We demonstrate experimentally the spatial separation, the high reflectivity for the
fundamental radiation as well as the improved heat conduction. With a fused silica wedge with
an angle of only 0.5we achieve a spatial separation angle of 2uhich is enough to couple
out high harmonics from a standard-design enhancement cavity. The measured reflectivity for
the fundamental radiation is 0.9995. The reflectivity in the XUV spectral region is subject to
further investigation. However, since a better optical quality is achievable due to the element’s
robustness, the XUV reflectivity is expected to surpass the value of a free-standing Brewster
plate from the same material as the wedge layer.

The beam splitter was primarily designed asedge-on-mirror output coupl€fhVOMOC)
for collinear output coupling of intracavity-generated high-harmonic radiation, circumventing
limitations of current methods. It is expected to enable a significant boost of the power regime
in intracavity HHG experiments in the near future. In addition, the WOMOC might also be
employed to separate the XUV from the FR in single-pass HHG systems or to combine a
VIS/IR and an XUV beam collinearly, e.g. for pump-probe experiments.
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Abstract: We designed, fabricated and characterized a nano-periodical
highly-efficient blazed grating for extreme-ultraviolet (XUV) radiation. The
grating was optimized by the rigorous coupled-wave analysis method
(RCWA) and milled into the top layer of a highly-reflective mirror for IR
light. The XUV diffraction efficiency was determined to be around 20% in
the range from 35.5 to 79.2 nm. The effects of the nanograting on the
reflectivity of the IR light and non-linear effects introduced by the
nanograting have been measured and are discussed.
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1. Introduction

A well-established technique for the production of attosecond XUV light pulses is high
harmonic generation (HHG) in noble gases [1]. In order to utilize the HHG process for
frequency conversion from the infrared to the XUV wavelength region, a sufficiently high
peak intensity has to be obtained. In conventional HHG experiments amplifiers that boost the
pulse energy by sacrificing repetition rate have been widely used [2]. Due to the low
repetition rate, such XUV sources have a limited range of applications. In particular for
experiments, where a combination of a high XUV flux with low energy/pulse is needed in
order to e.g. avoid space charge effects, high repetition rate XUV sources are desired. A
prominent example is photoelectron emission microscopy (PEEM), which could be used for
exploring ultrafast dynamics in nanostructured surface systems with time resolutions down to
the attosecond regime [3]. The realization of MHz XUV sources is, however, a challenging
task since high driving pulse energies and peak intensities at these repetition rates are needed
for the highly-nonlinear HHG process.

The method of cavity-assisted HHG overcomes these limitations. Here, broadband
femtosecond pulses from a mode-locked MHz oscillator are coupled into an external resonant
cavity [4-8], in which peak intensities are reached, sufficient to drive intra-cavity HHG at the
full repetition rate of the oscillator.

So far, one of the major challenges in cavity-assisted HHG is to efficiently extract the
generated high harmonics from the enhancement cavity without influencing the cavity
performance. Because intra-cavity generated XUV radiation propagates along the direction of
the fundamental beam, it will be blocked and absorbed by the cavity mirrors, which are only
highly-reflective for the propagating fundamental light. Thus, an optical element allowing for
the output coupling of the intra-cavity generated XUV light is needed, which has high
efficiency while exhibiting minimal losses for the fundamental light and also in any other way
does not influence the cavity performance.

Several XUV output couplers have been proposed. The first enhancement cavity based
HHG systems employed a thin intra-cavity sapphire plate at Brewster’s angle for the infrared,
while reflecting the XUV radiation [4-6] away from the fundamental radiation beam path.
This method nevertheless introduces significant group-velocity dispersion and nonlinear phase
shifts at high intensities. To overcome this problem, other methods were proposed, using a
small hole in the curved mirror after the intra-cavity focus, where the XUV is generated, or
employing a slotted mirror and two colliding pulses to produce non-collinear HHG [9,10].
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However, these methods suffer from increasing additional intra-cavity diffraction losses for
the fundamental light and a complex implementation, respectively.

As an alternative to the above mentioned methods, Yost and associates [7] reported a
small-period relief diffraction grating for XUV light as an output coupler, which is etched
directly into the surface of one of the dielectric mirrors of the cavity. This method overcame
the major difficulties by adding minimal intra-cavity loss, and by permitting large buildup
peak intensities without introducing nonlinear phase shifts to the cavity resonance. To this
day, among the intra-cavity generated XUV output coupling techniques this method is the
most promising one from the point of view of power scalability [11]. The maximum
theoretical output coupling efficiency at a wavelength of 65 nm, for which the grating design
was optimized, amounted to roughly 10%.

In this paper, we report on the design, fabrication and characterization of a nano-period
grating, which, in contrast to the one presented in [7] is blazed in order to increase the
diffraction and thus output coupling efficiency. The blazed grating was designed such that it
serves as a diffractive element for the XUV and acts as high-reflective mirror for the
fundamental light. We have theoretically studied and optimized the design of such a nano-
periodical grating to increase the XUV diffraction efficiency to above 20%. Moreover, we
characterized the grating using a XUV light source within the wavelength range of 35.5-79.2
nm and verified its high diffraction efficiency in our experiment. In addition, the influence of
the grating structure on the reflectivity of the fundamental IR wavelength and nonlinear
effects owed to the nanograting were measured.

2. Optimization of the grating

We first compare theoretically two diffraction grating designs (see Fig. 1), one of which is a
relief grating based on the one used by Yost et al. [7], the other one is a blazed nanograting,
which can lead to higher diffraction efficiency. To determine the optimum design parameters
and evaluate the diffraction efficiencies of both gratings, we apply a rigorous coupled-wave
analysis method (RCWA) [12-14]. It allows for an arbitrary complex permittivity to be used
for the material and thus avoids the infinite conductivity approximation. The wavelength
dependent dielectric constants used in these calculations are based on experimental data [15].

The goal of our optimization was to obtain high coupling efficiency between 35.5 and 79.2
nm, corresponding to the 13th to 29th harmonics of a fundamental wavelength of 1030 nm.
One motivation for the optimization of the efficiency in this wavelength range comes from the
possibility to conduct high resolution spectroscopy of the 1s-2s transition in He™ at around 61
nm with extreme precision [4,6]. It should be stressed that the choice of the IR wavelength
range for the design can be easily varied.

The nano-period grating structure is implemented on a multi-layer dielectric mirror, which
is designed as a near-perfect reflector for the fundamental wavelength of 1030 nm with s-
polarization. The grating is structured into the uppermost SiO, layer of the multi-layer mirror.

The optimization parameters include the incidence angle, groove period, groove depth, the
duty cycle, and blaze angle. In Fig. 1c we compare the optimized diffraction efficiencies in
the —1st order (higher orders are less efficient) within the given wavelength range for a relief
and a blazed nanograting. Note that the fundamental light is only present in the Oth order of
diffraction, such that for a structure with optimized —1st diffraction order for the XUV, these
two wavelength ranges can be easily separated.
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Fig. 1. Comparison of the diffraction efficiency of a relief nanograting (a) and a blazed
nanograting (b). Theoretically, the blazed grating can achieve an efficiency of around 20%,
which is considerably higher than for a relief grating (around 10%), (c).

The parameters for an optimized relief grating (incidence angle: 70 degrees, grove period:
420 nm, groove depth: 40 nm, duty cycle: 40%) based on the RCWA method exhibit only
small differences to the nanograting used by Yost et al. giving a diffraction efficiency of
about 10% over the studied wavelength range. For the blazed grating the optimized
parameters were identified for an incidence angle of 72 degrees, 510 nm groove period, 46 nm
groove depth, 70% duty cycle, and a blaze angle of 3.6 degrees. The results of the theoretical
simulations for this blazed grating are compared to the relief grating in Fig. 1c. The blazed
grating could achieve an efficiency of up to about 20%, which is considerably higher than for
the relief grating with approx. 10%. Between the 17th and 21st harmonics (50 nm to 60 nm),
the blazed nanograting is found to provide a diffraction efficiency in the —1st order even
exceeding 20%.
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Fig. 2. AFM image of the nanostructured blazed grating. The grating is etched into the
uppermost SiO; layer. The groove period is 510 nm; groove depth is 60nm and aspect ratio is
70%.

To fabricate the grating, we used the dielectric mirror as the substrate, which is an IR near-
perfect reflector (Layertec), R > 99.95% at 1000-1040 nm. Firstly, the substrate was coated
with the electron beam resist ARP 617.03. The blazed resist profile was created with the
electron beam lithography system Vistec SB350 using a variable dose approach. After the
development of the resist mask, it was proportionally transferred into the substrate by ICP-
RIE (inductive coupled plasma-reactive ion etching). We employed CHF; as process gas and
02-1CP-RIE to remove all organic residues after this transfer. On account of limitations in the
manufacturing process, the blazed grating structure had a groove depth of 60 nm. Figure 2
depicts an atomic force microscopy (AFM) image of the produced blazed nanograting.
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3. XUV diffraction efficiency measurements
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Fig. 3. lllustration of the experimental setup for the diffraction efficiency measurements. The
entire setup is placed in a vacuum chamber. The broadband XUV radiation (see inset) is
generated by a few-cycle phase-stabilized Ti:Sa laser pulse (750 nm, 4 fs) via HHG in a Xe gas
jet. An aluminium filter allows transmission of XUV light below 79.2 nm while removing the
residual IR light. The XUV is either diffracted by the blazed nanograting or reflected by a flat
gold mirror and then steered into an XUV spectrometer by another gold mirror. In order to
compensate for the angular dispersion of the nanograting the second gold mirror could be
translated and rotated.

To experimentally characterize the performance of the blazed nanograting, the setup sketched
in Fig. 3 was used. Briefly, few-cycle IR laser pulses (750 nm, 4 fs) were used to generate a
broadband XUV spectrum by HHG [16] within a Xe gas jet at peak intensities exceeding 10*3
W/cm? in the focus. The gas target is contained within a nickel tube with an inner diameter of
3 mm. Both XUV and IR laser pulses propagate collinearly after the gas target. A 200 nm
thick Al filter is used to remove the fundamental laser beam and low order harmonics. An iris
with a diameter of 3 mm was placed after the Al filter to ensure that only the nanograting
(measuring 4 x 10 mm) etched into the top of the dielectric mirror was illuminated by the
XUV beam (rather than the surface of dielectric mirror). After either diffraction from the
nanograting or reflection from a flat gold mirror, the XUV light is imaged into a scanning
XUV monochromator for the setup described here. The angular dispersion of the nanograting
was compensated for by adjusting the rotation and translation of the imaging gold mirror (see
Fig. 3 for specific wavelengths). The entire setup is placed in a vacuum chamber and
evacuated to a pressure of 10~° mbar. Absorption of XUV light by residual gas in the chamber
can thus be neglected. Our setup provided the possibility to measure the diffraction efficiency
at any particular wavelength within the broad spectral range of the XUV source.

In order to independently calibrate the XUV intensity for each wavelength, we introduced
a gold mirror into the beam instead of the nanograting as a reference. Both the grating and the
XUV reflection mirror are situated on a translation stage. In order to avoid systematic drifts in
the XUV spectrum from the HHG process (due to intensity fluctuations of the laser) to
influence the measurement, alternating measurements were performed for the XUV intensity
of the Oth diffraction order of the grating and the reflection from the mirror. In this way, the
ratio Rommiror OF the Oth diffraction order efficiency of the grating and the reflectivity of the
mirror was determined (see black line in Fig. 4a). In order to measure the —1st order
diffraction efficiency of the nanograting, the ratio R.jqon Of the —1st and Oth order diffraction
efficiencies was characterized. Note that R.jqon Was corrected for the reflectivity of the
second gold mirror for different incidence angles. The reflectivity of the gold mirror is derived
from the refraction indices given in Palik’s handbook [15].
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Fig. 4. (a) The measured ratios of XUV intensities. Romgola iS the ratio of Oth order efficiency of
the grating and gold mirror. The error bars given for the black curve stem from drifts in the
XUV spectrum and are determined as 0.03. R.isyo iS the ratio of —1st and Oth order efficiency
of the grating. The error bars given for the red curve are statistical and correspond to the
standard deviation (o). (b) The calculated —1st order efficiency (red curve) and the extracted
—1st order efficiency (black curve) from experiments. The error bars are based on the ones in
(a) and they take into account systematic errors due to the calibration of the reflectivity by
using the gold mirror. These errors are determined as 0.09 in the range from 66 nm to 74 nm
and 0.07 at other wavelengths.

The output coupling efficiency of the —1st order, Eff i, was extracted from the described
measurements as follows:

Eff—lst(/l) =R ig0m (/1) X Roygoid (l) x rEfgold (/1) @

where refy,q is the gold reflectivity for different wavelengths. The result is displayed in
Fig. 4b. In order to account for the limited resolution in the experimental measurements, the
theoretical prediction that is displayed as red line in Fig. 4b has been convoluted with a
Gaussian of 4 nm full-width at half-maximum. The experimental result is in reasonable
agreement with the theoretical prediction. Notably, the experimental measurement around 70
nm gives a higher diffraction efficiency than theoretically predicted. At around 70 nm the
refractive index of SiO, goes to 1, which leads to a dip in the —1st order diffraction. Although
the dip is also evident in the measurement it is not as pronounced as in the theory. There are
two potential reasons which could cause the deviations between the theoretical and
experimental data. One is the roughness due to the fabrication limits of nanograting; the other
is a possible change in the stoichiometric composition of the SiO, layer in the production
process, which could affect the reflectivity of the dielectric surface of the grating in the XUV
range.

To our best knowledge, this is the first full characterization of the —1st order XUV
diffraction efficiency of a blazed nanograting. The fabricated dielectric nanograting exhibits a
diffraction efficiency of more than 20% between 50 nm and 60 nm. Using such a blazed
nanograting as output coupler in an enhancement cavity would result in high external XUV
powers.

4. IR reflectivity and high-power nonlinearity of the blazed nanograting

In order to characterize the IR reflectivity of the nanograting, we used an optical lossmeter
(LossPro, central wavelength 1030nm). Here, the mirror under test is implemented as one of
the mirrors of a non-resonant cavity. A pulse is coupled to the cavity and the exponential
decay of its intensity upon many bounces on the cavity mirrors is recorded. The total losses of
the investigated mirror are calculated from a fit to the exponential decay, while the losses of
the other cavity mirrors are known from a separate calibration measurement. To enable a
continuous variation of the incidence angle on the investigated mirror, we have modified the
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lossmeter cavity while keeping its length constant (which is crucial for an accurate
measurement). We calibrated the modified cavity at the incidence angles for which the
original device was designed, thus ensuring the reliability of our measurements. We compared
the losses introduced by the nanograting to the losses of the original SiO, substrate of the
dielectric mirror for different incidence angles (see Fig. 5). The reflectivity of the dielectric
mirror is found to be larger than 99.994%. For the blazed grating, the IR reflectivity still
remained large with more than 99.97%.

350

—s— mirror
300{—— gratin

50{ *————— s

NN
o
o o

Loss / ppm
2

68 69 70 71

Incident angle / deg
Fig. 5. The measured losses of the nanograting and dielectric mirror at the fundamental
wavelength. The average of the loss of the grating is lower than 300 ppm (corresponding to a

reflectivity > 99.97%), while the dielectric mirror without grating has a loss lower than 60 ppm
(reflectivity > 99.994%). The error bars are statistical and correspond to the standard deviation

(0).

In order to investigate nonlinear effects at the nanograting, we used a z-scan setup shown
in Fig. 6 and compared the properties of the nanograting with the dielectric mirror without

grating.
\
Q Beam Dump
Collimated IR Beam fi nanograting
e
Focusing lens e i spectrometer
z-translation stage
]

Fig. 6. Z-scan experimental setup: the nanograting is scanned under a 60° angle of incidence
through the focused infrared laser beam with 1040 nm central wavelength, 40 W average
power, 78 MHz repetition rate and 200 fs pulse duration. The signal transmitted through the
mirror is monitored with an UV spectrometer. The focus of focusing lens is 150 mm, focus
diameter is 55 um, and collimated IR beam diameter is 3.6 mm.

We varied the intensity of an infrared laser beam impinging on the surface of the mirror
with the nanograting structure by scanning it through a focus and monitored the third
harmonic (TH) generated at the optical element and transmitted through it. The 3.6 mm
diameter collimated output beam of the CPA system [17] is focused with a lens of an effective
focal length of 150 mm down to 55 pum diameter. The laser parameters used here are: 1040
nm central wavelength, 40 W of average power, 78 MHz repetition rate and 200 fs pulse
duration. A reproducible intensity variation is achieved by scanning the mirror along the
optical axis (z-scan) through the focus. The angle of incidence on the mirror equals 60°, which
is a geometrical constraint of our z-scan setup. The transmitted portion of the beam is sent to
an UV spectrometer (Ocean Optics HR4000).
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Fig. 7. Z-scan measurement results. The measurement gives insight into the optical properties
of the high power nonlinearity introduced by the nanograting: the increase of the third
harmonic intensities generated at the nanograting and at the plane surface of the same dielectric
mirror is around 30%. The error bars for the red and black curves are statistical and correspond
to the standard deviation (o).

We investigated two cases: (i) the grating and (ii) a plane area on the same dielectric
mirror surface was irradiated. For both cases we recorded the intensity of the TH
(spectrometer counts at the third harmonic spectrum maximum), centered at 347 nm, as a
function of the z position. The measurement for (i) has an absolute error of 0.12 in our
measurement, and (ii) has an error of 0.08. Figure 7 shows the results. An enhancement of the
TH is clearly visible in case of the nanograting. In comparison to the TH intensity generated at
the dielectric mirror without grating, the TH intensity generated at the grating is increased by
about 30%. Similar to the observed THG enhancement by the nanostructure on a dielectric
substrate, THG enhancement was observed for metallic nanostructures attached to a dielectric,
see e.g [18]. A detailed investigation of the physical mechanism behind this effect is the
subject of future work.

This effect is likely to limit the maximum storable peak and / or average power as well as
the minimum duration of the circulating pulse inside an enhancement cavity including the
nanograting. On the one hand, with increasing intensities, THG introduces significant losses
to the circulating field amplitude, affecting the enhancement. On the other hand, the THG,
which is also observed from the plane mirror surface, might be correlated to an intensity-
dependent variation of the nonlinear group velocity dispersion of the IR mirror. This effect
has been observed in [19] for highly reflective mirrors. Despite these limitations, impressive
values of 5 kW of circulating average power at a pulse duration of 120 fs and a repetition rate
of 154 MHz were achieved in a cavity incorporating a nanograting recently [11]. Further
scaling could be achieved with the approach of increasing the IR beam size on the
nanograting, for instance using the cavity design presented in [20]. Moreover, not only the
reflectivity of the optical element for the IR radiation, but also its diffraction efficiency in the
XUV range could be altered in the high-power regime. These effects are subject to further
investigation.

5. Conclusion

To conclude, we have designed, fabricated and characterized a blazed nanograting, which may
serve as efficient output coupler for XUV radiation generated in a femtosecond enhancement
cavity. A very high —1st order diffraction efficiency around 20% for the wavelength range
from 35.5 nm to 79.2 nm was measured for the blazed nanograting. In addition to the XUV
diffraction efficiency, we have measured the IR reflectivity and high-power non-linearities of
such an optical element.
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Abstract: We demonstrate a high-finesse femtosecond enhancement cavity
with an on-axis obstacle. By inserting a wire with a width of 5% of the fun-
damental mode diameter, the finesse of F = 3400 is only slightly reduced to
F = 3000. The low loss is due to the degeneracy of transverse modes, which
allows for exciting a circulating field distribution avoiding the obstacle. We
call this condition quasi-imaging. The concept could be used for output
coupling of intracavity-generated higher-order harmonics through an on-
axis opening in one of the cavity mirrors.

©2011 Optical Society of America
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tiharmonic generation; (320.7110) Ultrafast nonlinear optics.
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1. Introduction

The generation of high harmonics (HHG) of femtosecond radiation in a gas makes possible
table-top coherent light sources with wavelengths down to a few nanometers. To reach the re-
quired peak intensities on the order of 10** W/cm? for the nonlinear conversion at MHz repeti-
tion rates, as well as to increase the yield of the highly inefficient conversion process, resonant
enhancement in a passive cavity can be employed [1-10]. In the infrared range, a power en-
hancement of three orders of magnitude has been demonstrated [1]. High repetition rates (sev-
eral tens of MHz and more) are desirable for several applications, including high precision
spectroscopy in the XUV range [2] and coincidence spectroscopy of correlated electron dy-
namics [3]. The intracavity-generated high harmonics propagate along the resonator optical
axis. Their output coupling from the cavity is a major challenge and has been subject to inten-
sive research over the past few years [6-10]. An established method relies on a thin plate,
placed behind the focus at Brewster’s angle for the fundamental radiation [2,4,5]. The intra-
cavity-generated XUV radiation experiences total reflexion at the plate and is thus separated
from the fundamental beam. However, due to strong absorption of the evanescent field, the
output coupling efficiency is typically 0.1-0.2 for wavelengths ~60 nm and significantly de-
creases for shorter wavelengths. For wavelengths around 10 nm this method is not suitable
because the efficiency is typically <10~%. Moreover, nonlinearities introduced by the plate lim-
it the peak power circulating in the cavity. A different output coupling method uses a grating,
manufactured in the top coating layer of a cavity mirror behind the focus [6,7]. While the
XUV radiation is diffracted by the grating, the optical element acts as a highly reflecting mir-
ror for the fundamental beam. The output coupling efficiency is typically <0.2 and also de-
creases for smaller wavelengths. Recently, it has been shown that the nanostructure leads to
increased nonlinear effects on the mirror surface induced by the fundamental radiation [7],
which might limit the scaling of intracavity peak power. Moreover, the fact that the harmonics
are spatially dispersed might constitute a drawback for some applications. In a third approach,
the output coupling is achieved geometrically through an on-axis hole or slit in the mirror be-
hind the focus. The smaller divergence angle of the high harmonics due to the shorter wave-
length makes this approach possible. Because there is no interaction of the XUV radiation
with any optical element, a geometrical access allows for efficient output coupling of short
wavelengths (e.g. sub-10 nm). Moreover, no dispersion or nonlinearities are introduced by the
output coupling mechanism. If the fundamental mode of the cavity is used, an on-axis hole
has to be very small to allow for a high enhancement [8]. Approaches allowing for a broad
hole or slit at small loss for the fundamental radiation have been proposed by employing ei-
ther transverse modes with vanishing field on the optical axis [8], an imaging resonator [9] or
by using non-collinear high harmonic generation [8,10].

In this paper we experimentally demonstrate the possibility of geometrical on-axis access
to a high-finesse enhancement cavity by a technique which we call quasi-imaging. By particu-
lar choice of the resonator geometry, higher-order transverse modes can be simultaneously re-
sonant with the fundamental mode. In our case, the Gauss-Hermite modes GHg, GH,40 and
GHg can be excited simultaneously. If an obstacle, e.g. a wire or a slit in a resonator mirror,
is introduced into the beam path, these modes arrange to avoid the obstacle. We call this qua-
si-imaging, because only a subset of the transverse modes is involved, whereas in an imaging
resonator all transverse modes are simultaneously resonant.
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The manuscript is structured as follows: Section 2 contains an introduction to the concept
of quasi-imaging, in Section 3 we present the experimental realization of a quasi-imaging re-
sonator, Section 4 gives a brief discussion and Section 5 concludes the paper.

2. Quasi-imaging
2.1 Definition of a quasi-imaging resonator

For a stable spherical resonator in paraxial approximation, one set of eigen-modes, i.e. field
distributions which are reproduced after one resonator round trip, are the Gauss-Hermite
GH,n modes. When an obstacle is placed in the beam path, these modes are in general no
longer the resonator eigen-modes. However, if a set of GH modes is simultaneously resonant,
new eigen-modes can be constructed as a combination thereof, which avoid the obstacle and
have small diffraction loss. We call this condition quasi-imaging. Quasi-imaging is related to
imaging, because the hole in a field distribution is reproduced after a resonator round trip.
However, quasi-imaging can be achieved in a stable resonator (i.e. with a distinguished eigen-
g-parameter, or equivalently for |A + D| < 2 with the elements of the beam transfer matrix for
one resonator round trip M = [[A, B],[C, D]]), which is not the case for imaging. The on-axis
phase ¢ acquired at a resonator round trip by a GH,, , mode with eigen-g-parameter (g and ¢y)
and wave number k is given by

B :kL+(n+;jyxx+(m+;Jwy oy

where L is the resonator length (length of a ring resonator or twice the length of a linear reso-
nator) and y, is a phase which we will refer to as the Gouy parameter. This phase is due to
the Gouy effect and is defined by the resonator geometry [11]. The Gouy parameter and the
eigen-g-parameter can be different for the two transverse directions in Cartesian geometry.
The stability range of the resonator is determined by the condition 0 < w <mor n < w < 2m.
Modes with mode number difference An are simultaneously resonant if the Gouy parameter is
wy = 21 h/An with an integer h, because their round-trip phases are equal mod(2x). The sim-
plest case, in which a zero of the electric field at the position of the obstacle is achieved, is the
combination of the fundamental mode with the next resonant transverse mode. In the middle
of the stability range, where the Gouy parameter is y = /2 or 3w/2, the mode number differ-
ence for simultaneously resonant modes is An = 4. The corresponding mode combination is
shown in Fig. 1. It constitutes a new eigen-mode of the resonator with a sufficiently small ob-
stacle on the optical axis. The obstacle leads to a coupling between the modes [12].

J3/LLGH,, —/8/11GH,
J3LLGH, o +/8/11GH, ,

1.0+

intensity [a.u.]

0.0 T T

-3 -2 -1 .0 1 2 3
distance x/w

Fig. 1. Eigen-mode of a quasi-imaging resonator at the position of the obstacle and at the posi-
tion of maximum intensity on the optical axis in Cartesian geometry with mode number differ-
ence An = 4. To achieve zero on the optical axis, the modes have to be added with the indicated
coefficients and opposite sign. Because the modes acquire a different on-axis phase ¢ at propa-
gation, at a different position they are added with equal sign, which yields an on-axis intensity
maximum. The spatial overlap with a Gaussian beam with the same g-parameter can be calcu-
lated from the coefficients and is U = 3/11.
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Further resonant GH modes can contribute to the field distribution. This can change the spatial
overlap with the incident field, the width of the on-axis region of small intensity, and loss at
apertures limiting the transverse extent of the field distribution. Such apertures can be used to
suppress the contribution of higher-order GH modes.

If a resonator has cylindrical symmetry, the Gouy parameters in the transverse directions
are equal, i.e. wyx = yy, and the Gauss-Laguerre modes GL'p with radial and azimuth mode in-
dex p and | can be used instead of the GH modes as an orthonormal basis of eigen-modes.
Various mode number differences and mode combinations can be chosen. A detailed theoreti-
cal description exceeds the scope of this paper and will be provided in [13].

2.2 Geometrical on-axis access to a bow-tie ring resonator by quasi-imaging

The simplest setup of a ring resonator, as it is e.g. commonly used for HHG, is a resonator
with two focusing mirrors with radius of curvature R¢ and resonator length L (see Fig. 2). The
distance d of the focusing mirrors determines the Gouy parameters y and yy in the transverse
directions. The angle of incidence « on the curved mirrors causes different Gouy parameters
in the transverse directions, i.e. wy # y,. Therefore, the condition for quasi-imaging can be
achieved only in one transverse direction. In the middle of the stability range, for y, = 3m/2,
the modes GHy and GHg 4 are simultaneously resonant and can be combined to a “slit mode”
avoiding an on-axis slit in the output coupling mirror. The on-axis intensity oscillates along
the propagation direction, with zero on the optical axis in the focal plane and an intensity
maximum one Rayleigh length from the focus (see Fig. 2).

) distance d " mirror with slit
Aﬂﬂ /\ "
radius of
curvature R /\M\/\ /\ /\
\ v /
.............. e on-axis access

input coupling mirror

/\ resonator length L
A

Fig. 2. Quasi-imaging ring resonator. In the middle of the stability range, the Gouy parameter
wy for one round trip in the sagittal transverse direction (orthogonal to the plane of the beam
path) is yy = 37/2 and the modes GHop and GHo4 are simultaneously resonant. The Gouy para-
meter acquired in the short arm is yy ~m and in the long arm yy, ~n/2. The intensity distribution
in the transverse direction of the quasi-imaging is shown at selected positions. The slit allows
for a geometrical access (blue arrow) to the optical axis which could be used for output coupl-
ing of high harmonics generated in a gas jet near the focus.

2.3 Adjustment of transverse mode degeneracy

Quasi-imaging relies on a degeneracy of transverse modes, which are simultaneously excited
to form a field distribution avoiding an obstacle. A degeneracy can be easily adjusted by in-
terpreting the scan pattern, i.e. the transverse mode resonances at a scan of the oscillator cavi-
ty length, for the enhancement cavity without an obstacle. Figure 3 shows a schematic dia-
gram of such a scan pattern for a femtosecond bow-tie ring resonator. The abscissa shows the
varied oscillator cavity length multiplied with the wave number and the ordinate shows the
corresponding intracavity power. Resonances of the fundamental mode (GH,,) appear with a
period of 2x, corresponding to a change in cavity length by one wavelength L. Because high-
er-order transverse modes acquire an additional phase (Eq. (1)), they are resonant at smaller
frequencies than the fundamental mode, i.e. at longer oscillator cavity lengths. As can be easi-
ly seen, the Gouy parameter in tangential direction y is larger than in sagittal direction y, for
a bowe-tie ring resonator. This difference between the Gouy parameters becomes visible in a
resonator with finesse F, if the resonance width 2xt/F is smaller than the Gouy parameter dif-
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ference wy — wy. The position in the stability range can be read from the position of the reson-
ances, the Gouy parameter being the distance between the 0-resonance and 1-resonance. In
practice, the transverse modes can be easily identified by the number of adjacent resonances
and by tilting of the incident beam and thereby changing its spatial overlap with the cavity
transverse modes. Mode GH,, acquires an additional phase compared to the fundamental
mode, which is four times the Gouy parameter y,. Therefore, the two modes are simulta-
neously resonant if y, = 31/2 holds. In the situation shown in Fig. 3, y, has to be increased (by
increasing the distance d between the curved mirrors) in order to achieve the degeneracy.
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Fig. 3. Schematic diagram of the resonances for a scan of the oscillator cavity length Log. K is
the wave number corresponding to the central wavelength of the incident femtosecond pulse
train. The relative height of the resonances depends on the spatial overlap with the incident
beam and is arbitrarily chosen. Resonances of higher order than 4 are not shown. To a group of
resonances with constant sum of the two transverse mode order numbers n + m = r we refer to
as r-resonances. The dashed line is an envelope for the resonance height.

The main resonance is the resonance for which all comb lines of the incident frequency
comb simultaneously coincide with a cavity resonance. The side resonances drop in height
and increase in width (width not indicated in Fig. 3) depending on the cavity finesse and spec-
tral bandwidth, because different spectral parts of the frequency comb are on resonance for
slightly different cavity lengths.

3. Experimental realization
3.1 Experimental setup

In order to demonstrate quasi-imaging, we employed the experimental setup shown in Fig. 4,
and described in [1]. The Yb-based fiber laser system is described in [14]. The laser emits al-
most Fourier-limited t = 200 fs pulses (T-Av = 0.39) with a central wavelength A = 1040 nm
and bandwidth AL = 7 nm. The repetition rate is vre, = 78 MHz. Throughout the experiments
presented in this paper we used an incident average power of P, = 1.4 W. Two spherical
lenses were used to match the laser output mode to the enhancement cavity fundamental
mode. The passive cavity of length L = 3.84 m consists of eight mirrors. Mirrors M2-M8 are
highly reflective (Ry = 0.99995) over the entire laser bandwidth and M1 is the input coupler
(Ric = 0.9986). Mirrors M5 and M6 are spherically curved (radius of curvature Rc = 150 mm),
all other mirrors are plane. This yields a Gaussian waist radius of wp = 22 pm in the middle of
the stability range. All cavity mirrors exhibit low dispersion. In order to minimize round-trip
dispersion, as well as to avoid nonlinearities in air, the cavity is placed in a vacuum chamber.
For resonant enhancement, the incident laser frequency comb modes have to spectrally
overlap with the cavity resonances. As discussed in [3], due to the relatively narrow optical
bandwidth of the femtosecond radiation, an active locking of the frequency comb to the cavity
resonances can be realized by controlling only one of the two comb parameters, once they are
brought in vicinity of optimum spectral overlap. The latter is performed by manually adjusting
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the enhancement cavity length and the carrier-envelope offset (CEO) phase by using a pair of
wedges in the oscillator cavity. The locking electronics drives a piezoelectric transducer
(PZT) varying the laser oscillator cavity length. The error signal for the locking is generated
with the H&nsch-Couillaud scheme [15] from the signal reflected by the cavity input coupler.
The only difference towards the setup described in [1] is a pinhole, enabling the spatial selec-
tion of the reflected beam profile for the generation of the error signal. This is particularly
useful if the incident transverse mode does not match the excited cavity mode. The intracavity
beam leaking through one of the highly reflecting cavity mirrors (M8) with a transmission of
1.65-107° is characterized using a power meter and an optical spectrum analyzer. The circulat-
ing power Pg; is calculated from the power P leaking through this mirror according to Py
= Plea/1.65-10°.

/ Yb-based laser:
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iiitiole : s repetition frequency: 78 MHz
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Fig. 4. Experimental setup. (a) Laser, enhancement cavity and locking scheme as in [1], diag-
nostics: power meter, optical spectrum analyzer. (b) Image of the 100 pum thick on-axis wire
with the cavity off resonance.

A copper wire was placed vertically on a motor-driven translation stage to function as an
obstacle on the optical axis of the resonator. The position of the wire along the optical axis de-
termines the positions of the on-axis intensity minima and maxima in the cavity. In order to
yield the situation shown in Fig. 2 offering a geometrical access to the focus, the wire would
have to be placed in front of the curved mirror behind the focus (M6). However, this position
is not relevant for the demonstration of quasi-imaging. This is because the Gouy parameter y
= 311/2 acquired at one round trip starting at the wire is independent of its position. Therefore,
the convenient implementation of the wire (400 mm before mirror M5) as well as the vertical
orientation is chosen for good accessibility. The plane of the wire is imaged 1:1 with a lens (f
= 400 mm) on a CCD camera (see Fig. 4(b)). This allows for adjusting the wire to the optical
axis and observing the beam profile at that position. To record the beam profile at different
positions in the cavity the camera can be moved on a rail. The 100 um width of the wire
equals 5% of the Gaussian beam diameter of 2w = 2-0.99 mm at that position. An additional
vertical aperture is placed in the cavity at the same longitudinal position and with a distance
from the optical axis of roughly three times the Gaussian beam radius. This aperture serves as
a spatial filter, i.e. it suppresses contributions of higher-order transverse modes other than
GHo o and GHy, to the circulating field.

A variation of the position in the stability range is achieved by displacing mirror M5 and
compensating the change in the resonator length by displacing mirror M7 (see Fig. 4(a)). The
cavity alignment is not significantly affected.

Throughout the experiments presented here, the g-parameter of the incident beam was ad-
justed for maximum spatial overlap with the fundamental mode of the enhancement cavity
without the wire. The spatial overlap with higher-order transverse cavity modes is non-zero.
We determined the spatial overlap with the fundamental mode by analysis of a scan pattern.
We scanned the oscillator cavity length over more than one free spectral range and recorded
the intracavity power measured with a photodiode placed behind mirror M8 and connected to
an oscilloscope. For this experiment, we replaced mirrors M1 (the input coupler) and M8 by
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mirrors with a reflectivity of Ry = 0.99. With the resulting finesse F = 100x and with a scan
time t; = 7 ms for one free spectral range, the scan time over one resonance width t,e = ti,/F
= 22 ps is about 17 times larger than the cavity build-up time ty, = (F/7)/vep = 1.3 ps. This is
long enough to allow for a full build-up of the intracavity radiation for each transverse mode,
and short enough to avoid distortions by mechanical vibrations. We assume a linear behavior
of the scanning PZT. Then the intracavity power integrated over the illumination time of a
transverse mode or a group of transverse modes is proportional to the spatial overlap of the
incident beam with the respective mode or group of modes. Transverse modes with mode or-
der higher than 4 were not measurable and therefore not considered. In this manner, the spatial
overlap of the incident beam with the fundamental mode was estimated to be U = 0.94.

3.2 Enhancement of the cavity modes GHyp and GH, o

In two first experiments, we locked the cavity without the wire to the fundamental mode
(GHgp) and, subsequently, to the GH; o mode. The purpose of these experiments was to cha-
racterize the empty cavity, in particular the round-trip loss and impedance matching. Also, the
elaborate evaluation of finesse and overlap from enhancement and coupling was tested for
consistency.

With the fundamental mode we achieved stable locking over several minutes with a circu-
lating average power of P, = 1950 W. This corresponds to a power enhancement of
P.ir/Pin = 1400. The circulating power fluctuates in time and repeatedly drops to ~0.8 of the
maximal value. We attribute this strong fluctuation to the relatively slow PZT used for locking
(measured mechanical bandwidth <20 kHz) in conjunction with the high cavity finesse. This
was confirmed by decreasing the cavity finesse, which led to a significant decrease of the
fluctuations. Furthermore, this is not a fundamental limitation of cavity enhancement, since a
larger locking bandwidth can be achieved by advanced design of PZT-actuated mirrors [16].
The time-averaged circulating power P, was measured with a power meter. We assume that
the maximal power level P, is determined by the loss and overlap, and the dropping is
due to a deviation from resonance. This maximum value is Pg o = 1.1-Pg.. (compare Fig.
5(a)). The corresponding maximum level of the enhancement, which was used to calculate the
loss and the overlap, is E = P, /Pi, = 1540. The coupling ratio K of the power coupled into
the cavity to the incident power was determined from the drop of the signal reflected from the
input coupler compared to the unlocked case. This signal was measured with a photodiode.
The maximum level of the coupling was determined to be K = 0.70. From these values the
round trip loss factor is calculated to be R = 1 — K/E = 0.99955. It follows for the cavity fi-
nesse F = 2w/(1 — R\cR) = 3400. The difference between the measured enhancement E = 1540
and the enhancement expected from the loss Ex = (1 — Ric)/(1 — (RicR)*?)? = 1630 can be at-
tributed to an incomplete spatial overlap of U = E/Eg = 0.94, since a complete spectral overlap
was confirmed by measuring the incident and circulating spectra. This spatial overlap matches
the value estimated from the scan. The pulse duration was measured to be T = 200 fs.

We then locked the cavity without the wire to the GH;, mode. Because the GH modes
form an orthogonal set of modes, the spatial overlap of an incident GH, o mode with the circu-
lating GH; o mode vanishes, unless the incident beam has a tilt or transverse offset with re-
spect to the cavity optical axis. In the experiment, the g-parameter was left the same as before
and the beam was tilted horizontally to optimize the spatial overlap. The maximum spatial
overlap for an incident Gaussian beam with eigen-g-parameter is easily calculated to be U =
1/e = 0.37 for a tilt angle of y = 2/(k-w) or an offset of Ax = w with the wave number k and
Gaussian beam radius w. The pinhole in the locking scheme was used to select one of the two
lobes in the reflected signal. The CEO phase of the incident pulse train had to be adjusted for
maximum spectral overlap of the frequency comb modes with the cavity resonances corres-
ponding to the GH; , mode. This is due to the fact that the cavity resonances for mode order n
= 1 are shifted by the Gouy parameter w, compared to the fundamental mode (see Fig. 3). A
power enhancement of P/Pi, = 550, P = 1.1-Pg and a coupling of K = 0.28 were
measured. The finesse is determined to be F = 3400, which is the same as for the fundamental
mode. The spatial overlap is U = 0.37, which matches the value calculated for an incident
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Gaussian beam. The smaller power enhancement compared to the fundamental mode is due to
the reduced spatial overlap alone, the resonator loss and therefore the finesse is identical in
both cases. As in the case of the fundamental mode, the entire spectrum was coupled to the

GH; o mode and evenly enhanced.
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Fig. 5. (a) Lock of the slit mode with the wire on the optical axis. Transmitted signal (green, 50
mV/div) and reflected signal (blue, 500 mV/div). The graph shows the fluctuation of the circu-
lating power with time and the meaning of Pgir; and Peire™. (b) Measured resonances (transmit-
ted signal, green, 1 mV/div) for a linear scan (PZT signal, magenta, 5 V/div) of the oscillator
cavity length without wire (compare Fig. 3). The abscissa is in fact a time axis with 1 ms/div.
Transverse mode resonances up to order 4 are visible. Modes with the same sum of the two
transverse mode order numbers m + n = const. can be clearly distinguished. The Gouy parame-
ter is y, = 0.78 2w and yy, = 0.76-27 assuming a linear response of the PZT.

3.3 Quasi-imaging: enhancement of slit modes with an on-axis obstacle

In the final experiment the incident beam was aligned to the cavity optical axis and the CEO
phase was adjusted for maximum spectral overlap with the cavity resonances of the funda-
mental mode. The wire was placed as an obstacle on the optical axis, which can be done with
high precision by monitoring the image of the wire while the cavity is not locked (see Fig.
4(b)). In order to achieve the transverse mode degeneracy, we adjusted the position in the sta-
bility range by changing the distance d between the curved mirrors by displacing mirror M5
and compensating the change in the resonator length by displacing mirror M7. The position in
the stability range can be read from the scan pattern of the cavity with the wire removed from
the beam path, as is discussed in Section 2.3. Figure 5(b) shows a recorded scan pattern.

1004

1 mm

Fig. 6. Different intensity distributions at the position of the wire on the optical axis in the
locked cavity recorded at different positions in the stability range. Besides the wire, no addi-
tional obstacle is used here.

In the locked case, different field distributions with different numbers of lobes were ob-
served, depending on the position in the stability range (see Fig. 6). Field distributions with
more than the four lobes for the simple slit mode depicted in Fig. 1(a) involve the contribution
of higher-order transverse modes (GHgo and GHi,). In order to suppress these contributions,
a vertical aperture was placed in the cavity and moved towards the optical axis until additional
lobes besides the four were suppressed. This was the case for a distance from the optical axis
of about three times the Gaussian beam radius (see Fig. 7(a)).
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Fig. 7. Measured intensity distribution of the excited slit mode. (a) Image of the plane with the
wire on the optical axis and spatial filtering aperture, Gaussian beam radius w = 0.99 mm. Wire
and aperture are indicated by dashed lines. (b) Image of a position with maximal intensity on
the optical axis, which is 2.4 m before the wire, Gaussian beam radius w = 0.77 mm. (c) Fit of
the mode combination co-GHoo + C4-GHao + C3-GHgo with complex coefficients to a cut
through the intensity distribution from (a). The contribution of the three GH modes is indicated.

As in the previous experiment, we used the pinhole in the locking scheme to select one of
the lobes for the generation of the error signal. We went through a region in the stability range
around the degeneracy by varying the distance d by some tens of um. Figure 8(a) shows the
enhancement as a function of the detuning from the quasi-imaging condition in terms of the
Gouy parameter y, and of the distance d between the curved mirrors. We have derived a theo-
retical model for the detuning curve. However, the model exceeds the scope of this paper and
will be described in [13]. The experimentally measured width (FWHM) of the detuning curve
is Ao = 17 um. On the one hand, this is a small fraction of the entire stability range of 3.2 mm.
On the other hand, it is so broad that the quasi-imaging can be easily adjusted manually and
does not demand for an active control of the distance d.
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Fig. 8. (a) Power enhancement Pg/Pi, versus detuning from the resonator degeneracy. The
model used here will be described in [13]. (b) Normalized intracavity spectra of the GHg,g,
GHy o and slit mode (logarithmic scale). The curves show that the spectral coupling to the ex-
cited transverse modes is identical in all cases.

For maximum power enhancement Pg;/P;, = 330 at circulating power P, = 460 W, a
maximum level of the circulating power Pg"™ = 1.08-P (see Fig. 5(a)) and a coupling of K
= 0.24 were measured. The finesse is determined to be F = 3000, which represents only a
small decrease compared to the cavity without the wire F = 3400. The additional round-trip
loss at the wire amounts to 2.3-10*. With the wire the enhancement expected from the loss is
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Er = 1290. This represents a reduction by 0.79 compared to the cavity without the wire. How-
ever, the smaller power enhancement compared to the fundamental mode is mainly due to the
reduced spatial overlap. Figure 7 shows the measured intensity distribution of the enhanced
field at the position of the wire and at a position of maximum intensity on the optical axis. A
fit of a mode combination of GHg 0, GH4 o and GHg o with complex coefficients to the intensity
distribution yields a power fraction of |co|* = 0.25 in the fundamental mode. The power frac-
tion in the GHg o mode is only |cg|* = 0.03, because it is suppressed by the aperture. The power
fraction of |co|” = 0.25 defines the expected spatial overlap with an incident Gaussian beam
with the eigen-g-parameter. The spatial overlap calculated from enhancement and coupling is
U = 0.27, which is in good agreement with the value of |co[>. The entire spectrum was coupled
to the slit mode in the cavity and evenly enhanced (see Fig. 8(b)).

For a thicker wire with 220 pm width (which equals 11% of the Gaussian beam diameter)
placed at the same position we measured a power enhancement Pg;./P;, > 300. Table 1 sum-
marizes the results for the different resonator modes.

Table 1. Finesse, Enhancement, Spatial Overlap and Pulse Duration for the Different Re-
sonator Modes

GHoyo GHy slit mode
without wire with wire
finesse F 3400 3400 3000
enhancement 1400 550 330
I:’circ/Pin
spatial overlap U 0.94 0.37 0.27

The power enhancement in the experiment is limited by the imperfect spatial overlap of U
= 0.27 for the simple slit mode. The spatial overlap is expected to reach 0.44 for an incident
Gaussian beam with an adapted q-parameter [13]. A cylindrical telescope has to be used then
for mode matching. Theoretically, the spatial overlap can reach unity if the incident field is
adequately shaped. Beam shaping can e.g. be achieved with free form optics. The increase of
the spatial overlap is a problem which can be solved outside the enhancement cavity.

4. Further discussion

The experiment presented here shows that it is possible to combine simultaneously resonant
transverse modes in a stable degenerate cavity to form a field distribution reproducing an on-
axis hole or slit at every round trip. A hole or slit is also reproduced in an imaging resonator.
However, unlike imaging, quasi-imaging can be achieved in a stable resonator. In the simple
case of a ring resonator with two focusing mirrors and a constant length, only one parameter,
namely the distance of the focusing mirrors, has to be adjusted to achieve quasi-imaging. An
imaging resonator is understood to be telecentrically imaging with magnification + 1, because
only then a field distribution can be reproduced after one resonator round trip. This can be
achieved in a symmetrical confocal resonator, for which the length has to equal the radius of
curvature [9]. If one wants to choose the resonator length and the radius of curvature indepen-
dently, further curved mirrors have to be added, leading to additional distances which have to
be adjusted [17]. An imaging resonator is not stable in the sense that it does not possess a dis-
tinguished eigen-g-parameter. Instead, any q-parameter is reproduced after a resonator round
trip. Both concepts, imaging and quasi-imaging, are promising as geometrical output coupling
methods for intracavity-generated XUV radiation, offering the prospect of average and peak
power scalability in enhancement cavities for HHG.

In order to achieve a geometrical on-axis access to the cavity, the obstacle can be an open-
ing in a cavity mirror. This is preferably a curved mirror, if an access to the focus is desired.
The fabrication of a standard quarter-inch-thick mirror with a hole or slit with dimensions on
the order of 100 um is challenging, nevertheless first experiments are promising. Fabrication
of such mirrors is currently being pursued by direct laser drilling with a frequency doubled ns-
laser and a sub-ns-laser [18] and by in-volume selective laser etching (ISLE).
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The on-axis access to the cavity could be used for output coupling of high harmonics gen-
erated in a gas jet near the focus. The suitability of the field distribution for efficient high
harmonic generation still has to be shown. As can be seen from Fig. 2, the field distribution
changes its shape rapidly in the region around the focus. Therefore, the coherence length is
somewhat reduced compared to the fundamental mode with the same Rayleigh length. The
field one Rayleigh length from the focus has a central lobe on the optical axis containing 0.45
of the power. This central lobe has an elliptical shape, as can be seen in Fig. 7(b). In the focal
plane the two central lobes contain 0.59 of the power. These values hold for the simple slit
mode of GHyo and GH,, alone. Contributions of higher-order transverse modes can change
the shape of the field. This can be manipulated by apertures, by the shape of the incident field
and by the position in the stability range. The interaction region for HHG could be limited to
one of these two regions. The lobes in the focal plane are in phase, which means that the har-
monic signal will exhibit a maximum on the optical axis in the far field. In contrast, the GH, o
mode, as well as other GH or GL modes with vanishing intensity on the optical axis, are unfa-
vourable for HHG, because the lobes oscillate with opposite phase and the harmonic signal
vanishes on the optical axis [8].

The geometrical on-axis access to a high-finesse cavity could also be used for other appli-
cations besides output coupling of high harmonics, e.g. for Thomson back-scattering at elec-
trons for the generation of coherent X-radiation [19]. Here, a cavity can be used to enhance
the fs-radiation which is back-scattered at a high-energy electron beam. A geometrical access
could be used for output coupling of the X-radiation and/or the input of the electron beam.

The rapidly changing shape of the intensity distribution could be advantageous for other
applications. E.g. by the combination of two GL modes, an intensity minimum in the focus
can be formed, which is strongly localized in radial as well as in axial direction. Such a field
distribution, possibly enhanced in a cavity, can serve as a dipole trap for neutral atoms [20].
Moreover, such field distributions can also be excited in an active resonator by the use of a
degeneracy of transverse modes and adapted apertures.

5. Conclusion

We demonstrated quasi-imaging in a high-finesse femtosecond enhancement cavity. This is a
stable cavity with a degeneracy of transverse modes and an obstacle in the beam path. The ob-
stacle exacts a hole in the field distribution. This hole is reproduced after a resonator round
trip due to the mode degeneracy. Therefore, only small loss is introduced by the obstacle. The
concept allows for a geometrical on-axis access to the cavity, which could be used as a disper-
sion-free and peak as well as average power scalable method for output coupling of intracavi-
ty-generated high harmonics with increasing efficiency for decreasing wavelengths. In order
to achieve quasi-imaging, the distance of the curved mirrors in the bow-tie ring cavity has to
be adjusted with a precision of a few pum, which is only a small fraction of the stability range
but still can be attained manually.

We excited a field distribution avoiding a wire on the optical axis and at a different posi-
tion exhibiting an on-axis intensity maximum. Compared to the fundamental mode with F =
3400, the cavity finesse was only slightly reduced to F = 3000 by the insertion of the wire
with a width equal to 5% of the Gaussian beam diameter. This corresponds to an additional
round-trip loss of 2.3-10*. The decrease of the power enhancement from Pg./Pi, = 1400 to
P.ir/Pin = 330 is mainly due to the imperfect spatial overlap, which could be increased by
shaping the incident beam.
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Chapter 7

Appendix

7.1 Experiments Involving Enhancement Cavities

Continuous-wave passive cavities with power enhancement factors on the order of 10°
have been demonstrated in the early nineties for sensitivity enhancement of optical losses
measurements, see e.g. [142]. With the advent of Ti:Sa-based frequency combs, ultrashort
pulses were enhanced for the first time for MHz-repetition-rate HHG [17,|18]. Due to their
broad optical bandwidth, Ti:Sa lasers enable high peak intensities through the short pulse
duration rather than the average power. The shortest intra-cavity pulse duration of 27 fs
has been achieved with a power enhancement of 50 by seeding a broadband cavity with
20 fs pulses [17]. More recently, Yb-based frequency combs were employed for intra-cavity
HHG due to their significantly larger average power [19,[21]. So far, the largest circulating
powers in an ultrafast enhancement cavity lie in the multi-10-kW range [33] and have been
demonstrated with the Yb-based system presented in this thesis. For some applications,
the only drawback of Yb-based seeding lasers towards Ti:Sa systems is the relatively narrow
available optical bandwidth. However, nonlinear pulse compression of the seeding pulses
offers the prospect of the enhancement of few-cycle Yb-based pulses (see also Section[5.1.2).

Further passively enhanced laser sources include frequency-doubled Ti:Sa and Yb-based
systems in the UV [137] and in the green spectral regions [22], respectively. However, the
available mirrors for these wavelengths reach significantly lower reflectivity values than
in the infrared, limiting the achievable finesse. The UV enhancement cavity, which also
includes a nonlinear crystal, supports 7 W of circulating average power at a repetition rate
of 81 MHz enabling a powerful source for experiments with entangled multiphoton states.
The green enhancement cavity is an ongoing project led by Birgitta Bernhardt in the group
of Prof. Hénsch at the MPQ), in collaboration with our group. The goal of this experiment
is to increase the available power of frequency combs at around 60 nm wavelength for high-
precision XUV spectroscopy. Using green light for HHG promises a significant increase in
the conversion efficiency due to the shorter fundamental wavelength, see Section So
far, the circulating power in the cavity is limited to a few hundred watts due to a mirror
degradation phenomenon in vacuum, which is still being investigated [22}/109).
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Figure 7.1: Enhancement of mode number 3695666 (blue line) of a 78-MHz repetition-
rate frequency comb with the central wavelength of 1040nm in an impedance-matched
enhancement cavity with a power enhancement factor of 1000. A frequency shift Af =
7.5 kHz of the enhanced mode (red line) leads to an enhancement reduction to ~725. This
comb shift corresponds to either a repetition frequency change of 2mHz (equivalent to a
roundtrip length change of 0.1nm) or to a CE phase slippage of 0.6 mrad.

7.2 An Example of Comb-Cavity Detuning

To exemplify the effect of a detuning of the cavity length on the enhancement, we consider
the case of a 78-MHz repetition-rate frequency comb, with the central optical wavelength
of 1040nm. These values are chosen in accordance with the system presented in this
thesis. Furthermore, we consider an impedance-matched enhancement cavity with a power
enhancement factor of 1000, so that the central comb mode (with wavelength 1040 nm
and mode number 3695666) is locked to a corresponding cavity resonance, see blue line
in Fig. [7.1] An optical frequency shift of the enhanced comb line of Af = 7.5kHz means
a reduction of the enhancement to ~725, see red line in Fig. [7.I} This shift corresponds
to either a repetition frequency change of Af/3695666 = 2mHz of the seeding comb,
which is equivalent to a roundtrip length change of 0.1nm or to a CE phase slippage of
Ap =27-75-10%/(78 - 10°) rad= 0.6 mrad.
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7.3

Overview of XUV Output Coupling Methods

In the following we give a brief overview of the existing methods for coupling out intracavity
generated XUV radiation, i.e. spatially splitting the generated high harmonics (HH) from
the circulating fundamental radiation (FR).

Brewster Plates

GIP

Mode of operation: The HH experience total internal reflection at a thin plate placed
under Brewster’s angle for the FR.

Publications: [17,|18,20]; discussed in this thesis in Sections [4.4.1] and [5.2.1]

Ezxperimentally demonstrated: yes.
Output coupling efficiency at 60 nm: roughly 10%, at 10 nm: < 0.1%.

Awverage power scalability: poor due to poor heat conduction. Currently limited at
roughly 3kW. Peak power scalability: poor due to nonlinearities which increase with
thickness, (but can in principle be compensated for).

- Grazing-Incidence Plates

Mode of operation: Similar to the Brewster plate, but under grazing incidence and
(optionally) for s polarization. High transmission for the FR through the GIP is
obtained by anti-reflection coatings on both sides of the plate.

Publications: [108|; not further discussed in this thesis.
Ezperimental demonstration: has not been included in a cavity yet.
Output coupling efficiency at 60 nm: roughly 60%, at 10nm: roughly 5%.

Average and peak power scalability: not yet investigated. Expected to be similar to
the Brewster plate, or poorer due to the additional coatings.

Additional nonlinearities and dispersion: similar to the Brewster plate.

WOMOC - Wedge-on-Mirror Output Coupler

Mode of operation: A thin plate is attached to the surface of a rigid, highly reflecting
mirror, providing improved thermal conduction. The FR impinges on the WOMOC
under Brewster’s angle, penetrates the plate, is reflected by the mirror and exits the
plate. The plate is wedged under a small angle, ensuring the spatial separation of
the HH from the FR.

Publications: [35]; discussed in this thesis in Sections [4.4.2] and [5.2.1}
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Ezperimental demonstration: has not been included in a cavity yet.
Output coupling efficiency at 60nm and at 10nm: like Brewster plate.

Average and peak power scalability: not yet investigated. Expected to be better than
Brewster plate because (i) the penetrated material is attached over a large area to a
robust optic and (ii) the penetrated material thickness is decreased.

Additional nonlinearities and dispersion: expected to be low or negligible.

Nanograting

Mode of operation: A nanostructure written in the last layer of the dielectric mul-
tilayer coating of the cavity mirror following the HHG focus diffracts the HH away
from the resonator optical axis. For the FR the element acts as a high reflector.

Publications: [19,[36]; discussed in this thesis in Section [4.4.4]
Ezperimental demonstration: yes.

Output coupling efficiency at 60nm and at 10 nm: similar to Brewster plate or better.
Can be optimized for a specific wavelength region.

Average power scalability: expected to be very good. Peak power scalability: this is
a limitation due to the nonlinearities enhanced by the nanostructure.

Additional nonlinearities: not known. Additional dispersion: none to the IR. How-
ever, the output coupled harmonics are spatially dispersed.

Hole in Mirror after HHG Focus and Use of Fundamental Mode

Mode of operation: The HH, whose divergence decreases with increasing order, are
directly coupled out through a small on-axis hole in the cavity mirror following the
HHG focus. If the hole is small enough, the losses introduced to the circulating FR
still allow for a high enhancement.

Publications: [L06L[107]; discussed in this thesis in Section [5.2.2]

Ezperimental demonstration: while a cavity with such a mirror has been demon-
strated, output coupling of high harmonics through the hole has not yet been re-
ported.

Output coupling efficiency at 60nm and at 10nm: depends on the directional char-
acteristic of the XUV radiation. It is expected to increase for lower wavelengths.

Average power scalability: not yet investigated. It is expected to depend critically
on the quality of the hole edge. Peak power scalability: not yet investigated. It is
expected to be good.
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o Additional nonlinearities and dispersion: none.

Hole or Slit in Mirror after HHG Focus and Quasi-Imaging

e Mode of operation: Using quasi-imaging, for the FR a field distribution is excited in
the cavity, which has an on-axis maximum near the focus for HHG and simultaneously
avoids a hole or slit in the cavity mirror following the focus. The HH generated in
the central lobe of the on-axis maximum are expected to propagate along the axis
and exit the cavity through the opening in the mirror.

o Publications: |37,[143|; discussed in this thesis in Sections and [5.2.2]

e Faxperimental demonstration: a proof of principle of quasi-imaging was demonstrated.
However, the suitability of quasi-imaging modes for HHG as well as output coupling
of XUV light through an opening in a mirror following the focus has not yet been
shown.

e Qutput coupling efficiency at 60nm and at 10nm: depends on the directional char-
acteristic of the generated XUV radiation, which still needs to be investigated. It is
expected to be very high for lower wavelengths.

e Average power scalability: not investigated properly yet. Preliminary results in our
lab show 5kW. It is expected to depend on the quality of the slit edge. Peak power
scalability: not investigated yet. It is expected to be good.

e Additional nonlinearities and dispersion: none.

Non-Collinear HHG

e Mode of operation: Two FR pulses collide non-collinearly in a high-intensity region
of one (or two) cavity/cavities, creating an interference pattern. For properly chosen
parameters, the emitted HH propagate along the bisector of the angle formed by the
two propagation paths of the FR.

e Publications: [106,116,[117]; not further discussed in this thesis.

o Erperimental demonstration: a proof of principle for the single-pass non-collinear
HHG has been shown. However, this technique has not yet been shown in conjunction
with enhancement cavities.

e Qutput coupling efficiency at 60nm and at 10nm: not investigated yet but expected
to be very good.

o Average and peak power scalability: not investigated yet but expected to perform
very well.

e Additional nonlinearities and dispersion: none.
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7.4 Data Archiving

The raw data used in this thesis, the codes employed for simulations and interpretation,
as well as the IXTEX source code of the thesis can be found on the Data Archive Server
(DAS) at the Max Planck Institute for Quantum Optics, Laboratory for Attosecond Physics

(LAP), in the following directories:

cavity
figures
papers

code

master directory, containing the IXTEX source code and other relevant directories:
all figure files in .ppt and .pdf formats, as well as the data in .opj format (see below).
the papers [33137] constituting the cumulative part of this thesis, in .pdf format.

the programming codes used during this work.

In the following, a complete list of the figures in the directory figures containing mea-
surement and/or simulation data is given, together with the codes used. The papers [33-37]

are archived separately.

calculated data
routine

Fig.

calculated data
routine

Fig.

calculated data
routine

Fig.

calculated data
routine

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

oscilloscope screenshot
oscilloscope screenshot
oscilloscope screenshot
oscilloscope screenshot
measurement data (raw)
4.12

measurement data (raw)

Fig.[4.13] measurement data (screenshots)

resonanz.opj
resonanz.m

dispersion.opj
resonanz.m

lock.opj
resonanz.m

Origin data embedded in calc.ppt
comparison.m (uses fwhm.m)

frequenzmessung.ppt
scanlock_i.ppt
scanlmm.ppt
scanrefl.ppt

embedded in: THG.ppt
embedded in: enh_1imm.ppt

1mm.ppt
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Fig.4.16] data embedded in: xuv_prop.ppt
Fig.4.17| data embedded in: xuv_spectra.ppt
Fig. simulation data lewenstein_EF.opj
routine implemented by Ernst Fill, described in text
Fig.|5.2  simulation data radius.opj
routine calculated by Jan Kaster, standard ABCD

matrix formalism
Fig.|5.3]  simulation data Simulation data embedded in: short_pulses.ppt
routine calculated by Simon Holzberger, standard passive
cavity model

GDD parameter files R0310030_GDD_R_O¥.dat

Fig. calculated data fluct.opj
routine resonanz.m.

Additional programming code, related to the subject of this thesis is archived in the
directory code and described in the following:

enhancement in general enhancement.m, errorf.m
transverse mode matching tmm.m, tmm_find.m, errorfunction.m

WOMOC calculations WOomoc . mw
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