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Zusammenfassung

Uberhshungsresonatoren haben sich im Verlauf des letzten Jahrzehnts zu einer vielversprechen-
den Technologie zur Erzeugung extrem-ultravioletten (XUV) Lichtes fiir Frequenzkammspek-
troskopie und Attosekundenphysik entwickelt. Diese Anwendungen verlangen kohirente
Lichtquellen, welche durch die Erzeugung hoher Harmonischer von ultrakurzen Laserpulsen
bei hohen Intensitédten realisiert werden konnen. Die meisten iiblichen Lasersysteme konnen
solche Pulse nur bei Wiederholraten im Kilohertzbereich produzieren. Die Uberhéhung von
Femtosekunden-Laserpulsen zu Durchschnittsleistungen von einigen Kilowatt in passiven
Resonatoren bietet eine Moglichkeit, die bendtigten Intensitaten bei Pulswiederholraten von
vielen Megahertz zu erreichen. Die Erzeugung von XUV Pulsen mit ausreichendem Fluss bei
solchen Wiederholraten wiirde diese unzugéngliche Region des optischen Spektrums fiir die
Frequenzkammmetrologie 6ffnen und hat zudem das Potential die Messdauer von Experimenten
der Attosekundenphysik um viele Gréf3enordnungen zu verkiirzen.

Die resonatorgestiitzte Erzeugung hoher Harmonischer ist allerdings mit einer Reihe eigener
Einschrankungen verbunden. Diese betreffen insbesondere die erreichbare Durchschnitts- und
Spitzenleistung, sowie die minimale Pulsdauer im Resonator. Diese Dissertation stellt neue
Ansitze zur Erweiterung des Potentials von Uberhshungsresonatoren fiir Femtosekundenpulse
VOr.

In einem ersten Experiment wurde die Kompensation thermisch induzierter Linseneffekte
in Uberhohungsresonatoren durch den Einbau geeignerter Brewster-Platten, welche auch als
XUV-Auskoppelelemente Verwendung finden kénnen, demonstriert. Mit diesem Ansatz konnte
die Strahlgrofie im Resonator fiir Durchschnittsleistungen von bis zu 160 kW konstant gehalten
werden.

Anschlieflend wurde die Wechselwirkung zwischen nichtlinearer Plasmaerzeugung, die eine
Vorraussetzung zur Erzeugung hoher Harmonischer darstellt, und der Resonatoriiberhhung
untersucht. Aus einem experimentell validierten numerischen Modell konnte ein Skalierungs-
gesetz abgeleitet werden, welches die optimierte Auslegung von Uberhohungsresonatoren zur
Erzeugung hoher Harmonischer erlaubt. Das Modell wurde auflerdem vewendet, um ein neuar-
tiges Konzept fiir die effiziente Kompression ultrakurzer Pulse in Uberhohungsresonatoren mit
auf die Nichtlinearitat zugeschnittener spektraler Finesse zu entwickeln.

Weitere Arbeiten behandeln die Optimierung der Resonatordispersion. Durch Kombination
von Spiegelbeschichtungen mit passenden spektralen Phasenverldufen konnten Resonatoren
zur Uberhohung von wellenstabilen Pulsen und von ultrakurzen Pulsen mit einer Dauer von
unter sechs Zyklen der Tragerwelle realisiert werden. Diese Resultate stellen wesentliche
Vorraussetzungen fiir die Erzeugung isolierter Attosekundenpulse in Resonatoren dar.

In der Folge wurden die zuvor entwickelten Methoden zur Kontrolle der Resonatordis-
persion zusammen mit einer flexiblen Technik zur Resonatorldngenreferenzierung fiir die
erste Demonstration von Solitonen in Freistrahl-Uberhohungsresonatoren angewendet. Durch
eine maf3geschneiderte spektrale Finesse konnte dabei eine Pulskompression von 350 fs auf
37 fs, bei einem Uberhohungsfaktor der Spitzenleistung von iiber 3000 erreicht werden. Dieses
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iiberraschende Resultat belegt das Potential dieses Konzeptes fiir Auslegung und Betrieb nicht-
linearer Uberhdhungsresonatoren, und legt eine zukiinftige Anwendung fiir resonatorgestiitzte
Erzeugung hoher Harmonischer nahe.

Zusatzlich wurde ein Konzept fiir die optomechanische Auskopplung von Laserpulsen
vorgeschlagen, welches eine Rolle bei der Verwendung von Uberhohungsresonatoren in einer
neuen Klasse von Lasersystemen zur Erzeugung hochenergetischer Pulse spielen konnte.



Preface

In the decade preceding this thesis, femtosecond enhancement cavities had emerged as a
highly promising technology in the context of extreme ultraviolet light (XUV) sources for
frequency comb metrology and attosecond physics. These applications require light of laser-
like coherence, which can be provided by high-order harmonic generation (HHG), a highly
nonlinear frequency conversion process driven by intense ultrashort laser pulses. The laser
systems commonly used to drive HHG are limited to pulse repetition rates in the kilohertz
range. In contrast, the enhancement of femtosecond pulses in passive optical cavities to average
powers of many kilowatts delivers the necessary intensities even at repetition rates of tens to
hundreds of megahertz. Achieving sufficient XUV flux with megahertz repetition rates would
enable the extension of frequency comb metrology to the XUV, and dramatically reduce data
acquisition times for experiments in attosecond physics. However, cavity-enhanced HHG comes
with unique challenges, imposing cavity-related limitations to the power, peak intensity, and
minimum duration of the driving pulses. In this thesis, several novel approaches to extending
the capabilities of femtosecond enhancement cavities are presented.

In a first experiment, we demonstrated the compensation of thermal lensing effects in
enhancement cavities. Using intracavity Brewster plates, which also offer a robust solution for
XUV output coupling in cavity-enhanced HHG setups, we gained control over the thermally-
induced mode change at average powers of up to 160 kW.

Subsequently, we investigated the effects of nonlinear phase modulations caused by ioniza-
tion in an intracavity gas target, which is a prerequisite for HHG. We experimentally validated
a numerical model of the plasma-cavity interaction, leading to a scaling law allowing for the
layout of optimized cavity HHG systems, and a proposal for tailoring the spectral finesse of
cavities to exploit the nonlinear phase modulation for intracavity pulse compression.

In parallel, we worked on the design and characterization of highly reflective multilayer
mirrors to optimize the cavity dispersion. Combining different mirrors with compatible spectral
phase characteristics, we demonstrated enhancement cavities supporting waveform-stable
pulses, and cavities supporting pulse durations approaching the few-cycle regime. These
results represent vital technological developments towards the goal of isolated attosecond pulse
generation with enhancement cavities.

Finally, we applied the developed methods of dispersion control to design an enhancement
cavity for intracavity pulse compression using self-phase modulation in a Brewster plate.
Implementing a flexible locking scheme, we demonstrated for the first time the generation of
temporal cavity solitons in free-space enhancement cavities. The temporal compression from
350 fs to 37 fs together with the spectrally tailored finesse resulted in a peak power enhancement
factor of over 3000, significantly surpassing the enhancement in linear cavities supporting
similar pulse durations. This intriguing result opens the door to a novel regime of nonlinear
cavity operation, with potentially significant benefits to cavity-enhanced HHG.

In addition, we proposed a concept for optomechanical cavity dumping, with the potential
to aid efforts employing enhancement cavities for a new generation of high-pulse-energy lasers.
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Structure of the thesis

The results included in this cumulative thesis are presented in two parts. Part[[aims to motivate
the research objective, to introduce the theory of operation of femtosecond enhancement
cavities, to summarize the results, and to provide the broader context in which the presented
research was conducted. Part[[llincludes the results of this work in the form of the published (or
submitted) manuscripts. These manuscripts are self-contained, i.e., each should be accessible
without knowledge of the prior chapters. All of these results involve contributions from
multiple people. My contribution to each is summarized in statements preceding the respective
articles. Five of the manuscripts presented in this thesis were published as peer-reviewed
journal articles, and one manuscript is currently in review:

1. N. Lilienfein, H. Carstens, S. Holzberger, C. Jocher, T. Eidam, ]J. Limpert, A. Tiinnermann,
A. Apolonski, F. Krausz, and I. Pupeza, Balancing of thermal lenses in enhance-
ment cavities with transmissive elements, Optics Letters 40, 843-846 (2015), DOI:
10.1364/0L.40.000843.

2. S. Holzberger, N. Lilienfein, M. Trubetskov, H. Carstens, F. Liicking, V. Pervak, F. Krausz,
and L. Pupeza, Enhancement cavities for zero-offset-frequency pulse trains, Optics
Letters 40, 2165-2168 (2015), DOI: 10.1364/0L.40.002165.

3. S. Holzberger, N. Lilienfein, H. Carstens, T. Saule, M. Hogner, F. Liicking, M. Trubetskov,
V. Pervak, T. Eidam, J. Limpert, A. Tinnermann, E. Fill, F. Krausz, and I. Pupeza, Fem-
tosecond enhancement cavities in the nonlinear regime, Physical Review Letters
115, 023902 (2015), DOI: 10.1103/PhysRevLett.115.0239025.

4. N. Lilienfein, C. Hofer, S. Holzberger, C. Matzer, P. Zimmermann, M. Trubetskov, V.
Pervak, and I. Pupeza, Enhancement cavities for few-cycle pulses, Optics Letters 42,
271-274 (2017), DOI: 10.1364/0L.42.000271.

5. N. Lilienfein, S. Holzberger, and I. Pupeza, Ultrafast optomechanical pulse picking,
Applied Physics B 123, 1916 (2017), DOI: 10.1007/s00340-016-6608-4.

6. N. Lilienfein, C. Hofer, T. Saule, M. Hogner, M. Trubetskov, V. Pervak, E. Fill, C. Riek,
A. Leitenstorfer, J. Limpert, F. Krausz, and I. Pupeza, Temporal solitons in free-space
femtosecond enhancement cavities, Manuscript in review aa a Letter to Nature Pho-
tonics, submitted on June 14th, 2018, Tracking number NPHOT-2018-06-00751.

In the course of my Ph.D. work, I have contributed to a further eight peer-reviewed publications,
to two manuscripts currently in review, and have filed one patent application. A [list| of these
research items is included at the back of this thesis.
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Introduction

1.1 Enhancement cavities

Enhancement cavities are optical resonators — systems of reflective surfaces for the spatial
confinement of light — used to locally increase the intensity of a laser. The history of optical
resonators goes back to the interferometer pioneered by Charles Fabry and Alfred Pérot in 1897,
the basic concept of which had already been considered theoretically over sixty years before by
George Airy [1]]. In contrast to earlier interferometers, for instance those used by Michelson
and Sagnac, in which light was split between two distinct arms and subsequently brought to
interference, the Fabry-Pérot interferometer involves an indefinite number of back-and-forth
reflections between two parallel mirrors, all interfering simultaneously.

The longitudinal transmission of light through the Fabry-Pérot interferometer is described by
the Airy-distribution, which depends on the reflectivity of the surfaces, the optical length of the
path between the surfaces, and the wavelength of the light. In contrast to the interference fringes
observed in two-armed interferometers, which follow a sinusoidal function , the bright fringes of
the Airy distribution can exhibit a very narrow width with respect to the separation of adjacent
fringes. Their “fine-ness” or finesse is proportional to the reflectivity of the mirrors (disregarding
other loss-mechanisms), and thus related to the effective number of roundtrips experienced
by the light “caught” between the mirrors. Appearing upon constructive interference of all
reflections, the fringes can be understood as resonances of the electromagnetic field constrained
by the reflective surfaces of the Fabry-Pérot interferometer, which thus constitutes an optical
resonator.

The resonances, also referred to as longitudinal modes of the resonator, appear periodically
in the transmission spectrum, with their spectral separation depending on the length of the
resonator. When these modes are resonantly excited, the intensity inside the resonator is
enhanced by a factor proportional to the finesse with respect to the impinging intensity. Fabry
and Perot immediately realized the advantages afforded by the finesse of the fringes for the
precision of interferometric measurements. In the following years, they developed remark-
ably well-engineered interferometers, and exploited this effect for a number of breakthrough
experiments in astronomy and early work on optical metrology [1I].

While its plane mirrors constrain the propagation of electromagnetic waves in longitudinal
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direction, the classical Fabry-Pérot resonator is wide open in the transverse directions. It is
highly sensitive to misalignments and surface deformations, which result in field spillage over
the edges of the mirrors, and effectively degrade the finesse. Even in the absence of such defects,
its finesse is limited by diffraction losses at the edges of its finite-sized mirrors. With increasing
mirror separations, these effects become increasingly severe.

After the invention of the laser in 1960 [2], the crucial role of optical resonators as a
component of laser oscillators led to the rapid development and understanding of more stable
resonator types based on spherical mirrors, and of Gaussian optics in general [3]. While
not directly appearing in the acronym LASER (light amplification by stimulated emission
of radiation), the use of Fabry-Pérot resonators as amplifying cavities of laser oscillators is
fundamental to the laser concept and was already a key part of the early maser and laser
proposals [4] 5]]. It provides a feedback structure which encloses the gain material, effectively
confining the radiation to the resonator modes and facilitating the generation of coherent and
directed light.

In this context, the field propagation within optical resonators became a highly relevant
question for optimizing laser operation. The numerical work of Fox and Li [[6] uncovered the
existence of discrete transverse modes in optical resonators, closely followed by the development
of Gaussian mode theory [7]. Within a few years, most of the nowadays familiar concepts of
resonator optics emerged [3]. Importantly, it was realized that open-sided resonators containing
suitable spherical mirrors can form stable optical cavities [8]. “Stable” means that they exhibit
transverse resonator modes, typically given by Gauss-Hermite functions, representing beams
which are reproduced with every roundtrip and thus spatially confined in the cavity.

Not only do these concepts apply to the active oscillators at the heart of laser systems, but
also to passive optical resonators, which have found diverse applications in laser science and
technology. Thanks to the transverse mode confinement in stable cavities and the development
of high-reflectivity dielectric multilayer mirrors, resonators with extremely low roundtrip
losses and a correspondingly high finesse have become available. In concert with the ability
to coherently excite such resonators with laser light, there are in particular two properties of
passive resonators that make them extremely useful. These are (I) the power enhancement of
light inside the cavity, and (II) its enhanced sensitivity with respect to intracavity absorption
and phase changes. For these reasons they are often referred to as enhancement cavities.

Enhancement cavities can be implemented in a multitude of forms, from microcavities, used
for instance in investigations of cavity quantum electrodynamics of free atoms [9] and nonlinear
dynamics [10} 11]], to kilometer-scale cavities incorporated in the interferometers built for the
recently successful quest for gravitational wave detection [[12, 13]. In laser technology, the
power enhancement inside such cavities has been utilized to boost the efficiency of nonlinear
conversion processes such as second harmonic generation [14} 15]].

1.2 Ultrafast lasers

In the decades since Theodeore Maiman [2] constructed the first laser using a flash-lamp
pumped ruby crystal, a vast number of gain materials and laser architectures producing light
over a broad range of the electromagnetic spectrum with wildly different properties have been
developed [16]. Today, lasers are ubiquitous in everyday technology and vital to the physical
sciences, with laser technology being as diverse as its fields of application. Since the laser’s
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inception, the major themes of development have been its scalability towards higher average
power, shorter laser pulses and higher peak intensity, longer coherence length, and broader
spectral coverage, with these directions being variously intertwined. In terms of spectral
coverage, significant effort is going into pushing the photon energies of laser sources into the
extreme ultraviolet (XUV) range.

A particularly fascinating group of laser architectures are mode-locked lasers, and in
particular passively mode locked lasers, capable of producing laser pulses with femtosecond
durations [17]. To this end, several longitudinal modes of the laser oscillator are coupled by
carefully engineered nonlinear mechanisms, causing them to resonate simultaneously with a
fixed phase relationship. The emitted frequency spectrum consists of a vast number of equally
spaced lines. Its structure is characterized by two radio frequencies, one of which is the line
spacing and the other the offset of its first line. If both frequencies are stabilized, this spectrum
is referred to as a frequency comb, and presents a powerful tool for optical metrology [18]19],
linking optical frequencies to radio frequencies.

In the time domain, this spectral structure corresponds to an infinite train of short pulses,
stemming from one or more pulses traveling in the laser oscillator. In a time-domain picture
of mode locking, the mode-locking mechanism effectively produces an additional temporal
confinement of the already spatially confined light in the oscillator cavity. The repetition
rate of the resulting pulse train is typically in the range of 100 MHz, corresponding to a
length of the laser oscillator of a few meters. The spectral bandwidth, and correspondingly the
minimum duration of pulses produced from laser oscillators are limited primarily by the spectral
gain profile of the laser medium, but also depend on the mode-locking mechanism and the
dispersion of the oscillator [17]. The short pulse duration with respect to the pulse repetition
period afforded by mode-locked lasers results in high peak intensities being achievable at
moderate average powers. In laser systems optimized for maximum peak intensity and/or pulse
energy, the repetition rate is further reduced to kilohertz or even hertz levels before subsequent
amplification. This has allowed for a variety of nonlinear optical effects to be studied and
efficiently exploited. In particular, nonlinear optical effects can be used to extend and shift
the bandwidth of the driving laser, giving access to wavelength ranges that lack suitable gain
materials. Also, optical pulses can be temporally compressed by nonlinear means. Today,
minimum pulse durations in the range of a few femtoseconds to a few tens of femtoseconds can
be achieved in a variety of wavelength ranges. Notably, the duration of pulses can approach the
period of the electromagnetic wave oscillation itself. Such pulses are referred to as few-cycle
or single-cycle pulses [20] 21]].

One of the most important nonlinear conversion mechanisms is the generation of coherent
XUV light by high-order harmonic generation (HHG). The HHG process involves intense
driving pulses ionizing atoms in a medium, for instance a noble gas. After being accelerated
in the oscillating laser field, some of the freed electrons recollide with the atoms and emit
high-energy ultraviolet (UV) photons, the “harmonics”. Notably, this UV emission preserves the
coherence properties of the driving laser, thus providing coherent radiation in this otherwise
inaccessible spectral region [22, 23]. Driven by single-cycle laser pulses, HHG can produce
isolated XUV pulses [24] as short as 80 as [25], representing the shortest events produced by
mankind. Used in pump-probe photoelectron spectroscopy (PES) experiments, such pulses
have allowed to investigate physical processes on unprecedented time scales, marking the birth
of attosecond metrology [124] 26]].
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The peak intensity necessary for HHG is in the range of 10'3~10'* W cm™2. The repetition
rate of the complex laser systems capable of providing pulses of such intensity is typically
restricted to the kilohertz range, due to constraints relating to the average power. One of the
main directions of current scientific laser development is the adaptation of high-average-power
ytterbium-based laser architectures, for ultrafast and high-energy lasers [27H33]]. With respect
to HHG, this approach holds promise for further development both in terms of photon energy
and XUV power, and for increasing repetition rates [34-40]].

There are in particular two fields of application to which coherent XUV generation at
much higher repetition rates would be highly beneficial. The first concerns time-resolved and
angle-resolved photo-electron spectroscopy experiments [41]], which are a crucial technique of
attosecond science. Here space-charge effects severely limit the permitted number of generated
electrons per pulse [42], leading to long, and in some cases prohibitive measurement times
at kilohertz repetition rates [43]]. If the driving laser repetition rates could be increased to
those produced by the laser oscillators at the heart of laser systems, acquisition times could
potentially be reduced by 3 to 5 orders of magnitude. The second major goal pursued via cavity-
enhanced HHG is the extension of frequency comb spectroscopy to the XUV range. There is a
number of targets for spectroscopy experiments in this spectral range which would be highly
interesting both for fundamental science and metrology. These include fundamental transitions
of hydrogen-like atomic systems such as He* and Li?*, which could provide precise tests of
quantum electro dynamics [44H46]], and low-lying nuclear transitions, most notably the recently
detected [47] nuclear clock transition in thorium-229, with the potential to significantly surpass
current frequency standards in accuracy [48]]. With frequency comb spectroscopy requiring a
certain power per comb line, and the line spacing of the comb being identical to the repetition
rate of the laser, megahertz repetition rates are a necessity for such experiments [49, 50]).

1.3 Enhancement cavities for HHG

An elegant approach to multi-megahertz HHG is offered by femtosecond enhancement cavities,
which enabled the development of XUV sources with a unique combination of high repetition
rate and high photon energy. In the wake of the full stabilization of frequency combs, it was
demonstrated that matching the comb lines to the resonance structure of enhancement cavities
allows for the enhancement of femtosecond pulses [51]. The potential to generate pulses of
extremely high peak power inside such femtosecond enhancement cavities without actual
amplification makes them a highly appealing tool for nonlinear optics. While a first proposal
sought to periodically extract these pulses for further use [51]], a scheme later termed “stack
and dump” (SnD) [52], the main application pursued since then has been intracavity XUV
generation via HHG [49, 50]. A major challenge for both these applications is the extraction of
the generated radiation from the closed optical cavity. While the lack of success of the SnD
scheme is mainly due to this problem, a number of solutions for XUV output coupling have been
found. These include intracavity Brewster plates [49,50] and other transmission optics [53} 54]],
nanogratings etched onto cavity mirrors [55,56] and different geometric schemes [57H61]].

It was realized early on that the dispersion of cavity mirrors and other intracavity media
limit the optical bandwidth and thus the minimum pulse duration in femtosecond enhancement
cavities [51} 62]]. The sensitivity to the spatial phase curvature caused by this dispersion is
proportional to the cavity finesse. The same applies to the temporal phase shifts produced by
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nonlinear effects in the cavity, which have a detrimental effect on the enhancement level [49]63]].
Such effects can occur both in transmissive optics, if present, and in the process of laser-driven
ionization, and lead to an intensity-clamping behavior in nonlinear enhancement cavities.
The conversion efficiency of the HHG process, as well as the harmonic cut-off marking the
highest generated photon energies critically depend on the driving pulses’ peak intensity.
With ionization being an inherent part of the HHG process, the associated intensity clamping
represents the main limiting factor to the power scalability of intracavity XUV generation [[64]
65).

The first demonstrations of cavity-enhanced HHG were performed in high-finesse cavities
seeded directly by relatively low-power mode-locked Titanium:Sapphire oscillators [49, 50,
58]]. In the following years, large performance gains in terms of generated XUV power and
photon energy were achieved by adopting more and more powerful seeding sources such as
amplified Titanium:Sapphire lasers [66] and high-power ytterbium-doped fiber chirped-pulse
amplifiers [67H69], allowing a reduction of the cavity finesse [56} 60, [70, [71]].

Apart from downscaling the finesse, promising paths towards higher XUV power is to
increase the interaction volume over which HHG takes place, and/or to increase the pulse
repetition rate, while keeping the intensity constant. Both paths require an upscaling of the
intracavity power. The power scalability of femtosecond enhancement cavities was investigated
by Pupeza et al. [72], achieving 18 and 72 kW of average power with pulse durations of 200 fs
and 2 ps, respectively, limited by peak-intensity induced mirror damage. The identification
of suitable cavity geometries to increase the beam size on the mirrors [73] and mitigation of
thermal lensing effects, to which this geometry is particularly sensitive, allowed for average
powers of 400 kW and 670 kW for similar pulse durations, respectively [74]. The limitation to
the power scalability of femtosecond enhancement cavities was identified as a combination of
intensity-induced mirror damage, and thermal lensing effects [74]. Importantly, these result
were achieved in empty enhancement cavities which did not include output coupling devices
or gas targets.

Another promising approach to mitigate the effects of nonlinear intensity clamping was
suggested by results showing that its severity is reduced for shorter driving pulse durations [60]].
The restrictions of the cavity bandwidth relating to the mirror dispersion, however, necessitate
the development of novel low-dispersion mirrors to achieve progress in this direction. Fem-
tosecond enhancement cavities supporting significantly shorter pulse durations would have
the additional benefit of potentially allowing the intracavity generation of isolated attosecond
pulses. While the pulse durations in the range of a few femtoseconds necessary for direct
isolated attosecond pulse generation seem unattainable in enhancement cavities, a number of
promising temporal gating schemes [75-79], some of which could be applicable in enhancement
cavities for pulse durations of about 20 fs at 1 pm wavelength [[80, [81]], have been investigated.

In addition to significant progress in terms of supported bandwidth, the generation of
isolated attosecond pulses would also require control over the waveform evolution of the
enhanced pulses [24] 82]]. While high-power lasers [83,[84] providing waveform-stable pulses
have become available, the constraints of femtosecond pulse enhancement related to the cavity
dispersion make this challenging.
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1.4 Research objective

The research objective of the work presented here was the development of novel approaches to
overcome the cavity-related technological challenges associated with cavity-enhanced high-
order harmonic generation and isolated attosecond pulse generation. In summary, these
challenges were identified as the power scalability, the bandwidth (and thus pulse duration)
scalability, the control of the field evolution, and the nonlinearity-induced intensity clamping
in femtosecond enhancement cavities.



Background

In this chapter the theoretical concepts and experimental considerations relevant to the power
enhancement of short, intense pulses in optical resonators are summarized.

2.1 Power relations in optical resonators

The power enhancement in a passive optical resonator depends on the interferometric coupling
of an impinging light field at its partially transmissive input coupling mirror, and the roundtrip
losses of the resonator. In this section, some basic relations governing the power enhancement
in optical resonators are introduced for the case of a single optical frequency w,, and plane
waves (i.e. neglecting diffraction)

input coupler
Ric ’ Tic Eéirc = \/ﬁic\/ﬁcave@n Ecirc + \/Tic Ein
Eref

cavity roundtrip
Rcav ’ q)n(ﬂ)o)

En ((00’ t) \/ﬁcaveimn(‘l)‘))ECifC

Figure 2.1: Schematic of a passive optical resonator. A monochromatic light wave Ei,(wo, ) with angular
frequency w, impinges on the input coupling surface with the power transmission Ti. and power reflectivity R;.
An initial intraresonator field Ej is circulated back to the input coupler experiencing a power attenuation R,y
and a phase ®(wp). It interferes with the input field to form the new circulating field E/, _in the resonator, and
the reflected field Eef.

Figure [2.1] illustrates the interference of light waves at the input coupling mirror of an
enhancement resonator. The resonator can be parametrized by the power transmission Tj.

! An excellent textbook covering basic properties of enhancement cavities is [85].



10 2. Background

and reflectivity Rj. = 1 — Tj of its input coupling mirror, the power attenuation factor R,y
acquired upon a resonator roundtrip (excluding the input coupler reflectivity), and the phase
&, acquired upon one roundtrip (including the input coupler phase upon reflection). The
roundtrip phase of an electromagnetic wave of angular frequency wy is simply ®r(wg) = wotyt,
with the roundtrip time t,; = L/v}, in a resonator of length L and with a phase velocity v,
It is important to note that t,; can be frequency dependent, which becomes relevant for the
enhancement of femtosecond laser pulses (Sec.[2.3). Initially, the fraction Tj. of an impinging
electromagnetic wave Ej, is transmitted into the resonator, now forming the circulating field
Eirc. After one roundtrip, the circulating field interferes with the transmitted field at the input
coupler, now forming the new intra-resonator field Eéirc = VRicReav€' ¥ Ecire + VTicEin. The
field is resonant when &,y = n2sz, where n is an integer number. In the resonant case, the
interference is constructive and optical power is transferred from the impinging field to the
circulating field. After a number of roundtrips a steady state defined by E’. = Ej;. develops.

Circ
Solving this equation yields the resonant steady-state power enhancement Eg:

_ |Ecirc|2

- |Ein|2

3 T;
®py=n2m (1 - \IRicRcav)2

For a variable detuning 6 = @, — n2x from the resonance, the power enhancement can be
written as:

(2.1)

R

1
2
1+ [E sin (é)]
V4 2

F =1 VRicAcay (2‘3)

1- VRicAcav

The spectral enhancement of a resonator is shown in Figure It exhibits periodically
spaced resonances where the enhancement reaches Er, which are also referred to as the
longitudinal modes of the cavity. The free spectral range denotes the distance between two
adjacent resonances. The finesse of a resonator can be defined as the ratio of its free spectral
range and its resonance width, thus being a measure for its relative narrowness. The absolute
spectral width, or linewidth, of the resonance is usually specified as its full width at 1/4-intensity,
corresponding to its full width at half maximum (FWHM) in terms of field amplitude. For
practical reasons it is most useful to specify the linewidth as a frequency Av, with:

_ FSR
=
in terms of the finesse and the free spectral range (FSR) in the frequency domain FSR = 1/t.
The finesse of a resonator depends exclusively on its total attenuation factor given by RjcAcay. In
contrast, the enhancement additionally depends on the input-coupling transmission, resulting
in different enhancement levels for different distributions of the total resonator losses between
input coupler transmission and cavity losses. For optical resonators used as enhancement
cavities, there are two particularly interesting cases to consider.
In the impedance-matched configuration (Rj. ~ Acay), the resonant enhancement is:

E(6) = Er, (2.2)

defining the finesse F:

Av (2.4)

Er=—=—=—+ (impedance matched). (2.5)
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Figure 2.2: Resonance spectrum. The spectral enhancement E(5) for T, = 1 — Ajc = 0.1 is plotted over a
detuning range of 4. The range in between the resonances is called the free spectral range (FSR). The finesse ¥
is a measure of the relative narrowness of the resonances.

For a given A.,y, the impedance matched configuration yields the highest possible Eg. Thus, it
allows for the highest possible efficiency when driving purely lossy intracavity processes.
In an input-coupler-limited configuration (R >> Acay), the resonant enhancement is:

2 4
2 z = — (IC limited). (2.6)
T ic

Er

The input-coupler-limited configuration yields the highest Er for a given . As will become
apparent in Sections and this holds advantages for the enhancement of ultrashort
pulses, and for driving nonlinear processes associated with intracavity phase shifts. In practice,
enhancement cavities are typically operated in the over-coupled regime between these cases [71]).

2.2 The transverse cavity mode

In the previous section, the field distribution was assumed to depend solely on the longitudinal
dimension z and time ¢. In the following, a brief introduction to the transverse field distribution
in free-space cavities is givenE] Throughout this section, the paraxial approximation is used, i.e.
the wavefront normals are assumed to be nearly parallel to the propagation axis z. Furthermore,
the discussion is restricted to the fundamental transverse cavity mode (TEMy), or Gaussian
mode.

Gaussian beams

Under the paraxial approximation, a beam u(r, z) can be modeled as a plane wave which is
spatially modulated by the function ¢/(r, z) (assuming circular symmetry):

u(r, z) = Y(r, z)e %= (2.7)

The most simple solution of the paraxial wave equation is the Gaussian beam. For this solution,
it is instructive to express ¥/(r, z) in terms of the complex beam parameter q(z) and the phase

2More thorough introductions to this topic can be found in [85], and [16]].
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term P[q(z)] (which is itself al function of g(z)):

k
(r,z) = ex [—i (P[ (z)] + —rZ)] , (2.8)
/ P ! 2q(2)
with k = w/v, being the angular wavenumber of the electric field. The complex beam parameter

can be defined using the wavefront radius of the beam R(z), and its 1/e*-intensity radius w:

1 1 2
4@  R@) i)

(2.9)

The phase term is most intuitively written in terms of the Rayleigh length zr of the beam (equal
to half its confocal parameter):

[ 2
iP(z) =In,[1+ £ _itan™ (i) . (2.10)
<R <R

The Rayleigh length of a beam can be obtained from the complex beam parameter at an arbitrary
point of propagation, with zg = Im [g]. The first term of Equation[2.10]is simply a normalization
factor which ensures energy conservation. The second term represents the Gouy phase of the
beam. After propagation through a focus, the Gouy phase shift acquired by a Gaussian beam
approaches 7.

The complex beam parameter q(z) fully characterizes the beam. Remarkably, it can be
propagated using the ABCD matrices used in paraxial ray optics to calculate the propagation
of rays. Here, A, B, C and D refer to the elements of the 2 X 2-matrix describing an optical
system. In the ABCD formalism, the free-space propagation over a distance d is described by
a matrix S(d), and the reflection of a spherical mirror with radius of curvature R by a matrix
M(R), being:

1 d

S(d):[o 1] and M(R):[l O]. (2.11)

-2/R 1

The ABCD matrix Py for a single roundtrip through an optical cavity is calculated by multiplying
the individual matrices of the cavity elements in the reverse order of propagation, starting from
an arbitrary reference point. The relation of the complex beam parameters of a Gaussian beam
q before, and q’ after one roundtrip parameterized by P, through the cavity, is then given by:

_Aq+B
- Cq+D’

A B
C D

/

q

with [ ] =Py (2.12)
Cavity stability

An optical cavity is called stable, if a beam which is perfectly reproduced after a complete
roundtrip through the cavity exists. This self-consistent eigenmode of a cavity can be found by
requiring ¢’ = q. Solved for 1/q, this yields :

(2.13)
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Figure 2.3: Stability dependence of the cavity caustic. a Symmetric bow-tie cavity with a total length of L,
and two spherical mirrors M1 and M2 with radius of curvature R and distance d. b Beam radius wyj; on M1 with
respect to the stability parameter (A + D)/2. ¢ Beam caustic w(z) along the optical axis z of the cavity for three
values of the stability parameter and d. For L = 3000 mm and R = 600 mm, the stability parameter values -0.95, 0,
0.95 correspond to d; = 600.5 mm, d; = 706 mm and d; = 828.5 mm, respectively.

Since all elements of the ABCD matrix are real, the term under the square root must be negative
for g to represent the complex beam parameter of a physical beam. The resulting inequality is
called the stability criterion:

|A+ D| < 2. (2.14)

Only cavity configurations conforming with this criterion, i.e. being within the stability range,
possess a well-defined eigenmode. Taking into account that the ABCD matrix elements are
real, the values of R and w at the reference point can be deduced:

2B 2M|B
R=—— and w= 1B

D-A iNi— (AT DR

The mode profile at other points can be obtained by propagating g further through the cavity.
Th Gouy phase acquired over one cavity roundtrip is given by:

(2.15)

PGouy = sign(B) cos™! ( (2.16)

A+D)
Importantly, the eigenmode is stable with respect to perturbations [16]. The caustic as well as
the stability of the cavity mode strongly depend on the position of the cavity configuration in
the stability range. Figure 2.3/ shows the caustic of a symmetric bow-tie cavity containing two
spherical mirrors, and its mode size at different points for a range of values of their separation.
At the edges of the stability range, the beam size on the spherical mirrors diverges. Close to
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the inner edge of stability, the cavity caustic between the spherical mirrors is tightly focussed,
while the beam in the remaining cavity arms is nearly collimated. The roundtrip Gouy phase
converges to zz. The inner edge corresponds to a confocal imaging configuration. At the outer
edge of stability, the caustic exhibits two foci, and the roundtrip Gouy phase converges to 2.

So far, the cavity has been assumed to be radially symmetric. In the case of non-zero
angles of incidence a, however, spherical mirrors exhibit astigmatism, breaking this symmetry.
The effective radii of curvature in the sagittal and tangential planes defined by the angle of
incidence, are given by:

R

cosa’

Ry =Rcosa and Ry = (2.17)

with x and y denoting the corresponding transverse axes.

For elliptical Gaussian modes, the transverse field envelopes in the x-z and y-z planes can
be separated, with

Y(x,y,2) = Y[gx(2), x]¥[qy(2), y]. (2.18)

In a planar cavity, the complex beam parameters can thus be calculated independently in the
sagittal and tangential planes to account for the mirror astigmatism. As a result of the modified
values for R, the stability ranges in the sagittal and tangential planes are then shifted up and
down, respectively, in terms of d. In the central region of the stability range, the effect of a
small angle of incidence of a few degree will be negligible. Moving towards the edges of the
stability range, however, the inner and outer edges of stability are reached first in the sagittal
and tangential planes, respectively. In effect, the mode profile becomes increasingly elliptic
with increasing absolute values of the stability parameter. An interesting scheme to compensate
for astigmatism by using a non-planar bow-tie cavity is presented in [86].

The spatial overlap

An important practical parameter for the enhancement in a cavity is the spatial overlap between
the input and intracavity beams. The spatial overlap of two Gaussian beams with complex
beam parameters g in and gy cav in the x-z plane is given by the normalized and squared inner
product of their transverse mode envelopes 1/(gx, x) [87],

2
U, = '/ U(qxin> X))V (gx.cavs X + Ax) - ek(Aaxx) gy , (2.19)

with Ax being the positional, and Aay the angular mismatch between the optical axes of the
beams. The total spatial overlap Uy y is simply Uy, = UxU.

The spatial overlap acts as factor reducing the effective enhancement. It takes a value of
one if both optical axes coincide, and both complex beam parameters are equal. Experimentally,
the first condition corresponds to the correct cavity alignment, while the second is referred
to as the mode matching between cavity and input beam. Importantly, the sensitivity of the
cavity alignment errors with respect to a mirror adjustment error depends strongly on the
cavity geometry and its stability parameter [88]].
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Figure 2.4: Frequency combs. a Two successive pulses of a continuous pulse train with repetition period trep
and a pulse duration At. The relative phases between the electric field oscillation (straight line) and the envelopes
(dashed lines) are given by @ceo and ¢(.,. b The Fourier transformation of the pulse train yields a frequency comb
defined by a carrier-envelope frequency fc., and a repetition frequency fr.p. The spectral envelope with the width
Af is centered at f;, being the carrier frequency of the electric field oscillation in a.

2.3 Enhancement of femtosecond pulses

In the previous sections, excitation of the enhancement cavity with a single-frequency (i.e.
a continuous-wave laser) was assumed. For the enhancement of short laser pulses, which
are associated with broad spectra, the simultaneous enhancement of multiple frequencies
is necessary. In particular, the frequency dependencies of the cavity roundtrip phase, the
attenuation factor, and the input coupler reflectivity have to be taken into account.

Frequency combs

A light pulse can be described as a wave packet with a carrier frequency «. and a complex
amplitude envelope defining its temporal shape (Fig. EI The relative phase of the electric
field oscillation with respect to the temporal envelope is defined as the carrier-envelope-offset
phase ¢ceo. In the frequency domain, a continuous train of pulses corresponds to a frequency
comb, i.e. a number of discrete lines with a constant frequency spacing distributed under
a spectral envelope covering a corresponding bandwidth. For a given shape of the spectral
envelope, its width is inversely proportional to the Fourier limit of the temporal duration of the
individual pulses. For a well-behaved spectral envelope, a central frequency, being the carrier
frequency of the pulse train can be defined.

Being periodically spaced, the positions of all frequency comb lines can be parametrized

3A good textbook covering the optics of femtosecond pulses is [89]
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by the line spacing fie, and the absolute position of a virtual first line of the comb f.. In the
time domain, the repetition frequency fe, corresponds to the inverse repetition period of the
temporal pulse envelopes. The carrier-envelope frequency fce is given by
_ éeo B ¢ce0
Jee = 2

with ¢eeo and @7, being the carrier-envelope-offset phases of two successive pulses. The carrier-
envelope frequency thus represents the frequency with which the electric field oscillation slips
with respect to the pulse envelope. For f.. = 0 the electric fields of all pulses of a pulse train
are identical. The absolute electric fields are also identical for fe. = frep/2.

Jreps (2.20)

The spectral overlap

To enhance pulses in a resonator, the individual frequency comb lines have to overlap with the
cavity resonances. This is equivalent to requiring the per-shot spectral phase shift of the pulse
train ®¢.(w), to be equal to the spectral phase that a pulse acquires during one roundtrip in the
cavity ®cay(w) (Fig. [2.7). The frequency comb phase shift is defined by a function linear in w:

Jee LI (2.21)
frep frep
In the presence of intracavity dispersion, however, the roundtrip cavity phase ®.,,(w) is not
linear. A curvature of ®.,,(w) corresponds to a nonuniform resonance spacing and thus limits
the bandwidth over which a frequency comb can be enhanced (Fig. [2.7).

The quantity that one usually seeks to optimize in enhancement cavities is the effective
power enhancement E.g, defined by the ratio of intracavity power to input power. For a
frequency comb with spectral intensity [, this is given by:

_ [Ienlw)do U . J U(@)Er(0)lin(@)do
o [ ha(@do

introducing the spectrally resolved resonant enhancement Ex(w), which accounts for nonuni-
form spectral input coupling transmission and cavity attenuation, and the spectral overlap U(w)
between frequency comb lines and cavity resonances. Uy, represents the spatial overlap, which
was discussed in Section [2.2| Note, that we assume Uy, to be frequency independent, which is
typically a good assumption for the fiber amplifiers and fiber-based pulse compression setups
used in this thesis. The spectral overlap can be defined as:

Op(w) = 2

off : (2.22)

-1

2
U(w):(1+ %T(a))sin(%Ad)(a)))]) . (2.23)

The spectral overlap depends on the spectrally-resolved finesse ¥ (w) and the roundtrip phase
mismatch A®.(w) = Peav(w) — Pre(w), which corresponds to the detuning of each frequency
comb line from the closest resonance. The spectral overlap is one for A®,(w) = 0, and decreases
with increasing |A®,(w)|. The sensitivity of U(w) with respect to A®(w) depends on the F(w).
For the overlap to exceed a value of 0.5, the following condition applies:

|AD(w)]g5 < (2.24)

T
F(w)
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Figure 2.5: Spectral roundtrip phase and resonance spacing. The cavity is resonant for frequencies for
which the cavity roundtrip phase ®.,y(®) is equal to an integer multiple of 2. The width of the cavity resonances
is given by the finesse # of the cavity. A curvature in the roundtrip phase results in an uneven frequency spacing
of the resonances. For specific values of the carrier-envelope frequency f.. and the repetition frequency fre,
defining its pulse-to pulse phase ®¢.(w), there is an optimum overlap U(w) between input frequency comb and
cavity resonances. In the time domain, the simultaneous enhancement of frequency comb lines corresponds to
the enhancement of laser pulses. The maximum bandwidth and minimum pulse duration is limited by the spectral
width of U(w).

If ®.4v(w) is sufficiently well behaved, there is a set of frequency comb parameters ( fC%pt, rzgt)

associated with a clear maximum of E.g. The corresponding optimal roundtrip phase mismatch
Aq);)tp () is then:

AG™ () = Degy(®) - ipt (27{ FOP w) . (2.25)

ﬁep
In general, the optimal comb parameters for cavity enhancement can depend on the shape of
®c,v(w), the laser spectrum, and the spectral modulations of the resonant enhancement and
finesse of the cavity. If A®)” ") is sufficiently small to allow for an optimal spectral overlap
near unity within the laser bandwidth, however, the optimal comb parameters are determined
mainly by ®¢,y(w).

The roundtrip dispersion in practice{]

In the following, the practical importance of the properties of ®¢,v(w) are discussed for an
approximately linear spectral cavity phase over the relevant spectral bandwidth. In this case, it
is instructive to associate the terms appearing in Eq. with the terms of the Taylor series of
®.,v(w) at the frequency w, of the central cavity resonance:

Do (@) = 127 + B (00) (@ — @) + %Cbz(wc)(a) C R (2.26)

*An excellent review covering this and other aspects of femtosecond enhancement cavities for high-order
harmonic generation was presented by Mills et al. [71]]
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where ®y(«w.) = n27 by choice of w,.

The carrier-envelope-offset phase shift per roundtrip ®.. = —®;w. determines the optimum
offset frequency (OOF) P of the cavity. To allow for the enhancement of waveform-stable
pulses, it is required that ®.. = 0 (or .. = 7, for applications which are insensitive to the sign
of the field oscillation, such as isolated attosecond pulse generation). The OOF is determined by
the Gouy phase of the cavity caustic, the dispersion of the cavity mirrors, and the dispersion of
intracavity media if present. The cavity OOF is usually stable except for slow drifts that may be
caused by thermal effects in intracavity media. Depending on the phase noise properties of the
laser, the laser f. needs to be actively stabilized to achieve efficient low-noise enhancement [[90]].

The Ist-order term ®; corresponds to the roundtrip group delay (GD), i.e. the cavity’s optical
path length, and determines fr(;gt. In the macroscopic enhancement cavities used in this thesis,
the cavity length is subject to significant mechanical noise. To achieve stable enhancement,
the detuning of the frequency comb lines close to its central wavelength need to be actively
stabilized to zero. In the experiments presented in this thesis, this was achieved by generating
a Pound-Drever-Hall error signal [91] [92]], to feed a servo which acts on a piezoelectric and/or
electro-optic actuator in the laser oscillator.

The higher-order terms ®,, @, ... correspond to the roundtrip group-delay dispersion (GDD),
the third order dispersion (TOD), and so forth. These terms represent the curvature of the cavity
roundtrip phase. The presence of this curvature limits the spectral width over which the phase
mismatch A®)” “is negligible, and thus the bandwidth of the optimal spectral overlap U(w)
(Fig. [2.5). The higher-order contributions to the cavity phase comprise the dispersion of the
cavity mirrors upon reflection, and, if present, the dispersion of intracavity media. The shape
of the spectral phase of dielectric quarter-wave-stack coatings typically used as mirrors in
enhancement cavities, is characterized by an inflection point at their central wavelength. With
increasing positive and negative spectral distance to this point, the absolute value of the mirror
phase curvature increases (in negative and positive directions, respectively) (Fig. [2.5). In the
absence of intracavity media, i.e. in a cavity containing no transmissive optics and operated in
vacuum, it is the spectral mirror phase that poses the main limitation to the maximum width
of the enhanced intracavity spectrum I.,,(w) [51].

For a given mirror dispersion and number of mirrors, there is a trade-off between cavity
finesse and bandwidth (Eq. [2.24). Thus, it is advantageous to work with a cavity close to the
input-coupler-limited configuration to maximize the cavity enhancement (Eq. [2.6). The finesse
of enhancement cavities for HHG is typically in the range of 100 to 1000. Thus, A®.(w) must
be within about 0 + (3 — 30)mrad within the desired spectral bandwidth to achieve efficient
enhancement.

Multilayer mirrors

The spectral reflectivity and phase of dielectric multilayer coatings are determined by the
interference of all reflections within the many layers comprising the coating, and thus depends
on the individual thicknesses of the layers. These can be numerically optimized to approach a
desired (but not arbitrary) target reflectivity and phase. An important property of the resulting
coating design is its sensitivity with respect to the optical thickness errors of the layers, which
invariably occur during production. Empirically, the sensitivity of coating designs for highly-
reflective mirrors with a linear spectral phase increases with the bandwidth over which the
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phase is specified.

As a general rule, the bandwidth supported by the phase of dielectric cavity mirrors for
a given finesse scales with the contrast of the refractive indices of the two materials making
up the mirror coatings [93]. A higher refractive index, however, indicates a smaller bandgap,
resulting in a lower damage threshold [94] [95]]. Thus, there is a trade-off between mirror
damage threshold on the one hand and intracavity bandwidth (and pulse duration) on the other.
Typical material choices are SiO,/Ta;0O5 for a high damage threshold and low absorption, or
Si0;/NbyOs for larger bandwidth.

Enhancement of high-power pulses’|

The maximum peak intensity supported by cavity mirrors is limited by dielectric breakdown
of the highly-reflective coatings leading to irreversible mirror damage, with typical damage
thresholds being in the range of 10! W cm™ [72] for pulse durations in the few-hundred-
femtosecond range. In effect, the attainable peak power in an enhancement cavity is limited
by the cavity mirror on which the beam diameter is smallest. Thus, an ideal cavity geometry
optimized for high peak intensities in the focus must exhibit large mode profiles on all mirrors,
and a tightly focused waist. Independent of the cavity geometry, these requirements can be
met best by setting up the cavity close to one of its stability edges, where the mode size on
the focusing mirrors diverges. However, there is a major drawback to the operation of cavities
close to the stability edges: Together with the mode size divergence, the sensitivity of the cavity
alignment with respect to mirror alignment errors, and the sensitivity of the cavity mode with
respect to changes to the focusing power of mirrors, e.g. caused by thermal lensing, tend to
diverge.

The alignment sensitivity of different cavity geometries suitable for obtaining large modes
on all mirrors was recently investigated by Carstens et al. [73]]. In this work, symmetrical
bow-tie cavities set up close to the inner edge of the stability range (Fig. were identified
as the most robust design for high-power enhancement cavities. In general, the alignment
sensitivity of cavities tends to be much more severe at edges of stability where the Gouy phase
approaches a value of 27, than at edges where it approaches 7.

For the operation of cavities at high average powers, absorption of intracavity light leads
to thermal gradients in the cavity mirror substrates, and in transmissive cavity optics, if
present. The resulting mirror surface deformation and the temperature dependence of the
refractive index in transmissive optics distort the transverse phase and shape of the cavity
mode. Depending on their profile, these distortions act as thermal lenses and/or aberrations.

In a mirror-only bow-tie cavity close to the inner edge of stability, the defocussing thermal
lenses of the mirrors push the cavity configuration closer to the stability edge, leading to an
increase in mode size. A simple approximation for the focusing power R;llimr of thermal lens
on a mirror is [97]:

a P
& _Acoat. subst. ) (2.27)

R} s
Ksubst. W

mirror

with the incident power P, the absorption fraction of the coating Aco,t, and the thermal
conductivity kg,pst. and thermal expansion coeflicient agyps;. of the mirror substrate.

>The power scalability of enhancement cavities was thoroughly investigated in a recent dissertation [96].
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Figure 2.6: Thermal sensitivity. Plots of the thermal sensitivities Aw/AP of symmetric bow-tie cavities of total
lengths L, and mirror curvatures R close to the inner edge of stability, for a continuous range of initial mode sizes
wem on the focusing mirrors.

Using this approximation and the ABCD-formalism introduced in Section[2.2] the thermally-
induced cavity mode change upon an incremental increase in intracavity power ﬁ—}”, being a
good metric for the thermal sensitivity of a cavity, can be calculated [74] 96| 98]. Figure [2.6|plots
the thermal sensitivity versus the initial mode radius for three symmetric bow tie cavities of
different lengths close to the inner edge of stability. The sensitivity of the cavity mode with
respect to thermal lenses diverges at the edges of the stability zone, i.e. for large initial mode
sizes. For a given initial mode size, the thermal sensitivity decreases strongly with the cavity
length.

2.4 Nonlinear phase modulation

In the last section the limitation to the peak and average pulse power in enhancement cavities
was identified as a combination of thermally-induced lensing effects and nonlinearly-induced
optical damage. For many practical applications of enhancement cavities, however, another
group of nonlinear effects limit the enhancement at a much lower peak power. These are
self-action effects, i.e. effects in which a beam of light modifies its own propagation by means of
the nonlinear response of a material medium [99]. In the context of femtosecond enhancement
cavities, the most important self-action effects are temporal phase modulations caused by the
nonlinear refractive index of intracavity media.

Neglecting the transverse field distribution, the propagation of a light pulse with the
temporal field envelope A through a nonlinear medium over an arbitrarily small distance L can
be approximated in the comoving frame:

Alzo + L, 7) = A(zo, 7)e' 700D, (2.28)

with ®np(z, 7, L) being the nonlinear phase shift, provided that the changes to the pulse
envelope are small, i.e. the nonlinear response does not change over the distance L, and
nonlinear loss terms can be neglected.

For intracavity HHG, the two main sources for nonlinear phase shifts arise from plasma
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Figure 2.7: Nonlinear phase shifts. Temporal phase shifts produced by a sech®-shaped pulse upon propagation
through a medium exhibiting a Kerr nonlinearity(a), and an ionizable medium (b) for the case of a small ionization
fraction.

generation in the gas targef®|and from the Kerr effect. The latter occurs both in the gas target,
and in the transmissive cavity optics, which are used for XUV output coupling in many cavity
HHG setups. The Kerr effect is particularly relevant to stack-and-dump cavities, which so
far rely on transmissive optics for optical switching [63, [101]]. The Kerr phase shift ®ge,(t)
reads [99]:

[0
Derr(7) = —7OI(T)H2L, (2.29)

with n, being the second-order nonlinear index of refraction.
The plasma phase shift ®;,,(t) in a gas target with the number density ng,s, and an initial

density of ionized atoms n'™* can be approximated as [[100]:

T

q)plasma(f) = re/lc(ngas - nienit) exp [_ [ T [I(z)] dT,] L, (2:30)

using the the ionization rate I' [I(z”)], the central wavelength A. and the classical electron radius
re. In the low-intensity regime, the ionization rate scales as I", with n = I,/hw. being the
number of photons required to reach the ionization potential I, [102]. An analytical model
for I' [I(z")] valid over a broader parameter range was introduced by Perelomov, Popov and
Terent’ev (PPT) [103]. For ionization events occurring at a multi-megahertz rate, the initial
ionized fraction nie“it can be nonzero, forming the steady-state ionization fraction. Its value
depends on the fraction of atoms ionized per pulse, the recombination rate between pulses, the
repetition rate, and the gas exchange in the focal volume [64]]. Figure [2.7| shows the nonlinear
phase shifts associated with the Kerr effect and plasma generation for a Gaussian temporal
intensity envelope. In general, a nonlinear phase shift in the temporal domain alters both the
spectral phase and spectral shape of the pulses in the frequency domain, i.e. it generates new
frequency components [99]. There are three major repercussions for the operation of nonlinear
enhancement cavities.

%The effects of plasma generation in femtosecond enhancement cavities were introduced in greater detail in a
recent dissertation [[100]
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First, the nonlinear phase shift adds to the cavity roundtrip phase and results in an intensity-
dependent detuning of the cavity resonances. The Kerr effect will generally shift the cavity
resonances to lower frequencies, while the presence of plasma results in higher cavity res-
onance frequencies. The resulting coupling between power build-up in the cavity and its
roundtrip phase leads to interesting nonlinear cavity dynamics such as optical bistability [[99].
These dynamics complicate the frequency locking between driving laser and cavity, typically
increasing the intensity noise in the cavity, and making an in-lock adaptation of the servo
parameters necessary [64} [71]].

Second, a temporal phase shift also results in the creation of new spectral components.
The Kerr effect typically produces symmetric spectral broadening, while the temporal phase
shift associated with ionization results in a blue shift of the spectrum. As a result, the spectral
overlap with the driving laser pulses, and thus the enhancement, decreases. This effect currently
presents a main limitation for the power scalability of intracavity HHG and stack-and-dump
schemes [[63-H65]].

Third, for a nonuniform spatial distribution of the driving field, e.g. a Gaussian beam, the
transverse distribution of the nonlinear phase shift results in Kerr and plasma lensing effects,
and aberrations [64] [71]].

Temporal optical solitons

A particularly interesting regime for nonlinear pulse propagation exists in media exhibiting
both a Kerr nonlinearity and second-order dispersion. The pulse propagation in such a medium
can be expressed in the comoving frame by the nonlinear Schriodinger equation [99]:

0.A(T, 2) + if20%A(1, z) = i2ngeonawo|A(T, 2)|*At, 2), (2.31)

with f, being the group velocity dispersion of the medium. This equation has solutions for
which the group velocity dispersion term on the left hand side completely compensates for
the Kerr term on the right hand side. Such solutions represent solitons, i.e. pulses which travel
through a nonlinear dispersive medium without any change of their temporal and spectral
shapes. The fundamental, or first-order soliton is given by a hyperbolic-secant-shaped temporal
envelope:

A(z,7) = Agsech (1) e'*?, (2.32)
To

where the temporal width 7y and the phase shift upon propagation x are functions of the peak
intensity |Aq|%, reading:

= > and k=- >
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For a material of a given dispersion and nonlinear refractive index, Equation [2.32|thus represents
a continuous range of fundamental soliton solutions which exhibit a decreasing pulse duration
with increasing peak intensity. To represent physical pulses with positive values of the intensity
and squared pulse width, ny and f, must be of opposite sign. Because of this condition, “bright”
soliton pulses only exist in the anomalous (negative) dispersion regime, while a positive
dispersion can support more exotic “dark” solitons. Importantly, solitons are stable against
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perturbations, and arbitrary pulses of sufficient pulse energy will converge to a soliton pulse
upon propagation along a suitable medium [104]].

Temporal solitons are an important concept in the context of fiber optics, where mode
guiding facilitates low-loss propagation over long distances in a homogeneous medium [[104]].
As dissipative solitons, generalized solutions which also account for loss and gain mechanisms,
they also play a major role for the mode locking of lasers [17,[105], and have more recently
been demonstrated in passive microresonators [[10} 11, [106]] and fiberresonators [107].
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Qutline of results

In this chapter the individual studies comprised in this thesis are summarized and motivated in
the context of the research objective. The full results are presented in the form of five published
articles and one recently submitted manuscript, compiled in Part [II of this thesis. The five
experimental studies relevant to cavity-enhanced HHG are arranged in the order in which the
related work was performed. A further article outlining a proposal for a power-scalable cavity
dumping device is appended.

3.1 Power scalability in the presence of thermal lensing

Prior to this work, the limitations to the power scalability of (empty) enhancement cavities
were investigated, and identified as a combination of intensity-induced mirror damage, and the
sensitivity of the cavity mode with respect to thermally induced deformations of the mirror
surfaces and thus distortions of the spatial roundtrip phase [72} 74, 98]. The latter effect results
in thermal lensing, causing changes of the cavity mode size, and aberrations, causing mode
deformation and losses to the fundamental Gaussian beam (Section [2.3). By optimizing the
mirror properties for minimal surface deformation, record values for the average power in
mirror-only enhancement cavities were achieved [74]]. Still, the cavity was subject to significant
thermally induced mode distortions. Also, many cavity HHG experiments [23, [108HI11]] rely
on a transmissive optic, usually a thin Brewster plate, for XUV output coupling, raising the
question how such elements affect the power scalability of enhancement cavities.

Balancing of thermal lenses in enhancement cavities]

In the first study presented in this thesis, we extended our previous power scaling experi-
ments [74] to cavities including Brewster plates. In particular, we developed a scheme for
power-independent thermal lens compensation, exploiting that the shapes of the spatial phase
distortions caused by laser-induced mirror deformations on the one hand, and refractive index
changes in transmissive elements on the other, are similar but of opposite sign. As a result,

The full study was published on February 27th, 2015 in Optics Letters[112], and is included together with a
statement of author contributions in Chapter
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the thermal lenses caused by the cavity mirrors and a Brewster plate can compensate for each
other. To this end, the strength of lensing effects in all components must be carefully balanced.

We investigated the balancing of thermal lenses in enhancement cavities theoretically,
modeling the laser-induced spatial phase distortions with finite element simulations, and
performed cavity experiments using a high-power ytterbium-fiber amplifier system [69]. To
achieve a compensation of thermal lenses with the available Brewster plates we installed
mirrors with higher thermal deformation coefficients than those used in [74]. The model and
experimental results show excellent agreement. We showed that thermal lenses can be used to
compensate the astigmatism of the cavity mirrors at a given power. We demonstrated that the
thermal lensing behavior of a thin Brewster plate can be fine-tuned by convective cooling with
a directed gas flow. With this technique, we achieved a power-independent cavity mode size
for intracavity average powers up to 160 kW. Furthermore, the mode deformation, being an
indicator for aberrations, is significantly reduced with respect to the same cavity without the
Brewster plate.

This work demonstrated that the choice of Brewster plate material, thickness, orientation
and cooling, presents degrees of freedom to control the mode shape evolution with increasing
power. The average power reported here surpasses previously reported average powers in
enhancement cavities with transmissive elements by more than an order of magnitude [110],
but is significantly lower than that achieved in an optimized mirror-only enhancement cavity
[74]. The presented scheme will be of particular interest for cavity experiments requiring
transmissive elements for XUV output coupling or other purposes, such as intracavity pulse
compression (Chapter [9) or other frequency conversion mechanisms.

3.2 Power scalability in the presence of ionization

In the presence of laser-induced plasma generation in a gas target, a prerequisite for HHG,
the peak intensity in the enhancement cavity is limited by the associated temporal phase
shifts, most importantly those occurring on the time scale of the pulses. The resulting intensity
clamping sets in at a specific value of this phase shift, which depends on the finesse [64]. While
models which can qualitatively describe the processes at the bottom of this limitation have
been introduced in previous studies [64,65], a quantitative, experimentally validated model of
intracavity plasma generation remained highly desirable to allow for a global optimization of
cavity HHG.

Femtosecond enhancement cavities in the nonlinear regime’|

Within the framework of this thesis, experimental work for the validation of an ab-initio
model developed primarily by Simon Holzberger was conducted. In particular, the intracavity
spectrum, peak intensity and the relative spectral phase between intracavity pulses and driving
pulses were measured in presence of a xenon gas target, for three different pulse durations. To
this end, we used driving pulse durations of down to 30 fs from a nonlinearly-compressed fiber
amplifier system [67], resulting in an intracavity pulse duration of down to 35 fs, limited by

2The full study was published on July 8th, 2015 in Physical Review Letters[115], and is included together with a
statement of author contributions in Chapter @
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the cavity mirror dispersion. For precise measurements of the nonlinearly-induced spectral
phase we employed spatial-spectral interferometry, which has previously been shown to allow
measurements of the linear intracavity dispersion with a sensitivity of less than 1 fs? [114].

The numerical model exhibited quantitative agreement with the experimental results. Sub-
sequently, the model was used to derive an empirical scaling law for the clamping intensity, i.e.
the peak intensity in the gas target, for which a further increase in input laser power results
in negligible increases of the intracavity power. The scaling law shows that the clamping
intensity increases with decreasing finesse, pulse duration, and the product of gas density and
target length (Chapter 6| Eq. 4 and Table 1). As a result, it is generally desirable to decrease
the experimental values of these parameters as far as possible to optimize HHG efficiency, in
particular for high photon energies. In practice, the gas density is usually an exception to this
rule, since an optimum gas density is determined by the phase matching condition.

Furthermore, the numerical model was used to theoretically investigate a novel scheme
for exploiting the nonlinear plasma phase shift for the efficient temporal compression of
intracavity pulses. The concept relies on the use of input coupling mirrors with a tailored
spectral reflectivity. It was shown that for an optimized spectral reflectivity curve, in theory a
stable steady state exists in which the temporal plasma phase facilitates efficient intracavity
pulse compression by a factor of five, and a significantly increased XUV conversion efficiency
compared to a “standard approach” cavity, employing input couplers of approximately uniform
reflectivity.

3.3 Towards waveform-stable few-cycle pulse enhancement

In the previous section, decreasing the intracavity pulse duration was identified as a promising
approach to increase conversion efficiencies in standard-approach cavity HHG. A significantly
shorter intracavity pulse duration than those supported by standard quarter-wave-stack mirrors
could furthermore enable the generation of isolated attosecond pulses via cavity HHG with
temporal gating techniques [78] [80, 81]]. Apart from progress on decreasing the intracavity
pulse duration, isolated attosecond pulse generation requires cavities suitable for enhancing
waveform-stable pulses, i.e. having an optimum offset frequency of zero or equaling half the
repetition rate.

Both the optimum offset frequency and the bandwidth, and thus minimum pulse duration
of cavities depend on the spectral phase of the cavity mirrors. To optimize the spectral cavity
phase we implemented novel mirror designs, and used different designs in a single cavity to
compensate for production errors.

Enhancement cavities for zero-offset-frequency pulse traing’

To control the optimum offset frequency of a broadband enhancement cavity, we implemented
two mirror designs with slightly differing carrier-envelope phase shift upon reflection. The
mirror designs were based on quarter-wave stacks using SiO,/Nb,Os layers, with small vari-
ations of the uppermost layers changing the phase upon reflection, and achieving a slight

3The full study was published on April 14th, 2015 in Optics Letters[113], and is included together with a
statement of author contributions in Chapter
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increase in bandwidth. Implementing these mirrors in a femtosecond enhancement cavity,
we determined the optimum offset frequency for different mirror combinations. We found
excellent agreement of the measured carrier-envelope phase shift upon reflection with the
mirror design. For a suitable mirror combination, we demonstrate a cavity set up close to
its inner edge of stability with an optimum offset frequency of zero, and supporting a pulse
duration of 30 fs. Furthermore, we showed that the mirror design variations introduced for
offset frequency control do not compromise the damage threshold of the coatings.

Enhancement cavities for few-cycle pulses’]

To further reduce the supported pulse duration, we investigated mirrors based on more complex
multilayer designs. To characterize the spectral phase of the mirrors we implemented a
sensitive multi-pass spatial spectral interferometry setup. We found significant deviations
of the measured spectral phase of the produced coatings from the designs. Multiple coating
runs yielded mirrors with approximately opposite spectral phase curvatures, allowing the
setup of a broadband enhancement cavity with an optimum offset frequency equaling half
the repetition rate. The enhanced intracavity spectrum, and its relative spectral phase show
excellent agreement with simulations based on the mirror phase measurements, confirming
their utility. A thorough characterisation of the intracavity pulse yielded a duration of 19 fs.
The cavity bandwidth could be further extended by introducing additional dispersion in the
form of 24 mbar of air, resulting in a -10-dB bandwidth of 195 nm.

3.4 Intracavity pulse compression

While the efforts towards shorter pulse durations described in the previous section yielded a
significant improvement over the state of the art, the results were clearly close to the current
technological limits in terms of coating deposition accuracy and multilayer design, and thus
marked the lower limit of pulse durations achievable in linear femtosecond enhancement
cavities, and the standard approach of cavity HHG. In a next step, we followed up on the
encouraging simulations on the intracavity pulse compression in nonlinear enhancement
cavities with spectrally tailored input coupling. While the simulations were performed for
intracavity plasma phase shifts, we decided to experimentally investigate this scheme for a
cavity exhibiting a Kerr nonlinearity [63} [117]. For this case, the generation of spatial and
temporal cavity solitons in microresonators and fiber resonators [10} 11}, 106, 107, 118} [119] has
recently attracted significant interest [120]].

The resonator architectures in which cavity solitons have been demonstrated to date are
based on total internal reflection inside of a Kerr medium, with transverse mode diameters
on the micrometer scale, and thus differ fundamentally from the macroscopic free-space
enhancement cavities subject to this thesis. Moreover, all previous soliton cavities exhibited
an approximately uniform spectral input-coupling transmission. In this case, the coupling
efficiency of an external laser driving the soliton cavity is limited by the temporal and spectral
overlap with the intracavity pulse [121} [122]. The effective average power enhancement in

*The full study was published on January 11th, 2017 in Optics Letters[116], and is included together with a
statement of author contributions in Chapter
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a cavity soliton state with respect to the linear resonant enhancement is thus decreased at
least by a factor proportional to the spectral broadening or temporal compression factor of the
soliton with respect to the driving laser. In other words, peak-power enhancement in a cavity
soliton state cannot surpass the resonant power enhancement that would be achieved in the
same cavity in the absence of nonlinearity.

Temporal solitons in free-space enhancement cavities’

We investigated a more efficient concept for temporal cavity soliton generation based on a
spectrally tailored input coupler reflectivity conceptually similar to the proposal in Chapter 6]
in a free-space femtosecond enhancement cavity. The Kerr nonlinearity was generated in a
Brewster plate similar to those used for XUV output coupling and in our demonstration of
thermal-lens balancing. The input coupling mirror exhibited a high reflectivity over its spectral
range with exception of narrow notch in the center of its spectral range, where its transmission
is about 1%. Its spectral width and position approximately match the spectrum of the 350-fs
pulses delivered directly by the ytterbium-fiber amplifier of the driving laser. The roundtrip
dispersion of the cavity was optimized using the mirror characterization scheme introduced
in Chapter (8| Furthermore, we introduced a locking scheme using an auxiliary laser that is
insensitive to the nonlinear cavity phase shifts.

Controlled detuning of the driving laser lock allowed for the generation of intracavity
solitons with a duration of 37 fs. The average power enhancement in this soliton state was 366,
and the peak power enhancement was 3200. The linear power enhancement in the same cavity
was 444, applying both to the peak and average power, for the same laser spectrum at a much
lower power. The exceptional peak power enhancement in the soliton cavity state, achieved at
a temporal compression factor above nine significantly surpasses the enhancement of linear
cavities capable of supporting similar pulse durations. We found that the intracavity soliton
reproduces the driving frequency comb structure, and found an interesting low-frequency
intensity-noise suppression mechanism. Notably, the nonlinear phase shift at which the soliton
operates far exceeds the phase shift for intensity clamping in standard-approach nonlinear
cavities at similar peak power enhancements.

3.5 Proposal for cavity dumping

The last manuscript included in this thesis proposes a novel concept for periodic dumping of
pulses from optical cavities. While not directly connected to cavity-enhanced HHG, the use of
passive resonators to store energy from a pulse train in a pulse circulating in the cavity, which
is then periodically released from the cavity, has been subject of early work on enhancement
cavities [51,[124-126]], and has recently found renewed interest in the context of next-generation
high-pulse energy lasers based on ytterbium-fiber amplifiers [52,[101]]. To extract, or “dump”,
the powerful circulating pulse from the cavity, a fast optical switch is used. In all experiments
performed so far, acousto-optic modulators were employed for this purpose. When inserted in

SThe full study is included together with a statement of author contributions in Chapter@ A revised version of
this manuscript has been published in Nature Photonics [123]] after submission of this thesis on January 21st, 2019.
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the cavity under Brewster’s angle, they produce very low losses, and are capable of sufficiently
fast switching times.

Many design considerations relevant to the power scalability of this concept, termed “stack-
and-dump”, are similar to those for cavity-enhanced HHG. In particular, these relate to optically
induced damage, thermal lensing, dispersion, and nonlinear effects in intracavity media. The
main limitation to the power scalability of stack-and-dump setups is posed by the nonlinear
phase produced by the Kerr effect in the optical switch [101} [126]. While the application of
the intracavity soliton compression scheme described in the preceding section could be an
interesting prospect, the power scalability of the linear stack-and-dump scheme would benefit
tremendously from an output coupling scheme avoiding transmissive elements [52]].

Ultrafast optomechanical pulse picking

Here we propose a scheme for moving part of the intracavity beam path by using one or more
rotating mirrors. To achieve a stable beam path in the remaining cavity, one or more static
mirrors are used to image the rotating mirror onto itself, or onto a second, synchronized mirror.
In this fashion, the beam path on the imaging optics can be brought to move over a circle
with a large circumference, while using a small rotating mirror, allowing high revolution rates.
As a result, the beam path can move by a distance larger than the beam width during one
pulse repetition period in the a cavity. An individual pulse from the pulse train can then be
dumped by placing an output coupling element, for instance a mirror edge, at some point along
the circle described by the beam path over one mirror revolution. Requiring no transmissive
elements, a cavity dumper based on this concept would offer large improvements in terms of
power scalability.

We proposed several possible implementations of this concept, and discuss practical pa-
rameters for its application in stack-and-dump enhancement cavities and high-pulse-energy
regenerative amplifier cavities, and found that the major challenge for an experimental imple-
mentation of this concept will be posed by irregularities of the rotor motion causing cavity
misalignment and synchronization issues. First measurements on a rotating mirror based on a
self-bearing permanent-magnet motor [128]] at rotation frequencies of up to 5 kHz, indicating
that sufficient motion stability for some of the proposed implementations may be within reach
of further technological development [129].

SThe full study was published on January 16th, 2017 in Applied Physics B [127], and is included together with a
statement of author contributions in Chapter



Conclusion

Summary

In the years preceding this thesis, the limitations of enhancement cavity technology for ul-
trashort high-energy pulse enhancement in general, and high-order harmonic generation in
particular, have become increasingly well understood. In this thesis, several novel approaches
to tackle these limitations are presented. To this end, different levers to control the roundtrip
phase of enhancement cavities, in particular in the presence of thermal and nonlinear effects,
have been investigated.

We have demonstrated the compensation of the spatial roundtrip phase distortions caused
by thermal lensing through a proper choice of transmissive cavity optics, allowing control
over the cavity mode evolution with increasing intracavity power. Using this scheme we have
demonstrated the elimination of thermally-induced mode change in a large-mode enhancement
cavity for average powers up to 160 kW.

We have optimized the spectral roundtrip phase by combining different appropriately
designed and accurately characterized mirror coatings, allowing for the enhancement of field-
stable pulses and of pulses with significantly shorter durations than achieved in previous
femtosecond enhancement cavities.

We have investigated a novel approach to the operation of nonlinear femtosecond en-
hancement cavities, showing that by tailoring the input coupler reflectivity and spectral cavity
phase, the nonlinearity-induced temporal phase shifts can be utilized for efficient intracavity
pulse compression. This approach was investigated theoretically for the case of plasma phase
shifts, and demonstrated experimentally with the generation of temporal cavity solitons for
the case of an intracavity Kerr nonlinearity. In the soliton state, the self-phase modulation in
a transmissive element in the enhancement cavity is compensated by the spectral phase of
mirrors, and a tailored input coupler allows for a peak-power enhancement surpassing the
resonant enhancement of the linear cavity by nearly an order of magnitude.

Additionally, we have proposed a scheme for the cavity dumping of energetic infrared
pulses.
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Outlook

Over the last decade, cavity-enhanced high-order harmonic generation has matured, recently
allowing the application of coherent, multi-megahertz pulsed XUV radiation for time and
frequency resolved experiments (23] 111} 130-132]. Further development of these sources
depends on the optimization of phase matching between infrared and XUV fields under the
constraints of passive resonant enhancement, where significant advances have been reported
recently [70, 133], and the power scalability of enhancement cavities, in particular in the
presence of plasma generation and XUV output couplers. The results of this thesis contribute
to the understanding of limitations to this power scalability, and offer novel approaches for its
extension.

Our experiments on thermal lens compensation show that the operation of high-power
enhancement cavities at the edge of stability, providing large spot sizes and therefore low
intensities on the optical elements, is possible even in the presence of intracavity Brewster plates,
which, being robust, simple, and exhibiting extremely low losses to the cavity beam, present
a well-established concept for XUV output coupling [23, 108-111]]. As a result, the thermal
balancing approach facilitates the power scalability of this output-coupling technique, which
is typically limited by the Kerr effect in the Brewster plate [110], beyond the approximately
10 kW of average power typically used in present cavity HHG experiments [56} 60} [70, 110, 1301,
while allowing to maintain a power-independent mode size, and enabling compensation of
astigmatism. Further development of this concept, for instance using Brewster plates with
higher thermal conductivity or less absorption, and low-absorption mirror coatings [74], could
offer a path to advancing the average power for picosecond enhancement cavities beyond
one megawatt, which would be highly desirable for X-ray sources based on inverse Compton
scattering [134-136]).

Together with the carrier-envelope phase control of high-power lasers [84], the control
of the optimal cavity offset frequency demonstrated here constitutes a vital step for isolated
attosecond pulse generation in enhancement cavities. The advances in intracavity pulse dura-
tion, culminating in the enhancement of pulses comprising less than six optical cycles, mark
the first time that temporal gating techniques [75H79] could realistically be employed in cav-
ities [80} [81]]. Together, these results provide the prerequisites for isolated attosecond pulse
generation at multi-megahertz repetition rates. Moreover, the demonstrated intracavity pulse
duration will benefit efforts to extend the reach of cavity enhanced HHG sources towards
higher photon energies by facilitating higher clamping intensities, and may find application in
cavity-enhanced frequency-comb or ultrafast spectroscopy [137, [138]. The simple approach
for precise mirror phase characterization demonstrated in this context will simplify the setup
of broadband enhancement cavities and may facilitate further advances in supported pulse
durations.

The clamping law for intracavity plasma generation represents a valuable tool for the
layout of future cavity HHG setups, which, together with phase matching considerations
[133,[139], allows for an estimation of the ideal cavity finesse and enhancement for given laser
pulse parameters. It has already been employed for the next generation of multi-megahertz
HHG sources developed in our group (70| [140]], facilitating space-charge-free photo-electron
spectroscopy with an unprecedented photoelectron flux, and photon energies up to 60 eV
[140]. Currently, this system is being employed for laser-dressed attosecond photoelectron
spectroscopy in solids, using the RABBIT technique [141-144]).
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The locking scheme demonstrated here for cavity soliton generation will also benefit cavity
HHG setups by avoiding the servo dynamics caused by nonlinear phase shifts which can affect
the conventional locking concept [56} 64} 71]]. This will reduce phase and amplitude noise of the
generated XUV and may allow tuning further along the upper branch of the bistable nonlinear
cavity resonance [71]], resulting in improved conversion efficiencies.

Apart from presenting approaches to extend the power scalability of the standard approach
of cavity-enhanced high harmonic generation, this thesis offers a first glimpse at an intriguing,
novel regime of nonlinear enhancement cavity operation characterized by efficient intracavity
pulse compression. While these demonstrations do not yet answer the question of whether
this can be harnessed to benefit cavity enhanced high-harmonic generation, the peak power
enhancement, tolerance of spectral phase deviations and nonlinear shifts, and the noise filtering
properties associated with this regime mark it as a high-value target for further investigations.
Its potential for cavity HHG could be unlocked either by (I) including a gas target in a high-
power soliton cavity employing a separate Kerr nonlinearity for intracavity pulse compression
generation, or by (II) optimizing a cavity for pulse compression through the plasma nonlinearity
itself.

The viability of approach (I) depends on the interaction between soliton and plasma non-
linearity in the cavity, which, in a first step, can be studied numerically. An experimental
realization would require a solution to the thermal problems limiting the power scalability
in our proof-of-principle cavity soliton experiment, which will likely include the use of high-
thermal-conductivity substrates, an optimization of the dispersive and tailored-reflectivity
mirrors for low absorption, and the thermal-lens balancing approach demonstrated earlier.
Assuming that the cavity soliton robustness to roundtrip phase distortions scales similarly to
linear enhancement cavities, it should be advantageous to implement a soliton cavity with a
far lower peak-power enhancement than demonstrated here for cavity HHG experiments. The
Brewster plate producing the Kerr effect could be used simultaneously for XUV output coupling.
Alternatively, soliton generation could rely on the Kerr nonlinearity in the gas target itself.
This scheme for cavity-soliton driven high-harmonic generation would be conceptually similar
to HHG in mode-locked laser oscillators [[145], but would offer greater control of the soliton
state, and potentially higher intracavity power and shorter pulse durations. It is important to
note that the presented cavity soliton study constitutes a first proof-of-principle experiment,
and leaves room for further optimization. Such efforts will benefit from the approaches for
control of thermal lensing and the spectral roundtrip phase of cavities presented earlier in this
thesis.

Important next steps on the path to realizing approach (II) would include numerically
exploring stable steady states for realistic cavity mirror designs and driving pulses, and investi-
gating whether they can be experimentally accessed using a locking scheme similar to the one
employed for Kerr soliton generation.
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Thermal lensing poses a serious challenge for the power scaling of enhancement cavities, in particular when these
contain transmissive elements. We demonstrate the compensation of the lensing induced by thermal deformations
of the cavity mirrors with the thermal lensing in a thin Brewster plate. Using forced convection to fine-tune the
lensing in the plate, we achieve average powers of up to 160 kW for 250-MHz-repetition-rate picosecond pulses
with a power-independent mode size. Furthermore, we show that the susceptibility of the cavity mode size to

thermal lensing allows highly sensitive absorption measurements.
(140.4780) Optical resonators; (140.7240) UV, EUV, and X-ray lasers.
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In high-finesse passive optical resonators, the pulses of a
mode-locked laser can be coherently stacked to achieve
a power enhancement of several orders of magnitude.
Such enhancement cavities (ECs) are powerful tools
for driving frequency conversion processes exhibiting
low single-pass efficiencies such as high-order harmonic
generation (HHG) in gaseous media [1,2] or inverse
Compton scattering from relativistic electrons [3,4] at
high repetition rates. Another promising application of
this generic concept has been the “stack and dump” ap-
proach, where a stretched femtosecond pulse circulating
in the EC is periodically dumped after having built up to
allow for high pulse energies while almost maintaining
the high input average power [5,6]. In the resonant state,
high-finesse ECs exhibit an enhanced sensitivity towards
changes of their longitudinal and transverse field distri-
butions, making them uniquely sensitive measurement
tools for application fields ranging from gravitational-
wave detection [7] over molecular spectroscopy [8], to
the measurement of linear [9] and nonlinear [10] polari-
zation response of materials.

Together with intensity-related damages, thermal ef-
fects in the cavity optics ultimately limit the achievable
intracavity peak and average power. In a previous work
[11], we demonstrated the enhancement of ultrashort
pulses to average powers of several hundreds of kilo-
watts. To avoid intensity-induced damage, large spot
sizes on the mirrors are necessary. This can be conven-
iently achieved at an alignment-insensitive edge of the
resonator stability zone [12]. Even though the dielectric
mirrors employed in [11] were carefully chosen to min-
imize susceptibility to thermal lensing, at hundreds of
kilowatts of average power, the transverse cavity mode
was significantly affected by thermally induced changes.
Many high-power applications require transmissive ele-
ments in the beam path of the EC, rendering thermal
lensing an even more serious challenge. For instance,
in cavity-enhanced HHG Brewster plates [13] or anti-
reflection-coated plates placed at grazing incidence
[14] can be used to couple out the generated radiation.

0146-9592/15/050843-04$15.00/0
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Another example are nonlinear conversion processes
in intracavity crystals, such as terahertz generation [15],
intrapulse difference-frequency generation [16], or spec-
tral broadening via self-phase modulation [17,18].

In this Letter, we experimentally and theoretically
investigate thermally-induced changes in the size of the
modes of high-finesse cavities containing transmissive
elements. We show that the optics of an EC can be
chosen such that the thermally-induced phase-front dis-
tortions largely compensate for each other. To precisely
balance the contribution of a thin plate with those of the
mirrors, we demonstrate a technique to fine-tune its ther-
mal lensing characteristics. With this method, we achieve
an intracavity average power of 160 kW in an EC contain-
ing a fused silica Brewster plate (BP), while drastically
reducing thermally induced changes of the mode size.
The susceptibility of the mode size to thermal lenses
allows for measurements of total absorptions of thin
transmissive plates in the range of 0.1 ppm.

The concept of combining optics with different
dependencies of dioptric power on temperature to athe-
rmalize imaging systems has been used since the 1940s
[19]. Later, this approach was used to mitigate self-
induced thermal lensing of the gain medium in laser res-
onators [20-22], focusing optics for laser machining [23],
and other high-power laser optics [24,25]. In ECs, such
compensation has to be achieved at average powers of
hundreds of kilowatts, which is orders of magnitude
higher than in previous applications of the concept.

Thermal lensing of mirrors is caused by absorption of
the incident power P in the coatings. The resulting ther-
mal expansion of the substrate deforms the mirror sur-
face, causing it to act as a defocusing optical element
upon reflection. The thermally-induced radius of curva-
ture R..p scales as [26]

e)

with the absorption coefficient of the coating A, the ther-
mal conductivity x and thermal expansion coefficient @ of

aA
R;elfl X =3 - P,
KW

© 2015 Optical Society of America
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the substrate, and the 1/¢® intensity radius w of the in-
cident beam. By using coatings with an absorption of
a few ppm and low-expansion glass substrates, thermal
deformations can be alleviated [11]. However, the high
bulk absorption of low-expansion glasses prevents their
use as substrates for input couplers of ECs [11]. Thus,
thermal lensing in state-of-the-art all-reflective ECs is do-
minated by the surface deformation of the input coupler.

In transmissive elements, thermal lensing effects are
caused by absorption in the bulk material as well as in
coatings. The resulting temperature distribution also
leads to surface deformations, but usually their effect is
negligible compared to the phase front distortions caused
by the temperature-dependence of the refractive index
dn/dT. The lensing effect scales as [27]

al dn

s & T P, @
with [ being the thickness and a the absorption coeffi-
cient of the element. In most materials the temperature
coefficient of the refractive index is positive, resulting in
focusing thermal lenses. Because of the low tempera-
tures and thermal gradients seen in the experiments,
we neglect the dependence of the thermal conductivity
on temperature, and stress-induced effects.

To understand how focusing and defocusing thermal
phase front distortions affect a resonator, it is useful
to distinguish between their parabolic and higher-order
content. Purely parabolic phase front distortions act as
perfect lenses altering the focusing geometry of the cav-
ity and, thus, its position in the stability zone. This
changes the mode size and can lead to configurations
where higher order transverse modes are degenerate
with the fundamental mode [28]. The dependence of the
mode size on the focusing geometry diverges at the edges
of the stability zone. To avoid mirror damage, the EC can
be operated close to the inner edge of stability, where the
illuminated areas on the mirrors are increased [12]. Here,
a defocusing thermal lens pushes the cavity further
towards the edge. Additionally, all transverse modes with
even orders converge at this edge of stability [28]. The
higher order content of thermal phase front distortions
facilitates coupling of the fundamental transverse mode
to higher order modes, causing losses [11]. These effects
make a precise compensation of both thermal lensing
and aberrations desirable. Conversely, the susceptibility
of high-finesse cavities to thermal effects can be
exploited to measure small absorptions with a high
sensitivity [29,30].

We simulated the deformation of the input coupler
caused by the absorption of a Gaussian beam using the
finite-element solver COMSOL. Figure 1 shows the phase
front distortion produced by a beam of 100 kW on a mir-
ror with a coating of 5 ppm absorption and a fused-silica
substrate. Heat exchange with the ambience is assumed
to take place only via radiation, with the emissivity of the
mirror being 0.95. A parabolic fit to this profile, weighted
with the incident intensity profile, yields its dioptric
power. The residuals of this fit represent aberrations.
We find that a thin fused-silica plate placed in a colli-
mated arm of the cavity is well suited to compensate for
the thermal aberrations of the input coupler (Fig. 1). The

Phase shift [rad]

6 4 2 0 2 4 6

Transverse coordinate [mm]
Fig. 1. Simulated thermal phase distortion profiles induced by
an elliptical Gaussian beam. Profiles are plotted for a mirror, a
Brewster plate, and their sum in both the sagittal (s, solid lines)
and tangential planes (¢, dotted lines).

plate is placed at Brewster’s angle to minimize losses and
to avoid additional absorption in anti-reflection coatings
[Fig. 2(a)]. The projection of a round beam on the plate is
then an ellipse, with the ratio of its major to its minor axis
being about 1.76. This leads to astigmatism of the thermal
lens, with the shorter focal length in the plane of the tilt.
Because of the different shapes of the heating patterns
on the input coupler and on the BP, their thermal lenses
cannot be perfectly matched in the sagittal and tangential
planes simultaneously [Fig. 1]. Thus, the ellipticity of the
cavity mode will change with intracavity power. For a
cavity close to the inner edge of the stability zone with
non-zero angles of incidence on the curved mirrors,
the mode is elliptical in the cold state. Its major axis lies
in the sagittal plane of the mirrors. By placing the BP
such that the tilt angle is within this plane, its astigmatic
thermal lensing behavior can be exploited to compensate
for the initial ellipticity at a given intracavity power.
To model the thermal sensitivity of a specific cavity
design, we use the metric introduced in [11], given by
the slope of the beam radius on a curved mirror as a func-
tion of the intracavity average power. Close to the inner
edge of the stability zone the mode change evolves nearly
linear with the intracavity power, making this metric a
useful tool to estimate the behavior of the cavity even
for high powers [11]. First, we calculate the mode size
in both planes for the cold, i.e., low-power cavity. Next,
we simulate the heating of the input coupler and of the
BP by this beam for a small power in 3D using COMSOL

Input Brewster
plate

Nozzle

(b) Thermal ¢\
camera

Power
meter

S

Short-pulse

Yb-fiber laser

250 MHz \‘j‘,
up to 420 W HR Vacuum chamber HR ccD

Fig. 2. (a) Sketch of the compensation scheme. The Brewster
plate (BP) is tilted in the sagittal plane. The minimal angle of
incidence (AOI) depends on the distance between input coupler
(IC) and BP, and the mode size. The plate can be cooled with
nitrogen gas. (b) Schematic of the experimental setup.
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and extract the resulting phase distortion profiles (Fig. 1).
From these we obtain the sagittal and tangential focusing
powers of the thermal lenses by a parabolic fit, weighted
with the incident intensity profile. By plugging the result-
ing thermal lenses into the cavity model, we calculate the
mode size of the warm cavity and its thermal sensitivity.
In Fig. 3, a the thermal sensitivity of a symmetric 2.4-m
bow-tie cavity is plotted against the initial mode size. The
simulations were performed for cavity configurations
close to the inner stability edge, with the positions in
the stability zone corresponding to the initial mode size
[Fig. 3(2)].

In the experiment, we use a four-mirror cavity seeded
by the Yb:fiber-based chirped-pulse-amplification laser
system published in [31]. It delivers 250-fs pulses cen-
tered at 1040 nm with a repetition rate of 250 MHz and
up to 420 W of average power. The pulses were stretched
to about ten picoseconds for the experiments to exclude
nonlinear effects. The laser is locked to the EC using the
Pound-Drever-Hall scheme. The cavity comprises three
high-reflectance mirrors with ultra-low-expansion glass
substrates and an input coupler with a reflectivity of
99.85% on a fused-silica substrate, and is placed in a vac-
uum chamber [Fig. 2(b)]. It is set up in a symmetric bow-
tie geometry [12] with two 600-mm radius-of-curvature
mirrors. The distance between the curved mirrors can
be varied to adjust the position in the stability zone.
We use a round BP made of fused silica (Suprasil 311,
Heraeus), with a diameter of 25 mm and a thickness of
100 pm. To avoid clipping the cavity beam while minimiz-
ing the angles of incidence on the mirrors, the BP is
placed as indicated in Fig. 2. To determine the thermal
sensitivity of the cavity, the mode profile on one of the
curved mirrors was measured for a range of intra-cavity
powers using the same diagnostics as described in [11].
The obtained data was fitted by a linear function. The
thermal sensitivity is given by the slope of the fit function,
and the initial mode size corresponds to its value at zero
power [Fig. 3(b)]. Measurement series were performed

(a) 0.03 =
5 0.02 —M
001 . BP
g o withou! t Model
£ 0,00 R s Lo / ----------
\3 -0.02 r—* 1T & T % t & % &t ¢+ T & T
° 16 18 20 . 2 2.8 3.0
- A E
-
] R
é 2.4 - "n.:_ linear fits E
B 1.8+ 2 S - !. &
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0 20 40 - =
P, kW] ¥
Fig. 3. (a) Thermal sensitivity plotted versus the initial mode

size in both the sagittal (s, squares) and tangential (¢, triangles)
plane. The model (solid lines) agrees well with the experimental
results (symbols). The points marked by red circles are derived
from the data shown in (b). (b) Beam radius versus intracavity
power with and without a Brewster plate (BP) (symbols) and
linear fits (dashed lines). Beam profiles are shown for both
cases at an intracavity power of 61 kW.
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with and without the BP for different cavity configura-
tions close to the inner stability edge [Fig. 3(a)].

The model can be fitted to the experimental results by
using the absorptions of the input coupler and of the BP
as free parameters. For absorption values of 3.2 ppm in
the mirror and 0.28 ppm in the plate, theory and experi-
ment show excellent agreement [Fig. 3(a)]. The measure-
ments allow distinguishing absorptions with a resolution
of about 0.5 ppm in mirrors and 0.02 ppm in BPs. With the
Brewster plate, a clean, round mode is achieved at 62 kW
with a power enhancement factor of 1300. The experi-
ments demonstrate that the astigmatism of the thermal
lens from the BP can be used to eliminate the initial mode
ellipticity. Still, the thermal sensitivity differs signifi-
cantly from zero, meaning that the balancing of thermal
lenses is not perfect [Fig. 3(b)].

In principle, a good compensation is achievable by
precisely choosing the thickness of the BP. However,
the manufacturing tolerance and availability of plates,
as well as small changes in the surface absorption of
individual plates in between experiments, make this
approach impractical. To overcome this problem, we ex-
ploit the high surface-to-volume ratio of the thin BP. It
allows for an efficient manipulation of the amount of heat
emitted within the illuminated area, and thus of the
strength of the thermal lens. This can be achieved by
changing the ambient temperature apparent to the plate,
or by facilitating heat transport through a gas. Here, we
expose a BP of 200 pm thickness to forced convection
by directing a steady flow of nitrogen along its surface
[Fig. 2(a)]. This method offers a broad range of tunability
[Fig. 4(a)]. With this scheme, we achieve an intracavity
average power of 160 kW, i.e., with an enhancement fac-
tor of 1035, and a nearly constant mode size [Fig. 4(a)]. At
this power, losses from thermally induced aberrations
prevent further scaling [Fig. 4(b)]. These aberrations
seem to stem primarily from the inhomogeneous cooling
of the BP [Fig. 4(c)—4(e)], resulting in a significant tilt of

(a) 7] = -
5 6 ,.D""‘ N C\T
g &@ cné
= 5 0@ .
5 B @ \ x 2
5 4 E_E---n.,nu......u R B— =
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34 ”’1}; with cooled BP 'ﬁ‘
&y g
: cooled BP ™
0
: (e) L
35 §
——————— 25 =
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cav

Fig. 4. (a) Mode area versus intracavity power for the same
cavity without a Brewster plate, with an uncooled and with a
cooled Brewster plate. The inset shows a mode profile achieved
with the cooled BP at 160 kW. (b) Standard deviation of the
Gaussian fit to the mode profile in the sagittal plane, indicating
increasing aberrations. (c¢),(d) Images of the temperature distri-
bution on the cooled Brewster plate for two powers. The arrow
indicates the direction of the cooling gas flow. (e) Temperature
profiles on the Brewster plate along the arrows exhibit a signifi-
cant asymmetry of the thermal lens.
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the temperature profile in the sagittal plane, which
becomes more severe with increasing power. This tech-
nological limitation can in principle be overcome by
improving the cooling of the BP. A promising alternative
to forced convection could be radiative cooling [32].

In conclusion, we have investigated the enhancement
of ultrashort pulses in a high-finesse EC containing a
transmissive element. We have demonstrated that the
thermal lenses induced in the cavity mirrors and in a thin
plate placed at Brewster’s angle in the beam path can be
balanced with high precision by controlling forced con-
vection of the plate. We have also shown that thermal
lensing in BPs can be exploited to compensate for astig-
matism in cavities operated close to the edge of stability.
With this scheme, we obtained a constant mode size up to
160 kW of average power, which exceeds the perfor-
mance of state-of-the-art ECs with transmissive elements
by more than one order of magnitude. Furthermore, we
show that the sensitivity of the cavity mode change with
respect to the thermal lens induced in thin plates allows
for the detection of absorption values in the range of
~0.1 ppm. The methodology applied in this work will
benefit the power scaling of ECs, in particular for appli-
cations requiring the inclusion of transmissive elements
like nonlinear crystals or output couplers for radiation
generated via intracavity conversion processes.

We thank Johannes Weitenberg for helpful discus-
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Munich Centre for Advanced Photonics (MAP), by the
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number 03IS2101B, by the Fraunhofer-Max Planck
project MEGAS, and by the European Research Council
under the ERC grant agreement no. [617173] ACOPS.
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We combine high-finesse optical resonators and spatial-spectral interferometry to a highly phase-
sensitive investigation technique for nonlinear light-matter interactions. We experimentally validate an
ab initio model for the nonlinear response of a resonator housing a gas target, permitting the global
optimization of intracavity conversion processes like high-order harmonic generation. We predict the
feasibility of driving intracavity high-order harmonic generation far beyond intensity limitations observed
in state-of-the-art systems by exploiting the intracavity nonlinearity to compress the pulses in time.

DOI: 10.1103/PhysRevLett.115.023902

During light-matter interactions, the properties of the
light field are subjected to changes reflecting the physical
mechanisms underlying the interaction and revealing
fundamental properties of matter. A powerful tool for
high-precision studies of light-matter interactions is the
passive optical resonator, also known as enhancement
cavity (EC). An EC can be resonantly excited by laser
light, resulting in an enhancement of the input power and
of the single-round-trip phase by up to several orders of
magnitude. ECs have been successfully employed for
high-sensitivity measurements of absorption [1] and of
dispersion [2,3] in the linear regime. Here, we present the
first quantitative study of the nonlinear phase associated
with the propagation of an ultrashort laser pulse through
a nonlinear medium exploiting the sensitivity enhance-
ment of more than 2 orders of magnitude provided by
an EC.

In the last decade, the advent of high-power femtosecond
lasers and the design of adequate ECs have enabled
ultrashort pulses with an otherwise unattainable combina-
tion of peak intensities and average powers [4]. The most
prominent application has been high-order harmonic gen-
eration (HHG) in an intracavity gas target, at repetition
rates exceeding 10 MHz [5-9]. Although cavity-enhanced
HHG has matured to deliver phase-stable extreme-
ultraviolet (XUV) frequency combs enabling first spectro-
scopic experiments [7,8], all state-of-the-art EC-HHG
systems suffer from a saturation behavior of the intracavity
intensity with respect to the input peak power, referred to as
intensity clamping [9-12]. Currently, this severely limits
the further scaling of the photon flux and of the XUV
photon energies attainable with this technology and ques-
tions its applicability to other nonlinear conversion proc-
esses. The models developed so far [11,12] capture the
main physical mechanisms of this limitation qualitatively
but do not allow for accurate quantitative predictions, such

0031-9007/15/115(2)/023902(6)
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that optimizing the cavity design with respect to the
nonlinear conversion remains an open challenge.

In this Letter, we use the phase sensitivity of a high-
finesse EC—the very effect responsible for the intensity
clamping—to precisely study the nonlinear interaction of a
laser pulse with a gas target. The full pulse characterization
in the spectral domain allows for the formulation of a
quantitative, ab initio nonlinear propagation model, exper-
imentally validated in a wide range of the critical param-
eters. Second, we use this model to derive a scaling law
quantitatively describing the intensity-clamping behavior
in ECs employing mirrors according to the standard
approach used in all setups reported so far, i.e., a uniform
spectral reflectivity, symmetric with respect to the input
spectrum. This analytic expression enables the optimization
of the nonlinear conversion efficiency in standard-approach
ECs. Third, we address the question of whether or not
nonlinear ECs can be operated beyond the intensity
limitations exhibited by the standard approach. We dem-
onstrate that the ionization-induced spectral broadening in
conjunction with cavity mirrors with tailored reflectivity
can be used to dramatically compress the intracavity pulse
in time, while maintaining a high power enhancement
factor. This finding represents the first viable route towards
significantly surpassing the intensity limitations of state-of-
the-art nonlinear ECs and, therefore, reveals an enormous
new potential of the EC technology for building high-
power, broadband, coherent sources in spectral ranges
where suitable laser materials are absent, such as the XUV,
the midinfrared, and the THz ranges.

The experimental setup is depicted in Fig. 1. The
chirped-pulse-amplification-based Yb-fiber laser system
has been previously described in Refs. [2,13]. It delivers
a 77-MHz train of near-Fourier-limited 180-fs pulses
carried at a wavelength of 1040 nm. The pulses can be
linearly chirped to 640 fs, or spectrally broadened in a

© 2015 American Physical Society
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FIG. 1 (color online). Experimental setup: laser system with
optional fiber broadening and compression, comb offset fre-
quency (w.,) detection unit, enhancement cavity (1/e> focus
radius: 25 um), active stabilization of the center frequency to the
cavity resonance, and imaging spectrometer. The offset frequency
of the laser is adjustable and free running. Insets: autocorrelation
trace of laser and intracavity pulse for compressed input pulses
and interferogram showing distinct phase jumps. HWP: half-
wave plate, PBS: polarizing beam splitter.

photonic-crystal fiber and compressed via chirped mirrors
to 30 fs. The pulses are coherently enhanced in a standard-
approach EC. With 30-fs input pulses, an intracavity pulse
duration of 35 fs at a power enhancement factor of 250 was
reached, leading to an average power of 3.3 kW without a
gas target.

Besides a power enhancement, the resonant cavity
provides a means of enhancing the single-round-trip phase.
We employ spatial-spectral interferometry to measure
the spectral phase difference between the intracavity and
the input pulses [2,14]. Replicas of each of these beams
intersect noncollinearly at the entrance slit of an imaging
spectrometer. The resulting interference pattern in the
spatial and spectral plane (y,®) is given by

1(y, ) = Iipn(y, @) + Ly (y, @)

Iin(y, @)1 oy (v, @) cos (d)((u) + ¥ sin a) .
(1)

Here, ¢(w) is the relative spectral phase of the two pulses
and « is the intersection angle of the two beams. From
Eq. (1) the acquired phase ¢(w) can be directly retrieved,
without the necessity of characterizing the phases of both
pulses individually. Only quadratic and higher-order terms
in @ are considered, as there are multiple uncontrolled
sources of group delays. Thus, a linear function must be
added when comparing the retrieved phases to simulations.
Both beams have to be matched in the transverse dimension
and should exhibit good spatial homogeneity. When using
fiber-broadened pulses this is the main source of exper-
imental uncertainty in the retrieved phase, limiting the
sensitivity to about 60 mrad. To date, spatial-spectral
interferometry together with ECs has been used for

measuring the single-round-trip group delay dispersion
in the linear regime with a sensitivity of less than 1 fs?
[2]. Here, we use this technique to investigate the phase
modulation induced in a nonlinear interaction driven in the
steady-state regime of an EC.

Our model describing the pulse propagation through the
ionized medium in the cavity focus is based on the first-
order propagation equation derived in Ref. [15] within the
approximation of a 1D envelope description as given in
Ref. [11]. In short, the nonlinear laser-gas interaction is
governed by a differential equation for the pulse envelope
A(z,7) that reads in the comoving reference frame

dA(z,7)  I,n A(z,7)
—dZ == m [1- W(Z’T)]rpeak(T) e T)|2
+ir,A.nn(z,7)A(z, 7). (2)

The first term on the right-hand side accounts for the
energy loss upon ionization (/,,, ionization potential; n, gas
number density; #, ionized fraction; [y, peak ionization
rate; r,, classical electron radius; 4., carrier wavelength)
and the second term describes a temporal phase shift due to
the rapidly changing electron density n, = nz. Although
the derivation of Eq. (2) was originally intended for pulses
consisting of many cycles in the low-intensity regime, we
verified that the agreement of Eq. (2) with its original
counterpart (see Eq. (7) in Ref. [15]) is still excellent even
for 10-fs pulses (comprising only a few cycles) and for
peak intensities of 8 x 10'*> W/cm? in a Xe gas target (see
Supplemental Material [16], also for Ar and Ne).

The build-up process of the intracavity pulse is described
in the frequency domain:

Acav.prior (w) =V1-R; (w)Ain (w)
+ VRi (“’)Rcav (w)ei(p'l(u})‘acav.post(w)‘ (3)

Here, R,. is the reflectivity of the input coupler, R,
represents the product of the reflectivities of all other cavity
mirrors, and A denotes the Fourier components of the field
envelope (with indices for the input field and for the field
before and after the plasma interaction). The spectral phase
¢ (w) is acquired upon one cavity round-trip and includes
the contribution from the ionization-induced plasma. A
split-step Fourier algorithm is used to solve the coupled
equations (2) and (3). The employed 1D model neglects
the spatial dependence of the nonlinearity and, therefore,
the coupling of energy to higher-order transverse modes.
Since the cavity is operated such that only the fundamental
mode is resonant, transverse effects of the plasma result in
additional losses and the cavity beam profile remains
spatially homogeneous. This is confirmed by the imaging
2D spectrometer. For typical gas-density-length products
that are below 2 x 10'7 cm™ and for the intensity range
studied here, the 1D model is a good approximation

023902-2



59

PRL 115, 023902 (2015)

PHYSICAL REVIEW LETTERS

week ending
10 JULY 2015

(see Supplemental Material [16] for comparison to 4D
simulation).

All inputs to the model are taken as measured or as
calculated by other independent simulations so that fit
parameters are not necessary. Since the cross-sectional
density of freed electrons determines the phase shift, it is
essential to mimic this quantity when approximating the 2D
spatial beam profile by a flattop profile with similar peak
intensity. Therefore, we scale the ionization rate such that
for every peak intensity it generates as many electrons
within the flattop intensity profile as would have been
released in the Gaussian beam profile with the original
ionization rate. In contrast to earlier works [11,12], we find
the Perelomov-Popov-Terent’ev model [25] averaged over
the magnetic quantum number to be better suited for the
intensity range under investigation, i.e., for Keldysh
parameters greater than 1. In particular, using
Ammosov-Delone-Krainov theory [26] underestimates
the nonlinearity and thus leads to a significant overesti-
mation of the reachable intracavity peak intensity (~25%).
Whenever the consideration of subcycle ionization dynam-
ics is necessary, we use the extension of the Perelomov-
Popov-Terent’ev rate as given in Ref. [27].

From fluid flow simulations, the velocity of the gas
atoms is calculated to be about 220 m/s. This is not
sufficient to replace the plasma with new atoms in the
interaction region (~20 pm) within one cavity round-trip
time of 13 ns. Therefore the decay of the plasma is
considered and modeled according to the dominant
recombination mechanism via three-body collisions (see
Supplemental Material [16]). However, the cavity response
is mainly affected by the temporal phase shift and not
by the dispersive effects of a preexisting plasma. This
holds when the induced group-delay dispersion is below
0.2 fs*> and when the depletion of the neutral gas is small
(<15%). At the gas parameters used in the experiments,
both criteria are fulfilled, rendering more detailed modeling
unnecessary.

In Fig. 2(a), three examples of recorded spectra and
spectral phase shifts of the intracavity pulse are presented.
For the simulations, the mirror reflectivities and phases
are taken from multilayer design calculations and the
gas parameters are extracted from fluid flow simulations.
The input pulse parameters are set as measured. For the
broadband pulses, the deviation of the comb offset fre-
quency from the value required by the cavity for optimum
enhancement is particularly critical, because even devia-
tions as small as 2 MHz from the optimum value lead to a
drop in intracavity power by 50% and to a spectral filtering.
The offset frequency is, however, sufficiently stable on the
time scale of data acquisition, that active stabilization is
not compelling (beat-note linewidth ~200 kHz, measured
with a resolution bandwidth of 100 kHz). A small detuning
of the locked central comb line from the empty cavity
resonance is introduced avoiding the regime of optical
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FIG. 2 (color online). Validation of the nonlinear cavity model
in a standard-approach cavity. (a) Measured power spectral
densities (PSD, upper panel) and acquired phases (lower panel)
of the intracavity pulse along with simulation results. Left to
right: input pulse duration, 640 fs (upchirped); 180 fs (Fourier
limited); 30 fs (fiber broadened). Without ionization, the spec-
trum is symmetrically enhanced around the central wavelength.
(b) Intracavity peak intensity as a function of input peak power
for 640-fs (left) and for 30-fs pulses (right). The outlier in the
right panel is due to an incorrectly set offset frequency of the
comb. Gas density, 9 x 10'® cm™3; interaction length, 180 um;
finesse, 1190 (narrowband case) and 950 (broadband case).

bistability [10,11], and keeping intracavity power fluctua-
tions below 1% rms (band: 2.5 Hz to 5 MHz) and ensuring
operation close to the maximum of the nonlinear resonance.
The agreement between the simulated spectra and phases to
the measured ones is excellent, validating the 1D nonlinear
cavity model in a broad parameter range. Simulations yield
the ionized population before the pulse and the ionization
per pulse to be both on the order of 2 x 10'® cm™3.

Figure 2(b) depicts the dependence of the intracavity
peak intensity on the input peak power for two different
pulse durations. Both curves reveal the intensity clamping
behavior reported previously [9,10]. Again, the simulated
intensities agree well with the experimentally determined
ones. From the simulations we deduce an upper limit for the
intracavity intensity [solid line in Fig. 2(b)]. This is found
by optimizing the input frequency comb (@, ®.,) While
keeping all other parameters fixed. It has been shown that
this optimum is located at nonzero detuning of the comb
from the linear cavity resonances and coincides with a local
bifurcation of the intracavity power at which stable oper-
ation of the cavity is impossible [11].

To optimize the nonlinear laser-gas interaction, e.g., for
maximizing conversion efficiency to the XUV via HHG
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[28], a simple expression relating the achievable intracavity
intensity to the given cavity, gas, and input pulse param-
eters is desirable. To this end, we calculate the clamping
behavior for a broad range of hundreds of different
combinations of values for the gas parameters (density-
length product, nl =4-20x 10'© cm™2), the finesse
(F = 250-2500) and the pulse duration (z = 12-600 fs).
Standard-approach cavities are considered: we assume a
uniform mirror reflectivity, symmetric to the central wave-
length and zero group delay dispersion over sufficient
bandwidth to limit intracavity pulse lengthening to 1% in
the absence of gas and at an input coupler transmission of
1%. Although the intracavity intensity seems to be
unbound, the distinct saturation behavior motivates the
definition of a clamping intensity. We find that for given gas
and pulse parameters and for a targeted intensity there is an
optimum cavity finesse that minimizes the required input
peak power. Conversely, each finesse is optimal for a
desired intensity. This intensity is reached when the peak
power enhancement has dropped to about 60% to 70% of
its value without a gas target. Therefore, we define the
clamping intensity /¢ as the intracavity intensity, at which
the peak power enhancement equals 65% of its linear value
[see dotted cross in Fig. 2(b)]. We find that the following
empirical law with the parameters a, f, y, and § describes
the entire range of simulations within 7% of accuracy:

90— aFo—Pnply —7\?

Tew(z. Fonl) = Iy <T"_ . f"_ﬁﬂ e yy) . (4
All coefficients are given in Table I. It is not surprising
that the three input parameters pulse duration, finesse, and
the gas-density-length product scale with the same expo-
nent &: in terms of accumulated temporal phase shift,
increasing the finesse is very similar to having a longer or
denser gas jet or to increasing the pulse duration. The small
value of ¢ is a direct consequence of the high degree of
nonlinearity of the ionization process. It reveals that the
ionization constitutes a rather severe limit for scaling the
intensity in the presence of an intracavity gas target. For

TABLE 1. Parameters for the empirical scaling law of Eq. (4)
describing the intensity clamping. 7, = 100 fs, F, = 416, and
noly = 8 x 10'® cm™2. Simulations were performed with a rep-
etition rate of 100 MHz and with a gas target length of 200 ym.
The bandwidth of the ECs corresponded to the input pulse
durations at 1.04 gm central wavelength.

Xenon Argon Neon
a (fs) 0.8 33 53
p 61 69 72
y (106 /cm?) 0.96 0.97 1.0
13 0.159 0.153 0.148
Iy (10" W/cm?) 0.461 1.24 3.72

instance, in the clamping regime doubling the intensity
requires a decrease in any of the other parameters by
roughly a factor of 90.

For our intensity range, the phase-modulation term in
Eq. (2) is the predominant limitation. For a single pass
through the gas target it takes the approximate form
O(t) = redcn(f)nl. At the clamping limit intensity the
single-pass phase shift at the end of the pulse takes the
value of about ®,, = 6.3/F with a minor dependence
on other parameters. This is about a factor of 2 higher than
the previously reported rule of thumb of z/F [12,29]. The
expression for ® and the tolerable single-pass phase shift
Onax are a good starting point for transferring our findings
to other driving wavelengths, e.g., for extending the XUV
cutoff wavelength (see Supplemental Material [16]).

The tradeoff between intracavity intensity and cavity
finesse [see Eq. (4)] raises the question of whether
parameters leading to record XUV conversion efficiencies
in single-pass HHG experiments [30] can ever be reached
in ECs at a reasonable power enhancement. With our
experimentally validated model this question can be
addressed by designing cavity mirrors to optimize the peak
power enhancement in the presence of a gas target with
parameters for efficient HHG [30]. In the following
example, we seek for a steady-state solution of Eq. (3)

presupposing the intracavity pulse Acﬂv’pm with a peak

intensity of 8 x 103 W/cm?, from which Acav‘pw directly
follows. Using this ansatz, the input coupler reflectivity
Ri.(w) can be calculated such that the required input power
[ |A;y (@)[?] is minimized. In this example, we consider an
EC equipped with broadband complementary-phase mir-
rors [31,32] supporting a bandwidth of 260 nm. The
presupposed intracavity spectrum is manually varied to
maximize the peak power enhancement. With the spectra
shown in Fig. 3(a), a peak power enhancement surpassing
450 is possible at intracavity pulse durations of 10 fs with
incident pulses as long as 52 fs. Since the intracavity

O
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FIG. 3 (color online). (a) Example of a tailored input coupler
transmission  for best peak power enhancement at
8 x 10'* W/cm? peak intensity and corresponding intracavity
and input spectrum (right y axis). Note the reduced width of the
input spectrum. (b) The same input spectrum enhanced in a
standard cavity requires a 10 times more powerful laser to reach
the same peak intensity at 5 times longer intracavity pulses. Xe
gas target length, 400 um; particle density, 2.5 x 10'® cm™3,
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nonlinearity constantly transfers energy from the red part of
the spectrum to the blue end, it is sufficient to pump the
cavity in the long-wavelength region, in a comparatively
narrow bandwidth. We verified that the solution is stable
against fluctuations of up to 8% of the input power and of
the pulse duration, and against a shift of the carrier
wavelength of several nanometers. In contrast, enhancing
the same seeding laser spectrum to the same peak intensity
in a standard-approach cavity, requires 10 times the
incident power and results in considerably longer intra-
cavity pulses [see Fig. 3(b)]. The peak power enhancement
and the intracavity pulse compression in the optimized EC
will boost the conversion efficiency by more than 3 orders
of magnitude compared to a single-pass HHG experiment
using the same driving laser and by around 2 orders of
magnitude compared to intracavity HHG in a standard-
approach EC.

In conclusion, we have studied experimentally and
theoretically the nonlinear interaction of laser pulses with
a gas target in a high-finesse EC. The improved measure-
ment sensitivity allowed for the quantitative validation of a
refined nonlinear interaction model in a large parameter
range. The significance of this work is twofold. First, it
establishes the combination of ECs with spatial-spectral
interferometry as a highly sensitive measurement technique
for nonlinear light-matter interactions in general. For
instance, the methodology presented here can readily be
applied to ¥ nonlinearities in bulk dielectrics. Second, our
experimentally validated ab initio model for the nonlinear
cavity response can be used in conjunction with models for
phase matching in HHG [28] to globally optimize the
conversion efficiency to the XUV. We show that tailoring
the spectral reflectivities of EC mirrors to exploit the
spectral broadening induced by the intracavity nonlinearity
is a viable route towards a dramatic increase in the peak
power enhancement over standard-approach ECs. In par-
ticular, a temporal compression of the intracavity pulse
down to the few-cycle regime can be reached for param-
eters typical for phase-matched HHG. This will enable
intracavity HHG experiments at similar laser pulse and gas
parameters as state-of-the-art single-pass setups [30] but at
significantly higher repetition rates and XUV output
powers. In addition, the precise control of intracavity
nonlinearities together with the increased degree of ioniza-
tion tolerated by such an EC offers the prospect of
generating ultrabroadband frequency combs ranging from
the mid to the far-infrared via THz generation in a photo-
induced plasma [33].
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VALIDITY OF THE ENVELOPE
APPROXIMATION

The original derivation of the envelope approximation
given in Ref. [1] (see also Eq. (2) of the text) of the first-
order propagation equation given in Ref. [2] was intended
for highly multi-cycle pulses (527 > 1) at moderate in-
tensities, i.e., at low ionization levels. To justify its use
in a broader parameter range, we solve both propaga-
tion equations using a fourth-order Runge-Kutta solver
with initial parameters that are quite extreme compared
to the currently reachable values in enhancement cavi-
ties. In particular, we use a 10-fs pulse with a peak in-
tensity of 8 x 103 W/cm?, propagated through a xenon
gas target of 4 x 10'® cm™3 particle density. The prop-
agation length is 1cm which corresponds to 50 passes
through a 200-pm long gas target. In the case of argon
and neon the peak intensity is set to 2 x 10’ W/cm? and
5.5 x 1014 W /cm?, respectively. Furthermore, Eq. (2) of
the text is solved in step sizes of the actual gas target
length, i.e., 200 pm as it is used in the cavity simulations.
To get the full oscillatory fields in the envelope-based
models, we interpolate the obtained complex envelope
on a finer time grid and multiply it by the phase from
the carrier (e*<*). The results of the three approaches
are shown in Fig. 1. The overall agreement is excellent.
In the trailing part of the pulse, a small deviation of the
envelope-based models can be seen, where the envelope
approximation overestimates the losses.

VALIDITY OF THE 1D APPROACH

Due to the strong nonlinear nature of the ionization,
the induced phase shifts and losses show a pronounced
spatial dependence in the transverse coordinates after a
single pass through the gas target. Therefore, it is im-
portant to specify the parameter range in which the 1D
approximation as used in the text, can be applied. To
this end, we simulate one pass through the gas target,
once by employing the 1D model and once by solving the
first-order propagation equation in 3+1 dimensions, and
compare the resulting field distributions. Both simula-
tions use the same peak intensity, pulse energy and time
dependence of the incident pulse.

[—Input  ©FOP[1]  * 200 umsteps —FOP[2] |

Electric field (V/A)

Time (fs)

Figure 1. Nonlinear pulse propagation of a 10-fs pulse via
the 1D first-order propagation equations (FOP) as given in
Ref. [2] and in Ref. [1]. We also show the solution of
the latter, when solved in step sizes of 200 pm. From up-
per to lower panel: input peak intensities of 8 x 10'* W/cm?,
2 x 10" W/em?, and 5.5 x 10" W/cm? in a xenon, argon,
and neon gas target, respectively. The propagation distance
was 1cm and the particle density set to 4 x 10*® cm ™3,

For the 4D simulation, we rely on the first-order prop-
agation equation as derived in Ref. [2] under the assump-
tion of the envelope approximation for the nonlinear po-
larization response as validated in the previous section.
We take a split-step approach that calculates the prop-
agation z — z + dz in the Fourier space (kz,ky,z,w)
and the nonlinear polarization response in real space
and time (z,y,z,t). The numerical algorithm is based
on a Predictor-Corrector method in combination with a
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Crank-Nicolson scheme [3]. This permits to propagate
in step sizes of 10 pm through an initially homogeneous
gas target of neutral xenon atoms at a particle density
of 4 x 108 em ™3 and a total length of 200 pm. On a per-
sonal computer, the propagation takes about 15s, which
is fast when doing a few calculations. However, for in-
vestigating a wide parameter sweep requiring hundreds of
complete cavity build-ups, a faster computational model
is desirable.

To compare the results of the two models, we use the
fact that the cavity acts as a spatial filter. Due to the
Gouy phase the resonator can be tuned such that only
the fundamental transverse mode GHy is resonant in
the cavity. Subsequent to the nonlinear propagation (in-
dex “n”) through the gas target, we decompose the field
distribution A®™ (z,y,w) at z = 2 into the normalized
transverse modes of the resonator without the gas tar-
get (GH; j(z,y,w)). We proceed in the same manner for
the case of linear propagation (index “¢”), i.e., without a
gas target, yielding the field A (z,y,w) at the same z-
position. In the decomposition, we are mainly interested
in the coefficient cg,g describing the field content in the
fundamental transverse mode, that is calculated as

[eS] oo
C(()nOZ) w) = / / A(n,({) (x7 va)GHS,O(x7 y:"‘])dxdy

The fundamental-mode-filtered version A(n %) of the fields
AM8) s then given by
AG (@, y,w) = el (0)GHo o, y, w).

Next,
Ag,‘(’,l) (x,y,t) are retrieved via inverse Fourier transfor-
mation. From these fields we can compute the temporal
losses and the acquired temporal phase shift according to

S I G @yt ]dxdy

the corresponding fields in the time domain

Loss(t) =1— , (1)
f_ f_oo ’A((]% z,y,t ‘ dxdy
AR @,y 1)
O(t) = arg —m——— (2)
AO,O(xv Y, t)

z=0,y=0

Note, that the z-y-dependency of the fields A(“‘ is an
intrinsic attribute of Gaussian beams and is not linked
to the plasma effects accounted for by c(()lfg (w). Therefore
the relative phase shift has a negligible variation with
respect to the transverse coordinates in the parameter
range discussed here and we evaluate the phase shift on
the optical axis.

In Fig. 2 we compare the overall losses and the total
acquired phase shift calculated from Eq. (1) and (2) to
the corresponding values of the 1D model of the text.
It can be seen that the intensity at which a given phase
shift is reached is quite similar. The 1D model, how-
ever, slightly overestimates the total phase shift. This is

=
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Figure 2. Comparison of a single pass through a xenon gas
target in the 1D approach to the model in 3+1 dimensions
for a range of intensities. Pulse duration: 30fs. Upper panel:
acquired temporal phase shift © at the end of the pulse. Lower
panel: Losses due to energy transfer to higher-order modes
during the ionization, due to ionization and resulting total
losses. In addition, we plot the losses in the 1D model.

partially counterbalanced by the fact that the 1D model
underestimates the losses, as it only accounts for the en-
ergy loss due to ionization of the gas target. For in-
tensities up to 7 x 101¥ W/cm? the losses are dominated
by the energy deposition in the target with a crossover
at 8 x 103 W /cm?. Therefore we believe that the 1D
model is a valid approximation for intensities up to ap-
proximately 8 x 1013 W /cm?. The transverse effects of a
(pre-existiting) steady-state plasma can in principle be
treated similarly. However, this would require detailed
calculations about the spatially-resolved plasma dynam-
ics considering also the continuous flow of gas from the
nozzle orifice. As an estimate of the order of magnitude
of this effect, we calculate the losses for a non-ionizing
pulse directly following the ionizing pulse. It turns out
that the transfer of energy in higher-order modes of such
a non-ionizing pulse is about a factor of two higher than
the losses due to this coupling for the ionizing pulse. The
actual losses resulting from the partially decayed plasma
are on the same order of magnitude as the “direct” losses
into higher-order modes.
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Figure 3. Single-pass phase shift © acquired as a function
of the intensity for three different carrier wavelengths and
pulse durations (but equal number of field oscillations) in a
xenon gas target. At identical gas parameters and for most
intensities shorter driving wavelengths are disadvantageous
for reaching higher intensities.

WAVELENGTH SCALING

In Fig. 3, we plot the total acquired single-pass phase
shift © = reAen(t = oo)nl for three different carrier
wavelengths \. as a function of peak intensity. To keep
the number of field oscillations constant, we scale the
pulse durations accordingly. While © has an explicit lin-
ear dependence on A, the ionized fraction 7 also depends
strongly on Ac. In terms of scaling the cut-off wavelength
a 2-pm based system would outperform the 1-pm system
up to intensities of about 5 x 1013 W /cm?, as it acquires
less phase shift and allows for quadratically higher cut-off
energies: Feui—off = Ip + 3.17U,(A\). Furthermore, in an
enhancement cavity seeded with frequency-doubled in-
frared light, the intensity clamping should be much more
pronounced. This is confirmed by the reported peak in-
tensity of about 1.2 x 103 W/cm? in Ref. [4]. In turn, at
the clamping limit, i.e., for a given single-pass phase shift,
a short-wavelength-seeded enhancement cavity works at
much higher ionization levels, which might be beneficial
for some applications.

PLASMA DECAY

Given the strong intensity dependence of the ioniza-
tion rate, the region of potential ionization is significantly
smaller than the 1/e2-intensity radius wg of the focus
(here: wo ~ 25pm and Tionization ~ 0.4wp). With the
values stated in the text, a fraction of about 15% of the
ionized atoms leaves the region of ionization (27ionization)
within one cavity round-trip time.

For electron densities exceeding 101 cm ™2 and electron
temperatures on the order of kg7 ~ 1eV, the dominant

mechanism of electron-ion recombination is via three-
body collisions [5]. When neglecting plasma expansion
on the time scale of a cavity round-trip [6], the evolution
of the electron density is governed by:

10727 cmbeV9/2
(kBT)9/2 S : )

d";t(t) = —bn® with b=
Literature values for b vary from ~ 1to 9 [5, 7, 8]. We as-
sume an intermediate value of b = 2. Plasma heating due
to the recombination and cooling due to the expansion
are neglected. At intensities of up to ~ 5 x 103 W/cm?
and our repetition rate (78 MHz), the model predicts the
steady-state plasma density to be below 1 x 1017 cm™3.
Thus, the higher-order dispersion plays a negligible role
(|GDD| < 0.04fs% for 200 pm, at n, = 1 x 1017 cm™3),
which also renders a direct measurement via the higher-
order dispersion very challenging. However, complemen-
tary measurements of the optimal offset frequency of the
cavity corroborate the stated upper boundary in plasma
density (not shown). The dominant effect of the steady-
state plasma is a global shift of the cavity resonances and
a change in the effective cavity length. As the depletion
of the neutral gas is only a few percent, the influence on
the clamping intensity is negligible. At these densities
and for electron temperatures of ~ 1eV calculated with
a classical model, we find with Eq. (3) that a fraction of
about 30 % of the electrons recombines within the first
cavity round-trip time.

Despite the strong temperature dependence of the re-
combination coefficient b, the emerging steady-state elec-
tron density is rather robust against variations in 7. Un-
derestimating the electron temperature 7" in the model
leads to a much faster recombination time and thus an
even lower steady-state ionized fraction. An overesti-
mation of the electron temperature would mean a much
slower recombination rate, however, the ng dependence
of the recombination counteracts the resulting increase
in electron density. Furthermore, the error is bound by
the timescale set by the replenishment of the plasma in
the interaction region with neutral atoms. For the same
reasons, uncertainties in b have a minor influence on the
steady-state ionized fraction and a negligible influence on
the clamping intensity (see also next section).

SCALING OF THE REPETITION RATE

A way of increasing the XUV flux not restricted by the
intensity clamping is the use of a higher-repetition-rate
laser system. This is, however, only viable as long as
the steady-state plasma has a tolerable influence on both
the phase matching of the conversion process and the ro-
bustness of the stabilization system [9]. Furthermore, the
exact value of b entering the recombination rate (see Eq.
(3)) has only a minor influence on the steady-state ioniza-
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Before pulse

——— After pulse /4

Electron density (10"/cm?)

10 100 1000

Repetition rate (MHz)

Figure 4. Electronic density before and after the pulse (solid
lines) as a function of the repetition rate, keeping other pa-
rameters constant (in particular, pulse energy and peak in-
tensity). Xe density: 4 x 10'® cm™>, target length 200 pm, in-
tensity: 4.3 x 103 W/ch, focus radius: 30 pm. The dashed
lines bounding the shaded areas were calculated assuming a
five times higher or lower value of b in the recombination rate.

tion: a change in b by a factor of five results in a change of
the steady-state fraction by only ~ 50 % (see dashed lines
vs. solid line in Fig. 4). Our model of the recombination
process assumes that the electron capture directly popu-
lates the ground state of the atoms, a simplification that
is only valid for sufficiently long cavity round-trip times,
and high electron temperatures [10, 11]. Hence, at very
high repetition rates a population of neutral but excited
atoms might qualitatively change the cavity performance
and the efficiency of the conversion process.
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The optimal enhancement of broadband optical pulses in a passive resonator requires a seeding pulse train with a
specific carrier-envelope-offset frequency. Here, we control the phase of the cavity mirrors to tune the offset fre-
quency for which a given comb is optimally enhanced. This enables the enhancement of a zero-offset-frequency
train of sub-30-fs pulses to multi-kW average powers. The combination of pulse duration, power, and zero phase slip
constitutes a crucial step toward the generation of attosecond pulses at multi-10-MHz repetition rates. In addition,
this control affords the enhancement of pulses generated by difference-frequency mixing, e.g., for mid-infrared

spectroscopy. © 2015 Optical Society of America
OCIS codes:
http://dx.doi.org/10.1364/0OL.40.002165

In a broadband, passive optical resonator, also referred
to as enhancement cavity (EC), the ultrashort pulses
emitted by a mode-locked laser can be coherently over-
lapped. If the losses and the phase distortions upon
a round-trip inside the EC are low, the steady-state intra-
cavity power can exceed the input power by several
orders of magnitude, offering unique advantages for a
multitude of applications. Most prominently, ECs have
been used to build multi-MHz-repetition-rate sources of
coherent extreme-ultra-violet (XUV) radiation by driving
high-order harmonic generation (HHG) with kW-average-
power-level femtosecond pulses in an intracavity gas
target [1-4]. Recently, broadband ECs became relevant
to infrared spectroscopy of diluted gases and aerosols.
Here, the sensitivity is dramatically improved via reso-
nant enhancement, increasing the effective absorption
path length to several kilometers [5-7].

For a given seeding spectrum, a broadband EC dictates
the pulse-to-pulse time delay z and the pulse-to-pulse
carrier-to-envelope phase (CEP) slip A¢ep. An optimum
of the enhancement (e.g., for maximizing the intracavity
power) is achieved if the seeding pulse train matches
both these parameters. In the frequency domain, the
pulse train corresponds to a comb of equidistant spectral
lines spaced by the pulse repetition frequency w,, /27 =
1/7 and offset from zero by the carrier-envelope offset
frequency weeo = —(Apcep/2m) ey [8,9]. Thus, for a given
EC, input spectrum, and optimization criterion, there is
an optimal pair of comb parameters, in particular an
optimal offset frequency (OOF) [5,9,10].

Typically, the parameter w.., of the seeding laser is
adjusted to fit the OOF dictated by the EC. Some appli-
cations, however, require the intracavity pulse to remain
unchanged (up to the sign) from round-trip to round-trip,
i.e., the phase slip A¢, must be an integer multiple of
27 (or =), corresponding to a comb with zero-offset-
frequency (or wye,/2). An example is the generation of
trains of XUV attosecond pulses or even of isolated
attosecond pulses [11], for which zero-slip ECs that
simultaneously support short and powerful pulses are

0146-9592/15/102165-04$15.00/0

(140.4780) Optical resonators; (140.7240) UV, EUV, and X-ray lasers; (300.6340) Spectroscopy, infrared.

a prerequisite. Another example is the enhancement of
frequency combs generated via difference-frequency
mixing of spectral components originating from the
same comb, a process that intrinsically sets w., to zero
[6]. Thus, the ability to tune the OOF of a broadband
EC is highly desirable and would greatly benefit high-
repetition-rate spectroscopic schemes ranging from XUV
photoelectron spectroscopy [12] to mid-infrared vibra-
tional spectroscopy [6,7].

In this Letter, we demonstrate the control of the OOF
for the enhancement of broadband pulses by employing
mirrors with controlled CEP shift upon reflection. This
is achieved without sacrificing any other critical param-
eter, such as high reflectivity, close-to-zero group-delay
dispersion (GDD) over a large bandwidth, or high dam-
age threshold. Seeding the EC with nonlinearly broad-
ened and compressed pulses from an Yb-based laser
system allows for the enhancement of a zero-offset-fre-
quency pulse train of sub-30-fs pulses to multi-kW-level
average powers, limited only by the seed source.
Furthermore, our results establish ECs as a simple yet
powerful tool to determine the CEP shift imposed on
the pulse upon propagation or reflection.

In the steady state and in the absence of any nonlinear
medium in the resonator, the electric field of the circu-
lating pulse E,, at the input coupler can be related to
the input field E;, by the following equation [13]:

Eo(0) = VT (w)
o 1 - /R(w)A(w)e'?®

Here, we assumed an input coupler of transmission
T(w) and reflectivity R(w). Losses inside the resonator
are accounted for by the round-trip power attenuation
A(w). The spectral phase ¢(w) incorporates all phase
shifts accumulated upon a round-trip, including those
upon reflections from mirrors, transmission through
dispersive materials, and geometric phase shifts due to
focusing [13]. Maximal power enhancement is reached at

Ei(w). @

© 2015 Optical Society of America
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frequencies where the round-trip phase equals a multiple
of 2z [see Eq. (1)]. In the presence of GDD, the round-trip
phase is not strictly linear in frequency, resulting in vary-
ing distances between successive resonances.

In contrast, all spectral lines w,, of a frequency comb
are linear in frequency and given by ®,, = Nyep + Dceo-
When coupled to an EC, both comb parameters are ad-
justed to best fit the equidistant comb to the cavity res-
onances. For input spectra over which the round-trip
phase is sufficiently linear, there is a clear optimum in
terms of integrated power enhancement and intracavity
pulse duration with respect to .., and . Although the
concept of an OOF is well known [3,5,9,10], control of
this parameter has not been reported so far.

In the following, we deduce the round-trip phase slip
Adeep experienced by an intracavity pulse given a round-
trip phase ¢ () and a laser spectrum I(w) [see Fig. 1(a)].
Terms in ¢(w) that are proportional to @ merely delay the
pulse. Thus, the ¢-intercept of a linear fit in @ to ¢(w)
with weights according to the pulse spectrum constitutes
the induced phase slip A¢.p,, while the slope represents
the group delay z. Optimal enhancement in this resonator
requires a seeding comb with the repetition rate wy, =
2r/t and the offset frequency wfe, = —(Adcep/2m) 0.
Hence, we identify the fitted straight line given by 27(w —
0eo) /@Y, With the optimal frequency comb. As the
phase is only sampled at the comb lines w, = nwye,+
Wieo, the straight line reduces to a series of multiples
of 2z. Thus, when evaluating the frequency-resolved
power enhancement via Eq. (1), ¢(w,) is equivalent to
its deviation from the fit.

One can expand this graphical phase analysis to ex-
plain the characteristic shapes of the spectral power
enhancement in the case of too high or too low offset
frequency of the seeding comb [see Fig. 1(a)]. When
sweeping the comb offset frequency while keeping the
central region of the input spectrum on resonance—
e.g., by deriving the error signal for the locking electron-
ics in that spectral part—the integrated power enhance-
ment traces out a curve with a clear maximum [3,10].

Tuning the phase curve to achieve a desired value of
A¢eep is possible by manipulating three different
contributions to ¢(w). First, varying the focusing geom-
etry of the resonator directly changes the Gouy phase
Dum = (M + 1/2)yran + (0 + 1/2)ygse, which a trans-
verse Gauss—Hermite mode of order n, m acquires per

(@) 1 Input (b) - = -
spectrum Yb-based fiber laser Diagnostics:
ML,N Output power: < 20 W - Power )
“Comb" Central wavelength: 1.05 um| | - Autocorrelation
3 Pulse duration: > 23 fs - Spectrum

§-[ucmecion T

|

| it

chamber

Fig. 1. (a) Upper panel: input power spectrum. Center panel:
sketch of the single-round-trip phase ¢(w) and of the resulting
pulse-to-pulse phase slip A¢..,. Dashed and dotted lines indi-
cate input comb with too high or too low offset frequency.
Lower panel: corresponding spectral power enhancement
(PE) in the three cases. (b) Experimental setup.

round-trip (in the tangential and sagittal plane, respec-
tively). Here, the Gouy parameters y are derived using
the ABCD-matrix of the resonator according to y =
sgn(B) arccos[(A + D)/2] [13,14]. In spite of the advan-
tage of being continuously adjustable over a large range,
in most experiments, the Gouy phase is of limited vari-
ability as it is directly linked to the cavity mode size.

Second, inserting a transparent material with a refrac-
tive index n(w) in the resonator, adds wz[n(w) — 1] to the
phase curve. In principle, this can even be done without
adding higher-order dispersion, e.g., if a material with an
index of refraction according to n(w) = ¢; + ¢o/@ with
two constants c;, ¢; is employed. In practice, this is
difficult to achieve and is likely to be in conflict with
other experimental requirements, such as high vacuum,
high damage threshold, polarization insensitivity, or low
losses and, thus, limits its usability.

Third, as shown here, the phase upon reflection off the
cavity mirrors can be tailored without altering higher or-
der dispersion terms. In this study, we employ coating
designs based on quarter-wave stacks, which are widely
used as highly reflecting mirrors in ECs. They provide
low dispersion at a manageable design complexity and
exhibit high damage thresholds. To maximize the band-
width of the coatings, Nb,O5 and SiO, are chosen as coat-
ing materials due to their large contrast in the refractive
indices [15]. The topmost layers of the coating deviate
from quarter-wave thicknesses and serve as phase cor-
rectors. Besides increasing the spectral width of GDD <
0.5 fs® to 96 nm, this opens the possibility to vary the
phase slip imprinted on the pulse upon reflection. For
the experiment, we implemented two different designs
named A and B, differing in Ag.,. A systematic study
of the design optimization for a target value for A¢.., €x-
ceeds the scope of this Letter.

The experimental setup is sketched in Fig. 1(b). The
pulses are generated by the laser system described in
[16], delivering 180-fs pulses at a repetition rate of
77 MHz, centered at a wavelength of 1045 nm.
Subsequent spectral broadening in a photonic-crystal
fiber and compression using chirped mirrors yields
close-to-Fourier-limited pulses of 28 fs at a maximum out-
put power of 20 W. The comb offset frequency of the os-
cillator is freely running with a typical linewidth of
~b50 kHz, monitored using an f-2f interferometer. Slow
drifts in the offset frequency appearing on the time scale
of several minutes are manually compensated by a pair of
intra-oscillator wedges. The EC is implemented in a bow-
tie configuration equipped with an input coupler with 1%
transmission dominating the cavity losses. Due to geo-
metric constraints of the vacuum chamber, a minimum
of six cavity mirrors is required in the experiment,
although less cavity mirrors would increase the sup-
ported bandwidth. If not stated otherwise, the cavity is
operated close to the inner edge of the stability range,
ensuring nearly identical spot sizes on all mirrors.

We determined the OOF of a cavity configuration by
recording the steady-state power enhancement while
locking the repetition rate of the input laser to the cavity
for different comb offset frequencies. Figure 2(a) demon-
strates the tunability of the OOF of a broadband EC by
controlling the phase of the highly reflecting cavity mir-
rors. To this end, we measured the OOF of the EC while
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(a) Power enhancement corrected for the spatial overlap (U) vs. offset frequency of the seeding comb for a cavity employing

0, 1, or 2 mirrors of type B (indicated by the numbers). Solid symbols: broadband input pulses. Open symbols: input pulses of
reduced bandwidth, illustrating the dependence of the OOF on the spectrum. Solid lines: corresponding model results.
(b) Intensity autocorrelation trace of the pulses in case of optimal comb parameters. Inset: corresponding normalized power spectral
density (PSD) with 100-nm intracavity bandwidth at —10 dB. (c) Retrieved CEP-shift upon reflection off five cavity mirrors and

calculated values from the coating design.

stepwise replacing cavity mirrors of type A by mirrors of
type B. A constant shift of the OOF is observed, in par-
ticular reaching zero, when only one mirror of type B was
employed. For all mirror combinations, a power en-
hancement of more than 200 was reached with optimal
comb parameters. Here, the FWHM of the intensity auto-
correlation of the intracavity pulse was measured to be
43 fs, corresponding to a pulse duration of 30 fs assuming
a deconvolution factor of 1.41 [see Fig. 2(b)]. Repeating
the measurement of the OOF with pulses of a reduced
spectral width of ~8 nm confirms that the sensitivity
of the cavity to the comb offset frequency strongly de-
pends on the bandwidth of the pulses. The necessary pre-
cision in controlling the round-trip phase and the seeding
laser phase noise scales with the bandwidth and with the
finesse.

To quantify the CEP slip imprinted upon reflection off
a single mirror, we inserted two supplementary mirrors
and measured the change in OOF for three combinations
of the additional mirrors. The retrieved phase slip of a
mirror of type A was 1.34 rad, and 2.25 rad in case of type
B. Both differ by less than 80 mrad from their design val-
ues. To proove the reproducibility of our approach, i.e.,
that all mirrors from one coating run (A or B) are iden-
tical, we plot the measured phase differences and the ex-
pected ones in Fig. 2(c). The excellent linear fit to the
data, which is also in good agreement with the calculated
values, clearly validates the reproducibility.

In Fig. 3(a), the phase slip introduced by Gaussian
beam propagation through free space is shown. By

2.0 = T T
(@ ® o _
E E — Theory
g15 g g
< o 5¢f 4
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10 C 1 1 17 O 1 1 1
600 650 700 750 0 200 400 600

Separation (mm) Pressure (mbar)

Fig. 3. Dependence of the optimal pulse-to-pulse phase slip
Adeep On (a) the resonator geometry by varying the separation
between the curved mirrors (radius of curvature: —600 mm) and
(b) on the argon pressure in the chamber. In (b), input pulses of
~8 nm bandwidth were used to avoid spectral narrowing. A
global offset was added to the data.

stepwise increasing the separation between the curved
mirrors, we varied the position of the EC in the stability
range and, thus, the Gouy parameter. For each cavity
geometry we recorded the OOF. The experimental re-
sults excellently agree with theory. If the cavity mode
size is not a critical parameter, the Gouy phase consti-
tutes an option to fine-tune the OOF.

In Fig. 3(b), the dependence of the phase slip on the
gas dispersion is plotted. By gradually introducing argon
gas in the vacuum chamber one can widely tune the OOF-.
However, the higher order dispersion terms also lead to
spectral narrowing of the intracavity spectrum. In the
case of broadband, 30-fs pulses and for our finesse, about
0.1 fs? of additional GDD is tolerable without sacrificing
the intracavity pulse duration. Given the dispersion of ar-
gon, this transfers to about 3 mbar of tolerable gas pres-
sure and thus a maximal shift in A¢., of about 0.06z.
Similarily, the insertion of, e.g., a pair of thin sapphire
wedges (<4 pm), is tolerable and would allow for a phase
tunability of 0.15z. A robust implementation of such a
thin wedge was demonstrated by optically contacting
it to a mirror [17].

Using the full input power of the laser, the intracavity
power surpassed 3 kW with 30-fs intracavity pulses.
Shorter input pulses resulting from stronger nonlinear
broadening in the fiber led to slightly shorter intracavity
pulses, however at significantly reduced power enhance-
ment. Employing an input coupler with a transmission of
3%, we obtained sub-25-fs pulses at average powers ex-
ceeding 1 kW, limited by the power of the seed source.
The damage threshold of the mirror coating was deter-
mined to be on the order of 1 x 10! W cm2 using a spot
size of 200 pm at pulse durations of 30 fs. The RMS sta-
bility of the intracavity power was typically better than
0.25% in the range from 2.5 Hz to 5 MHz, limited by
the free-running offset frequency of the laser.

In conclusion, we have designed, produced, and char-
acterized low-loss, broadband mirrors that shift the CEP
of a pulse upon reflection in a controlled way. To the best
of our knowledge, this is the first demonstration of the
control over this degree of freedom of the mirror phase.
Using these phase-controlled mirrors, we operated a
high-finesse, non-polarization-discriminating EC that
supports pulses of 30 fs at a power enhancement of
200, with vanishing pulse-to-pulse phase slip. Through
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careful design, neither the bandwidth nor the damage
threshold of the mirrors is compromised by the addi-
tional “control knob.” We showed that nonlinearly
broadened and compressed Yb-based master-oscillator-
power-amplifier systems are a viable route for reaching
multi-kW level pulses of sub-30-fs duration.

With state-of-the art high-power laser systems and
thermally robust cavity geometries with even larger
mode radii [18], scaling the intracavity power by at least
one order of magnitude at similar pulse durations seems
straightforward. A further increase of the cavity band-
width should be feasible by using mirrors with comple-
mentary phase characteristics. When equipped with an
XUV output coupler as shown in [4], our setup enables
the generation of XUV attosecond pulse trains at multi-
MHz repetition rates. In addition, for the first time, these
pulse parameters and the polarization insensitivity fulfill
the prerequisites for the generation of isolated attosec-
ond pulses in ECs via gating mechanisms restricting
the XUV emission process to a single event per driving
pulse [19,20].
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financial support by the DFG Cluster of Excellence,
Munich Centre for Advanced Photonics (MAP) and by
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We address the challenge of increasing the bandwidth
of high-finesse femtosecond enhancement cavities and dem-
onstrate a broad spectrum spanning 1800 cm™' (195 nm) at
-10 dB around a central wavelength of 1050 nm in an EC
with an average finesse exceeding 300. This will benefit a
host of spectroscopic applications, including transient ab-
sorption spectroscopy, direct frequency comb spectroscopy,
and Raman spectroscopy. The pulse circulating in the EC is
composed of only 5.4 optical cycles, at a kilowatt-level
average power. Together with a suitable gating technique,
this paves the way to the efficient generation of multi-
megahertz-repetition-rate isolated extreme ultraviolet atto-
second pulses via intracavity high-order harmonic
generation.  © 2017 Optical Society of America

OCIS codes: (140.4780) Optical resonators; (320.0320) Ultrafast
optics; (310.1620) Interference coatings; (140.7240) UV, EUV, and
X-ray lasers; (300.6340) Spectroscopy, infrared.

https://doi.org/10.1364/0L.42.000271

Owing to their unique properties, passive optical resonators,
or enhancement cavities (ECs), have leveraged a number of
breakthrough achievements in spectroscopy. First, the path
length enhancement for the interaction with a weakly absorb-
ing sample provided by ECs has enabled sensing techniques
with unparalleled sensitivity [1,2]. Second, in state-of-the-art
ECs, broadband optical frequency combs or, equivalently,
the ultrashort pulses produced by frequency-stabilized mode-
locked lasers, can be enhanced in power by a few orders of
magnitude. In addition to boosting the sensitivity of broadband
(transient) absorption spectroscopy [3—7], this affords inten-
sities high enough to drive nonlinear processes such as high-
harmonic generation (HHG) at multi-megahertz repetition
rates [8—14]. Recently, this has enabled the extension of direct
frequency comb spectroscopy to the vacuum ultraviolet [10,11]
and the demonstration of the feasibility of extreme ultraviolet
frequency combs with photon energies exceeding 100 eV
[12,14]. Finally, by detuning the input frequency comb with

0146-9592/17/020271-04 Journal © 2017 Optical Society of America

respect to the longitudinal modes of a high-finesse EC, indi-
vidual comb lines can be resolved via spectral filtering, leading
to the highest frequency resolution achievable in broadband
spectroscopy so far [15-17].

The sensitivity enhancement underlying the success of ECs
in spectroscopy applies not only to absorption, but also to the
spectral phase [18]. In combination with the spectral phase the
curvature inherent to standard dielectric multilayer mirrors, this
sensitivity limits the optical bandwidth of ECs. The broadest
bandwidths of ECs reported hitherto in literature amount to
60 nm at a central wavelength of 800 nm [8], and to 100 nm
at a central wavelength of 1050 nm [19], both demonstrated in
ECs with a finesse of about 300. Significantly extending the spec-
tral coverage and shortening the pulse duration in femtosecond
ECs would tremendously benefit existing applications and enable
novel ones. For instance, cavity-enhanced Raman spectroscopy,
which so far has only been demonstrated in narrowband ECs
[20,21] could provide high-sensitivity trace gas detection, cover-
ing a significant part of the molecular fingerprint region in a single
measurement. Another example is cavity-enhanced HHG. Here,
the attainable photon energy and flux have been shown to scale
with the decreasing duration of the driving pulse [12,14,19,22].
Together with a suitable gating technique, intracavity pulses
approaching the few-cycle regime could enable the efficient
generation of bright isolated attosecond pulses at megahertz rep-
etition rates [23,24]. This would dramatically reduce the acquis-
ition time in pump-probe experiments involving the detection of
charged particles [25].

In this Letter, we report on an EC with an average finesse
exceeding 300, which supports a 10 dB bandwidth of 195 nm
(1800 cm™!) centered at 1050 nm. We measure intracavity
pulse duration of 19 fs (5.4 cycles) and an average power of
1.04 kW, limited by the sceding laser system. To accomplish
this bandwidth increase by a factor of 2 over state-of-the-art
femtosecond ECs, we address challenges related to the mirror
design, production, and characterization, as well as to the cavity
setup and intracavity pulse characterization.

The design and the production of multilayer cavity
mirrors that significantly surpass the bandwidth of standard
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Fig. 1. (a) Setup for multipass SSI measurements. (b) Setup for enhancement cavity (EC) experiments. The cavity includes two partially reflective
mirrors (IC, OC). (c) Front view of the multipass setup illustrating the beam path. Two unprotected gold-coated folding mirrors are used to achieve
24 reflections (blue and red dots) on two sample mirrors (M1, M2). (d) Output spectrum of the laser and the finesse of the EC. (e) Intracavity power

for the different values of the laser f 0.

quarter-wave stacks are challenging. Designs of such coatings
typically exhibit a very low tolerance with respect to thickness
variations in production. This results in deviations of the phase
characteristics of the produced coatings from the design and
variations among individual coating deposition runs of the
same design. Efficient enhancement is only possible if the
spectral phase accumulated during one round-trip in the cavity
deviates by less than approximately 7/F from a linear phase
(F = Finesse). Thus, for a four-mirror cavity with # = 300,
the maximum acceptable phase deviation per mirror is about
2.5 mrad, which is far less than typical errors for broadband
coatings. However, an EC with a suitable round-trip phase
can be built by combining mirrors from several coating runs.
This approach renders a reliable pre-characterization of the mir-
ror phase with a precision of a few milliradians indispensable.
To this end, we measure the accumulated spectral phase from
multiple reflections on two 17-diameter sample mirrors using
spatial-spectral interferometry (SSI) [26].

Figure 1 shows the overall experimental setup. The
Yb-based chirped-pulse fiber amplification system, previously
described in [27], delivers 180 fs pulses at 77 MHz. The spec-
trum is broadened in a photonic-crystal fiber (NKT, LMA-25)
and compressed to 17 fs in a double-angle chirped-mirror
setup, with an output average power of 16 W. For the mirror-
characterization setup [Fig. 1(a)], a small fraction of this power
is coupled to a single-mode fiber for spatial filtering. The trans-
mitted light is then collimated and split into a sample and a
reference arm in a setup composed of three partially reflective
mirrors produced in the same coating deposition run, placed
under a small angle of incidence (AOI). This beam splitting
setup ensures that the beams in both arms accumulate the same
phase from substrates and from the coatings of the transport
mirrors. The sample beam is subjected to a total of 24 reflec-
tions on two 1”7 sample mirrors [Fig. 1(c)]. The AOI on the
sample mirrors is 1.5°. Thus, the polarization dependence is
negligible. The reference and the sample beams intersect at the
entrance slit of an imaging spectrometer, producing interfero-
grams from which the accumulated spectral phase difference
can be retrieved [26]. Figure 2(a) shows the spectral phase
of a reference measurement of two unprotected gold mirrors.

The maximum deviation from the expected flat phase is less
than 1.5 mrad.

Novel cavity mirrors with a reflectivity R > 99.995% (highly
reflective, HR) and R = 99 =+ 0.3% (partially reflective, PR) in
the wavelength range between 950 and 1150 nm were designed
and produced (Layertec GmbH). The design goal was group
delay dispersion (GDD) in reflection of 0 fs*> with deviations
within +1 fs> over this bandwidth. Nb,O5 and SiO, were
chosen as coating materials. The theoretical round-trip spectral
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Fig. 2. (a) Spectral phase retrieved from multipass SSI measure-
ments of three different multilayer mirror coatings (PR, partially re-
flective; HR, highly reflective) and a bare gold coating. (b) Sum of the
measured spectral phases (green; blue: with an additional positive
GDD of 1.2 fs?) and of the corresponding coating designs (black)
of a mirror combination suitable for a four-mirror impedance-matched
EC. (c) Sum of the measured spectral phases (red, purple) and of the
corresponding coating designs (black), of the mirror combinations
suitable for an input-coupler limited four-mirror EC.
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phase of a four-mirror cavity with these mirror designs is shown
in Figs. 2(b) and 2(c), for an impedance-matched configuration
and an input-coupler limited configuration, respectively. The
production process was optimized to achieve an absolute thick-
ness deviation of below 0.5 nm per layer and a maximum spatial
inhomogeneity of 0.1% over a diameter of 10 mm on each sub-
strate. Two coating runs (HR1, HR2) were performed with the
HR design. For the PR mirror coating, the positioning of the
substrates in the machine was chosen to achieve a graded distri-
bution of spectral shifts of the GDD curve.

Figure 2(a) shows phase measurements of the three produced
coatings. The measured spectral phases deviate significantly from
the designs. The spectral phases of the PR and the HR2 coatings
have similar curvatures with opposite signs. In Fig. 2(b), the sum
of the measured spectral phases for two of each of these coatings
is shown. The resulting curve represents the single-round-trip
phase in a four-mirror impedance-matched cavity. It lies mostly
within the 7/ F-corridor calculated from the measured transmis-
sion of the PR coatings. The remaining negative curvature of the
phase corresponds to a GDD of about -1.2 fs2. Figure 2(c)
illustrates that an input-coupler limited EC with only one PR
is not viable with these mirror coatings: the combination of a
higher finesse and a worse shape of the spectral phase does
not allow for a broadband enhancement.

Figure 1(b) depicts the setup used for the cavity-based ex-
periments. The impedance-matched cavity is composed of two
HR2-coated mirrors with a radius of curvature of 600 mm and
two flat PR mirrors used as input- and output-coupling mirrors
(IC, OC, respectively). The finesse of the impedance-matched
cavity, as calculated from transmission measurements of the PR
coating, and the laser spectrum are shown in Fig. 1(d). The
reflections off two thin fused silica (FS) wedges are used for
the detection of the carrier-envelope offset frequency fcpo
for pulse characterization and for the reference arm of cavity-
SSI measurements. In the SSI reference arm, two uncoated FS
substrates compensate for the dispersion of the IC and OC sub-
strates in the sample arm. The repetition frequency of the laser
is locked to the EC using the Pound—Drever—Hall scheme. For
the generation of the error signal, a narrow part of the laser
spectrum at a wavelength of about 1000 nm is chosen. A
D-shaped silver mirror is used to clip a small part of the intra-
cavity light (<0.1%) to circumvent the spectral filtering and
phase of the cavity mirrors in transmission for pulse characteri-
zation. The clipped beam is spatially filtered using a pinhole.
Since the cavity mode size is not wavelength independent,
the measured spectra have to be corrected for the clipping ef-
ficiency. The beam transmitted through the OC is used for the
SSI sample arm and to measure a portion Py, as a diagnostic
for the intracavity power. The intracavity power is calculated
accounting for the spectrally varying transmission of the PR
coating 7pr(4) and the intracavity spectrum 7(2):

[ I(3)da

Pcirc = Pe T YT
“KTIQ) Tor(A)dA

U]

In a first experiment, the optimal offset frequency [19] of the
cavity in vacuum is determined. Figure 1(e) shows P for a
scan of the laser /(. It peaks at 38.5 MHz, corresponding to
feo/2. The intracavity spectrum for this f-po is plotted in
Fig. 3(a). The 10 dB spectral bandwidth is 168 nm. The intra-
cavity average power was 950 W, and the average power
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Fig. 3. Measured and calculated intracavity spectra, and calculated
spectral enhancement in vacuum (a) and with 24 mbar of air pressure
(b). The spectral enhancement is shown for an “ideal” dispersion-free
cavity and for the mirror phase shown in Fig. 2. (c,) (d) Measured
and calculated cavity phase.

enhancement factor was 68. The spectral phase of the intra-
cavity pulses with respect to the incoming light [Fig. 3(c)] is
measured via SSI. The negative curvature of the cavity round-
trip phase can be compensated for by adding some dispersive
material to the cavity. In our setup, this can be conveniently
achieved by flooding the vacuum chamber with a small amount
of ambient air. At an air pressure of about 24 mbar in the cham-
ber, we obtain the broadest spectral bandwidth in the EC. To
exploit this increased bandwidth, we slightly broaden the input
spectrum. Figure 3(b) shows the resulting intracavity spectrum
exhibiting a 10 dB bandwidth of 195 nm. Here, the average
power was 1040 W with an average power enhancement of 75.

Figure 3 also shows the spectral enhancement and phase cal-
culated with the phase data from the multipass measurements
(Fig. 2), without additional dispersion [Figs. 3(a) and 3(c)], and
with an additional GDD of 1.2 fs? [Figs. 3(b) and 3(d)]. From
these and the experimental input laser spectra, intracavity spec-
tra are calculated. The good agreement of both simulated cavity
spectra and phase curves with the experiment confirms the
accuracy and udility of the multipass SSI measurements.

The laser pulse compression is optimized to achieve minimal
pulse duration in the cavity. We characterize the intracavity pulse
using two independent methods. First, we retrieve the pulse from
second-harmonic-generation frequency-resolved optical gating
(FROG) measurements of the clipped intracavity beam. The re-
sulting spectral phase has to be corrected for the spectral phase of
the vacuum chamber window. Additionally, we retrieve the intra-
cavity pulses’ spectral phase from FROG measurements of the in-
put pulse, together with SSI measurements of the relative cavity
phase. Here, two fused silica substrates in front of the FROG de-
vice account for the dispersion of the vacuum chamber window
and the input coupler (Fig. 1). To calculate the pulse duration, the
intracavity spectrum is measured independently. The results of the
retrieval in the frequency and in the time domain are shown in
Figs. 4(b) and 4(c). The full-width at half-maximum intensity
pulse durations determined from the first and second methods
are 18.8 and 19 fs, respectively, for the EC in vacuum
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Fig. 4. (a) Measured and retrieved FROG traces of input and
cavity pulses. The FROG errors were 0.008 and 0.005, respectively.
(b) Intracavity spectra and spectral phases calculated by both methods.
(c) Corresponding temporal intensities and phases.

(Fourier limit: 17.5 fs). The peak power of the intracavity pulse is
about 0.5 GW.

In conclusion, we have demonstrated methods enabling
high-finesse ECs that substantially surpass the state-of-the-
art in bandwidth and support pulses approaching the few-cycle
range. While a robust coating design and an accurate deposition
is of utmost importance, the current error margins in produc-
tion can only be overcome by combining mirrors from several
coating runs. To allow for a quick identification of suitable mir-
ror combinations, we have demonstrated a simple multipass
setup capable of measuring the spectral phase of mirrors with,
to the best of our knowledge, an unprecedented precision of
1.5 mrad. Further, we have presented methods for the reliable
characterization of pulses in such cavities and measured pulses
of sub-20 fs duration. We increased the bandwidth of this EC
to about 1800 cm™! by fine-tuning the cavity dispersion with
the air pressure in the vacuum chamber. For applications that
do not allow the presence of a gas, the same effect can be
reached by a thin plate placed under Brewster’s angle in the
EC, e.g., a 56 pm fused silica or a 7 pm Si3Ny plate.

The intracavity bandwidth reported here will immediately
benefit a host of broadband spectroscopy schemes. For in-
stance, femtosecond stimulated Raman spectroscopy [28] with
this cavity would cover half the molecular fingerprint region
without the need for tuning. Furthermore, the demonstrated
pulse duration, together with a suitable gating technique
[24], promises to enable the efficient generation of isolated
attosecond pulses via HHG for time-resolved experiments in
attosecond physics at multi-megahertz repetition rates.
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Temporal dissipative solitons (TDS) in nonlinear optical resonators are self-compressed, self-stabilizing and
indefinitely circulating wave packets. Owing to these properties, TDS have been harnessed for the
generation of ultrashort pulses and frequency combs in active and passive laser architectures, including
mode-locked lasers' ™, passive fibre resonators® and microresonators®!'. Here, we demonstrate TDS
formation in a free-space enhancement cavity with a Kerr nonlinearity and a spectrally tailored finesse. By
locking a 100-MHz-repetition-rate train of 350-fs, 1035-nm pulses to this cavity-soliton (CS) state, we
generate a 37-fs sech”-shaped pulse with a peak-power enhancement of 3200, which exhibits low-frequency
intensity-noise suppression. The power scalability unique to free-space cavities, the unprecedented
combination of peak-power enhancement and temporal compression, and the CS-specific noise filtering
attest a vast potential of this novel platform of optical solitons for applications including spatiotemporal

filtering and compression of ultrashort pulses, and cavity-enhanced nonlinear frequency conversion.

Optical solitons are localised electromagnetic wave packets propagating through a dispersive, nonlinear
medium while maintaining a constant structure. In nonlinear optical resonators they manifest as temporal
dissipative solitons* (TDS), i.e., asymptotically stable steady states associated with one or more pulses capable
of circulating, in principle, ad infinitum. The duration and peak intensity of these pulses are determined by the
balance between dispersion and self-phase-modulation on the one hand, and between loss and gain
mechanisms on the other. Besides being highly interesting objects from a fundamental nonlinear-optics
perspective, their properties, applied in particular for the passive mode-locking of active laser resonators!™,
have made them a cornerstone of ultrafast-optics and frequency-comb technology. More recently, the
generation of temporal cavity solitons (CS) in externally-excited, passive optical resonators has rapidly
developed into an active field of research. First demonstrated in 2010 in continuous-wave (CW) laser-driven
passive fibre resonators®, CS formation has since been observed in various types of high-finesse
microresonators® 1!, playing a crucial part in the development of a new family of frequency-comb sources'?,
and facilitating fundamental research on soliton dynamics'>!4, Compared to these CS platforms, free-space
femtosecond enhancement cavities'®> 2! (EC) offer unparalleled flexibility regarding dispersion control, access
to the beam and geometric power scalability, in particular permitting peak powers significantly exceeding the
catastrophic self-focussing limit in optical materials.

In this Letter, we report the generation of cavity solitons in a macroscopic enhancement cavity. In particular,
we observe intracavity temporal self-compression and intensity self-stabilisation of femtosecond pulses.
Furthermore, we introduce spectrally-tailored input coupling, which allows for the CS power enhancement to
surpass the limits set by the temporal and spectral overlap between intracavity solitons and driving pulses
applying to previous CS experiments®!. This improvement enables a peak-power enhancement exceeding that
in conventional, broadband femtosecond ECs by more than one order of magnitude!>??, while allowing similar
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Fig.1. Concept for efficient cavity soliton generation. (a) A train of laser pulses is coupled to a free-space EC comprising
an input coupling mirror with a spectrally tailored reflectivity R(A) (notch IC), a dispersive mirror (DM) and two curved,
highly-reflective mirrors (HR). The EC incorporates a movable sapphire plate arranged under Brewster’s angle (Brewster
plate, BP). (b, upper panel) Cavity soliton spectrum (red), driving laser spectrum (black), and spectral reflectivity of the
notch IC (blue). The sharp peak at 1064 nm is the spectrum of an auxiliary continuous-wave laser necessary for the locking
scheme (see Methods). (b, lower panel) Difference of the reflected spectral intensities for the laser being far from
resonance and being locked to the CS state, illustrating the high spectral overlap facilitated by the IC transmission. A
similar scheme has previously been proposed in the context of intracavity plasma generation?2. (c) For CS generation, the
lines of the input laser frequency comb (black) are adiabatically swept over the cavity resonances. (d) Normalised cavity
transmission for frequency sweeps for low (blue) and high input power (sweeps from high to low frequency (red) and
back (orange)) exhibiting bistability and the characteristic soliton step.

pulse durations. The intracavity pulse represents - to the best of our knowledge - the shortest and by far most
energetic CS reported to date.

The 100-MHz bowtie ring EC consists of four mirrors with dielectric coatings, and an uncoated sapphire plate
of 1-mm thickness, placed at Brewster’ s angle in the focussed cavity arm (Fig.1.a). An anomalous roundtrip
dispersion of about —15 fs® was achieved over a spectral width of 60 nm by combining custom-produced
mirrors. The cavity was operated in vacuum. For a high coupling efficiency of the 350-fs (FWHM) driving pulses
from our mode-locked laser (MLL) to a CS with a significantly broader spectrum, the reflectivity of the input
coupling mirror (IC) was spectrally tailored to match the width of the transmitted CS spectrum to that of the
MLL (Fig.1.b). This led to a cavity finesse exceeding 10,000 for the outer parts of the CS spectrum, opposed to
840 in the range of the driving laser spectrum. Sweeping the laser frequency at sufficient driving power over
the cavity resonances, the bistable step in the cavity transmission signal characteristic for soliton generation®
was observed (Fig.1.c,d). The soliton step was reliably produced during every sweep. To stably maintain
specific nonlinear cavity states?®?, the detuning Af.,, of the MLL frequency comb from the cavity resonances
was actively stabilised with the aid of an auxiliary low-power continuous-wave (CW) laser, locked to a
resonance of the linear EC (Fig.2.a, Methods). Because of the negligible temporal overlap between CW laser
and MLL pulses, this lock is insensitive to the MLL-induced nonlinear cavity phase distortions. The carrier-
envelope offset frequency (f,) of the MLL is independently stabilised to an adjustable radio-frequency

reference.

Similar to recent observations in microresonators driven by pulsed lasers!!, we found that the soliton step
occurs only for a limited range of f; (Fig.2.d), corresponding to about 4% of the free spectral range of the EC. It
is most pronounced at the upper edge of this range. Figures 3 shows the evolution of the intracavity spectrum
during a sweep of the detuning Af.,, at fu = 26 MHz. At a specific detuning, the intracavity spectrum changes
from a broad but modulated shape to the smooth, nearly sech®-shaped spectrum characteristic for solitons.
Similar to the observation reported in Ref.?%, we found that the width of the optical CS spectrum increases

with increasing detuning.
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Fig.2. Setup, locking scheme and f-dependence of the soliton regime. (a) Schematic view of the locking setup and the
cavity diagnostics. The frequency f.,, of an auxilliary continuous-wave (CW) laser is locked to an enhancement cavity
(EC) resonance using the Pound-Drever-Hall scheme (PDH). (EOM: Electro-optic modulator, fi,04: modulation frequency,
BS: beamsplitter). A beatnote between the carrier-envelope-offset frequency (fy)- stabilised mode-locked laser system
(MLL) and a copy of the CW laser shifted by the frequency fqpif is generated and locked to an adjustable frequency
(fiock)- (AOFS: acousto-optic frequency shifter). The power reflected off the EC is measured with a powermeter (PM).
For analysis of the intracavity light, both the transmission through a mirror and the reflection off the Brewster plate can
be used. (PD: photodiode, OSA: optical spectrum analyser, FROG: frequency-resolved optical gating). (b) Frequency-
domain picture of the CW-laser lock to the linear cavity resonances. The weaker lines around f,, indicate the PDH
sidebands. (c) Frequency-domain picture of the MLL lock resulting in an adjustable detuning Af_,, between linear cavity
resonances and MLL frequency comb lines at the wavelength of 1064 nm. (d) Cavity transmission for slow blue-to-red
sweeps of Af.,y for different values of f; showing the strong f,-dependence of the CS step.
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Fig.3. Soliton evolution. Contour plot of the intracavity spectra for a
sweep of the detuning Af;,y (upper panel), and line cuts at three
values of Afc,y (lower panel). The cavity-enhanced CW laser is
visible as a narrow peak at 1064 nm. The peak at 910 nm
corresponds to the zero-crossing of the cavity roundtrip phase and
has a relative spectral intensity of -22 dB with respect to the soliton
spectrum.

We characterised the temporal profile and possible chirp of the intracavity pulse using frequency-resolved-
optical gating (FROG) measurements for a CS state close to maximum detuning at Af.,,=-0.98MHz. The
retrieval yields an intracavity pulse duration of 37 fs (Fourier limit: 36.8 fs), with 98% of the pulse energy
carried by the main pulse (Fig.4, Methods). The pulse shape furthermore reveals the existence of a temporal
offset between the maxima of the driving pulse and the soliton, as recently predicted from simulations?, of
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Fig.4. Soliton characterisation a) Spatial cavity mode profile of the
CS state on the curved mirror. Line cuts (red) in x and y directions
are shown together with Gaussian fits (blue). (b) Measured and
retrieved frequency-resolved optical gating (FROG) traces of the CS
pulse. The FROG error of the retrieval was 0.019. (c,d) The temporal
intensities of the intracavity pulse (red) and driving pulses (yellow)
calculated from FROG retrieval and power measurements shown on
linear and logarithmic scales. The temporal offset was determined
by fitting the driving pulse to the CS pedestal (d). The CS main pulse
agrees well with a sech?-fit (blue).

about 120 fs. In this CS state, an average-power enhancement of 366 corresponding to a peak-power
enhancement of 3220 was measured at an MLL input power of 1.3 W (see Methods). The power enhancement
of the MLL in the same EC measured at an input power of 20.3 mW, low enough to maintain a linear response,
was 444. Notably, the soliton peak power of 125 MW exceeds the critical power for self-focusing in sapphire
by a factor of 40. The distance of the BP to the focal plane zgp was 67 mm, corresponding to an effective mode
area of 0.62 mm?®. Similar CS states were achieved at down to two orders of magnitudes lower input and
intracavity power levels, limited by the focal width, by decreasing zgp. Further scaling to higher intracavity
power at larger zgp was limited by thermal drifts, likely caused by absorption in the IC and/or the BP,
preventing stable operation.

To verify the stability of the CS states, we measured the beatnote between the linearly cavity-enhanced CW
light, and the light circulating in the MLL-driven nonlinear cavity. The frequency of this beat yields the absolute
phase shifts A@y;, associated with the nonlinear intracavity states at the wavelength of 1064 nm. For a sweep
of the detuning (Fig.5a), the RF spectrum of this signal changes from a broad and noisy structure with multiple
pronounced beatnotes to a single, narrow peak, attesting a stable, fixed nonlinear phase in the soliton regime.
Furthermore, we measured the relative intensity noise (RIN) of the CS state at the maximum detuning, and

compared it to the RIN of the linear EC (for a low MLL power of 222 mW) and to that of the driving MLL
(Fig.5b).
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Fig.5. Nonlinear phase and RIN. (a) Contour plot of the radio
frequency spectrum of the beating signal between the transmission
of the linear cavity (CW laser) and nonlinear cavity (pulsed laser)
states for a sweep of the detuning Af.,y (upper panel). Line cuts at
three values of Af,, are shown in the lower panel. Taking the free
spectral range of the cavity into account, the frequency of the beat
note can be converted to the roundtrip nonlinear phase shift Agyy,
at the wavelength of 1064 nm. (b) Power spectrum of the root-
mean squared (RMS) relative-intensity noise (RIN) for the pulsed
driving laser, for a (low-power) linear cavity state and the soliton
cavity state close to maximum detuning.

The results show that the low-pass characteristics of the linear cavity, setting in at 500 kHz, are conserved by
the CS state. More strikingly, the CS state acts as a high-pass filter, suppressing the RIN for frequencies below 1
kHz by up to two orders of magnitude with respect to the driving laser, while the linear cavity closely follows
the laser RIN in this range. This feature stems from the self-stabilising nature of dissipative solitons in general,
together with a mechanism unique to CSs: the pulse energy and duration of a soliton are constrained by the
balance between dispersion and the nonlinear phase shift, which is fixed to the driving laser detuning.
Therefore, the energy of the CS state is largely independent of the input power, pulse duration, or spatial
overlap. Between 30 and 500 kHz, the CS RIN is significantly higher than that of both the laser and the linear
cavity state. This is most likely due to CS self-stabilisation dynamics excited by the phase noise of the locking
loop at about 40 kHz. While the total root-mean-square RIN of 0.98% of the CS is comparable to the value of
1.05% measured for the linear cavity, the CS RIN is confined to a well-defined frequency range.

In conclusion, we have demonstrated the stable generation of cavity solitons in a free-space enhancement
cavity with Kerr nonlinearity and a spectrally-tailored input coupler transmission. We have observed
intracavity pulse compression by nearly an order of magnitude, to a 37-fs, nearly Fourier-limited sech®-shaped
pulse and a low-frequency RIN-suppression mechanism of cavity-soliton states. The peak-power enhancement
surpasses by more than an order of magnitude the highest enhancement previously demonstrated in
femtosecond enhancement cavities with comparable pulse durations??, where the enhancement is severely
limited by the cavity-mirror dispersion!>26, Further improvements of pulse duration, pulse energy and coupling
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efficiency can be expected from mirror optimisation and thermal management?’. Spectrally-tailored input
coupling could also benefit the coupling efficiency and bandwidth in microresonator geometries using
multilayer mirrorst?,

Free-space enhancement cavities represent a uniquely flexible architecture for the study of cavity solitons, in
which the effective nonlinearity, roundtrip dispersion and spectral finesse can be efficiently tailored. In this
novel implementation, cavity solitons promise new opportunities for established applications of femtosecond
enhancement cavities, such as high-repetition-rate high-order harmonic generation?® for (extreme-) ultraviolet

frequency-comb®>? and photoemission?®30

spectroscopies, or path-length enhancement for vibrational
spectroscopy?’*®2! and are likely to enable new applications. In particular, the temporal, spectral and spatial
filtering, and the low-frequency RIN suppression afforded by cavity solitons are highly attractive properties for

the compression of ultrashort laser pulses at the full repetition rate of their primary source.

Methods
Enhancement cavity

The spectral power reflectivity of the IC coating was designed to exceed 99.9% in the band between 900 and
1200 nm, except for a notch centred at 1040 nm, with a minimum reflectivity of 99% and a half-depth width of
10 nm (Fig.1.a). The GDD of the mirror coatings was designed to approach 0 fs® for the IC and for two of the
highly-reflective (HR) coatings, and -45 fs* for the fourth, dispersive HR mirror, over the same spectral range.
Spectral phase measurements of the individual coatings were performed using multipass spatial-spectral
interferometry?6, Together with the calculated dispersion of the BP, we estimated a roundtrip GDD of about -
15 fs® in the central spectral region. A ring-down measurement of the EC at a wavelength of 1064 nm yielded a
finesse of 12,040. The corresponding roundtrip loss of 522 ppm is dominated by the BP reflections and
scattering at the mirror coatings. The cavity finesse at 1035 nm is 842, implying an ideal linear enhancement of
491. A comparison to the experimental linear enhancement yields the spatial overlap of 0.9. The EC was set up
as a symmetric bow-tie cavity with 600 mm radius of curvature of the concave mirrors and operated close to
the inner edge of stability with a stability parameter of about -0.96. The 1/e” intensity diameters of the mode
on the curved mirrors was 2.8 and 2.86 mm in tangential and sagittal axes, respectively (Fig.4.a).

Driving laser, locking scheme and soliton generation

The driving pulses with a duration of 350 fs (Fourier limit: 340 fs) and a central wavelength of 1035 nm were
delivered at a repetition rate of 100 MHz by an Yb-fibre chirped-pulse amplifier. The Yb-system was seeded by
an Er:fibre MLL (C-Comb, Menlo Systems) operating at a wavelength of 1.55 um. The frequency shift to 1035
nm is performed using the electronic Kerr nonlinearity in a highly nonlinear germanosilicate fiber assembly.
This step conserves the coherence of the Er:fiber front end3, resulting in a high level of operational stability32.
The average power impinging on the EC was adjustable between 10 mW and 10 W. The carrier-envelope-
offset frequency f, of the MLL, measured with an integrated f-2f interferometer, was locked to the output of
an RF waveform generator (Fig.2.a,b). For the cavity lock, a Nd:YAG nonplanar ring oscillator CW laser
(Mephisto, Coherent) was transmitted through an acousto-optic frequency shifter (AOFS). The O™-order
transmission of the AOFS was phase-modulated in a resonant electro-optic modulator (EOM) and spatially
combined with the MLL using an 80:20 beamsplitter, with 50 mW of the CW light impinging on the input
coupler. In reflection from the EC, the CW beam at 1064 nm was spatially isolated with a grating and used to
generate a Pound-Drever-Hall error signal, allowing the stabilisation of the CW-laser frequency to an EC
resonance (Fig.2.a,c). The 1%t-order diffraction of the CW laser in the AOFS, being frequency-shifted by fihire =
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110 + 2 MHz, was combined with a part of the MLL light. A beatnote was generated by broadening the MLL
spectrum in a nonlinear fibre, subsequently cleaning the polarisation, and filtering the wavelength to a narrow
spectrum at 1064 nm, which was sent to a photodiode. The signal was mixed down with a frequency fiocxk =
10.58 MHz, and can be locked by actuating on the repetition rate of the MLL. The detuning of the MLL
frequency-comb lines from the cavity resonances Af,, at a wavelength of 1064 nm is given by Af.., = fsnife —
frep — fiock (Fig.2.a,c). Soliton states were generated by sweeping fs either continuously using the analog
frequency-modulation input of the waveform generator driving the AOFS, or in steps of <20 kHz using its
digital control (Suppl. video).

Diagnostics

The spectral transmission of the broadband cavity mirrors is not uniform over the wavelength range of
interest. To gain direct access to the intracavity light we therefore used the reflections off the BP, which was
slightly detuned from Brewster’ s angle for measurements of the intracavity spectrum, detuning curves,
FROG trace and RIN data. Due to the position of the BP in the focused cavity arm, both reflections from the
close to parallel BP surfaces were well separated spatially after collimation. A wire grid polarizer was used to
filter out residual s-polarized light that is reflected off the BP after entering the cavity. The intracavity temporal
intensity was calculated from the FROG retrieval (Fig.4.b), accounting for the material dispersion of the
vacuum window, lens and wire-grid polarizer (16 mm of fused silica). The high intensity contrast of the
measurement was facilitated by the spatial homogeneity of the beam, characteristic for ECs. Because of the
high sensitivity of the BP reflectivity with respect to the angle between BP and the cavity beam axis, a
calibration of the reflectivity with sufficient accuracy for precise intracavity power measurements would have
been challenging. Instead, the intracavity power was calculated from a power measurement in transmission of
a cavity mirror by accounting for its spectral transmission and for the intracavity spectrum?®. To generate the
beat signal shown in Fig.5, the transmission through a cavity mirror was spectrally filtered to a narrow range
around 1064 nm using a grating. The resulting signal was sent to an amplified photodiode and measured using
an electronic spectrum analyser. The RIN data was generated by acquiring oscilloscope traces of the signal of a
fast photodiode with lengths of 1000 s and 200 ms, and stitching the resulting power spectra. For the RIN
measurements of the linear cavity and CS, the driving laser power was 222 mW and 1.42W, respectively and
the laser was locked at Af.,,=-0.642 MHz and Af,,=-0.93 MHz, respectively.
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Abstract State-of-the-art optical switches for coupling
pulses into and/or out of resonators are based on either the
electro-optic or the acousto-optic effect in transmissive ele-
ments. In high-power applications, the damage threshold
and other nonlinear and thermal effects in these elements
impede further improvements in pulse energy, duration, and
average power. We propose a new optomechanical switch-
ing concept which is based solely on reflective elements
and is suitable for switching times down to the ten-nano-
second range. To this end, an isolated section of a beam
path is moved in a system comprising mirrors rotating at a
high angular velocity and stationary imaging mirrors, with-
out affecting the propagation of the beam thereafter. We
discuss three variants of the concept and exemplify practi-
cal parameters for its application in regenerative amplifiers
and stack-and-dump enhancement cavities. We find that
optomechanical pulse picking has the potential to achieve
switching rates of up to a few tens of kilohertz while sup-
porting pulse energies of up to several joules.

This article is part of the topical collection “Enlightening the
World with the Laser” - Honoring T. W. Hinsch guest edited by
Tilman Esslinger, Nathalie Picqué, and Thomas Udem.

< Nikolai Lilienfein
nikolai.lilienfein @mpq.mpg.de

Max-Planck-Institut fuer Quantenoptik,
Hans-Kopfermann-Strasse 1, 85748 Garching, Germany

Present Address: Menlo Systems GmbH, Am Klopferspitz
19a, 82152 Martinsried, Germany

1 Introduction

Picking individual pulses from the MHz-repetition-rate
pulse trains produced by (amplified) laser oscillators is
particularly important in the context of high-pulse-energy
lasers. Here, pulse pickers are necessary to reduce the rep-
etition rate of the seed oscillator pulse train before ampli-
fication in average-power-limited laser systems. Other
prominent applications are the direct extraction of pulses
from laser resonators (cavity dumping) [1], and the cou-
pling of pulses into and out of the cavities of regenerative
amplifiers [2—4]. Cavity dumping has also been demon-
strated in passive external resonators known as enhance-
ment cavities (ECs) [5, 6]. While this concept has not yet
found widespread application, it has recently encountered
renewed interest in the context of high-pulse-energy Yb-
based amplifiers [7, 8]. The relevant properties of pulse
pickers are the switching time and switching rate, effi-
ciency, contrast, and optical bandwidth. Equally important
for intracavity applications are properties which affect the
transmitted pulses, i.e., losses, chromatic dispersion, and,
for high-power applications, self-induced nonlinear and
thermal effects.

Cavity dumping from oscillators and regenerative ampli-
fier cavities typically relies on Pockels cells. These devices
use the electro-optic Pockels effect in nonlinear crystals to
rapidly rotate the polarization of the intracavity pulse upon
application of a high voltage. Depending on its polariza-
tion, the pulse can be subsequently coupled out by means
of a polarizer. The length of the crystals necessary to reach
a polarization rotation sufficient for efficient switching is
typically tens of millimeters. Pockels cells include several
antireflection-coated surfaces which create losses. Since
the electro-optic effect scales linearly with the electric
field, the half-wave voltage increases with the aperture

@ Springer
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width. This, together with the availability of large crystals
of sufficient quality, makes increasing the aperture of the
cell technologically challenging [3]. The damage threshold
of crystals and antireflective coatings, as well as nonlinear
and thermal effects, are the limiting factors for the extract-
able peak and average power from regenerative amplifiers
[3, 9]. State-of-the-art systems achieve pulse energies of 30
mJ at 10 kHz repetition rate and 200 mJ at 1 kHz [10]. For
amplification, the pulses are typically stretched to durations
in the nanosecond range [4, 11].

In contrast to the cavities of laser oscillators and of
regenerative amplifiers, which include gain media, the
increase in pulse energy in ECs depends on the correct tem-
poral and spatial overlap of circulating and seeding pulses,
and the growth per round-trip is typically small. Thus,
losses, dispersion, and other distortions of the intracavity
pulse are critical, and rule out the use of Pockels cells for
efficient dumping. For proof-of-principle demonstrations
of the stack-and-dump concept, acousto-optic modulators
(AOMs) have been employed [5, 12, 13]. Here, the beam
is coupled out by a transient grating, induced by an acous-
tic wave propagating in a solid, e.g., a fused silica plate.
The switching time of these devices is determined by the
beam size and by the speed of sound in the material. A suf-
ficiently short switching time to pick pulses from a meg-
ahertz pulse train requires the beam to be tightly focused
in the AOM. Recently, the extraction of 0.16 mJ pulses
from an EC has been demonstrated [14]. The pulses were
chirped to a duration of 2.5 ns, and the output repetition
rate was 30 kHz. In particular, the high nonlinearity caused
by the small beam size in the AOM represents a bottleneck
for the further scaling of such systems [14].

Recently, a mechanical pulse picker based on a concept
similar to a chopper wheel has been proposed as a possi-
ble way to circumvent these limitations [7]. Here, a mov-
ing mirror that periodically intercepts the circulating pulse
would act as the switching element, avoiding the losses,
dispersion, nonlinearities, and thermal lensing associated
with intracavity transmissive elements. However, the cen-
trifugal force that would occur in a chopper wheel spinning
fast enough to couple out single pulses even from a tightly
focused MHz-repetition-rate pulse train would be close to
the limits given by the tensile strength of potential rotor
materials. This poses a major technological challenge and
would severely limit the capabilities of the such devices.
Even if feasible, this output coupler would represent a
high-precision element of considerable size, complexity,
and cost.

In this article, we present a novel concept for an optom-
echanical pulse picker consisting of exclusively reflective
optics. It uses rotating mirrors and stationary imaging mir-
rors in order to move an entire section of a beam path with-
out affecting the beam path outside of this section. While
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sharing the advantages of the chopper wheel, the concept
drastically reduces the mechanical demands on the rotor by
using the beam path as a lever. We present three particu-
lar geometries and discuss their advantages and drawbacks.
We find that devices based on this concept could be suita-
ble to pick joule-level pulses from optical cavities with rep-
etition rates of several tens of megahertz, at rates of several
kilohertz.

2 Circular single-mirror geometry

Figure la shows the most basic variant of the concept. It
is based on a mirror that rotates at a high angular veloc-
ity. The normal of its flat surface is tilted by a small angle
from its rotation axis, such that the rotating mirror reflects
a stationary input beam into a time-dependent deflection
beam path. The rotating mirror surface is positioned in the
center of curvature of a large spherical mirror. The deflec-
tion beam path impinges orthogonally on the stationary
mirror surface for all rotation angles, and is reflected back
along its incident path. Irrespective of the deflection angle,
the second pass on the rotating mirror deflects the output
beam along a path coinciding with the input path. Since the
stationary spherical mirror images the surface of the rotat-
ing mirror onto itself, we refer to it as the imaging mirror.
To achieve collimated input and output beams, a curved
folding mirror can be used to focus the beam on the imag-
ing mirror. Figure 1b illustrates the points where individual
pulses from a pulse train impinge on the imaging mirror. If
the deflection paths of subsequent pulses are separated by a
distance As that is larger than the beam diameter, mirrors in
the deflection beam path or openings in the imaging mirror
can be used to pick pulses from the pulse train.

A
out ) out

frep =

fp

d=R M As Frot

cury

Fig. 1 a Side view of the circular single-mirror geometry comprising
one rotating mirror (RM), a spherical imaging mirror (IM, radius of
curvature Rcu) With an opening, and a curved folding mirror (FM).
The beam path is shown for two rotation angles (dashed line beam
path for output coupling). For a full rotation, the deflected beam path
describes a cone. b Front view of the imaging mirror with N points
of incidence of individual pulses from the incoming pulse train being
distributed along a circle of radius r
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The switching time 7 of the pulse picker is given by the
velocity with which the beam moves along the circle of
radius r, and the 1/¢? beam radius w in that plane. If we
require that As = 2w, we find that

w

i Trfror” M

with fio; being the revolution rate of the rotating mirror.
This equation also holds for a chopper-wheel-based pulse
picker. In this case, the value of r, is given by the size of
the chopper wheel. For our optomechanical pulse picker,
on the other hand, it depends on the deflection angle from
the rotating mirror ® and on the distance to the imaging
mirror d, according to r = d sin(®). The beam path is used
as a lever, and the diameter of the rotor needs to be just
large enough to provide a sufficient aperture for the trans-
verse beam size. The switching rate is equal to the revo-
lution rate. A magnetic bearing of the rotor is desirable to
achieve a high rotation speed as well as a high stability of
the rotor and of its revolution rate, a long lifetime, and to
allow for operation in vacuum. In [15], a suitable self-bear-
ing motor reaching a speed of 8.4 kHz intended for laser
scanning applications has been demonstrated. With a length
of 55 mm and a diameter of about 30 mm, the motor is
quite compact. With this motor, and, e.g., an imaging mir-
ror of 15 cm diameter and a beam radius of 50 wm in the
focal plane, the switching time is 25.3 ns, corresponding to
a maximum pulse repetition rate of close to 40 MHz. Pre-
cise holes with diameters in the range of several tens of um
can be manufactured, e.g., via laser drilling [16]. To allow
for reliable pulse picking, the points of incidence of the
pulses on the imaging mirror have to be fixed. To this end,
the repetition rate of the pulse train has to be locked to an
integer multiple of the rotation frequency. In addition, the
pulse train has to be stabilized to a specific fixed phase with
respect to the rotation phase. Both of these requirements
are achievable with standard technologies.

A pulse picker of this kind could be used in a linear
resonator cavity, with the imaging mirror being one of the
end mirrors. The number of round-trips during one rotation
period is N = frep/frot» With frep being the repetition rate of
the resonator. The transverse separation of the paths of suc-
cessive pulses is given by

Ast = 2md sin(@)™ )

rep
When the input beam path coincides with the rotation axis
of the rotating mirror, the angle of incidence on its surface
is constant, and equals half the deflection angle ®. The
polarization of the beam with respect to the imaging mirror
surface turns with the rotating mirror. The spectral phase
and reflectivity of dielectric mirror coatings typically show
increasing polarization dependence with a larger angle of

incidence and with an increasing spectral bandwidth. Even
though the imaging setup does not affect the polarization
geometrically, this effect will cause a birefringent spectral
phase modulation increasing with the angle of incidence
and the required bandwidth. Any rotation-angle-dependent
modulation is periodic with fro, leading to a constant out-
put of the system at fio. For some applications , however,
small angles of incidence and, thus, a long distance d may
be necessary.

For large values of d, the propagation time At = 2d/c
between the first and the second pass of the pulse on the
rotating mirrors becomes relevant. During this time, the
mirror rotates by A¢ = 2 f;oAt. This rotation results in an
effective tilt 8 between the vectors normal to the mirror sur-
face for the first and second passes given by

. (B . (O . (A

sin <5) =sin (5) sin (7) 3)
For the example mentioned above, a distance d = 0.5m
corresponding to ® = 8.6° results in an effective tilt of
13.5 prad.

A limitation of this type of geometry for high-power
applications is presented by the high intensity on the imag-
ing mirror. The beam radius w on the imaging mirror
depends on the focusing power of the curved folding mir-
ror and on the caustic of the surrounding resonator. A small
beam waist reduces the necessary separation of adjacent
spots, but increases the peak and average intensity on the
imaging mirror. While no transmissive elements prone to
thermal and nonlinear effects are used, mirror damage will
occur for high peak intensities or fluences. Additionally,
thermal lensing in mirrors can affect the operation of cavi-
ties at high average powers [17, 18]. While the overall size
of the pulse picker can be scaled up with the required peak
and average power, the necessity of focussing the beam on
a cavity mirror is generally disadvantageous for high-power
applications.

3 Circular double-mirror geometry

Figure 2 shows a second variant of the concept which mit-
igates the above problem. Here, two rotating mirrors and
two imaging mirrors are used in a setup which is symmet-
ric with respect to a central plane. The rotating mirrors are
fixed on a single shaft which is driven by the motor. The
curved imaging mirrors are arranged such that their focal
points coincide with the center of the rotating mirror sur-
faces, analogously to a 4-f imaging configuration. The
first rotating mirror reflects the input beam into a deflec-
tion beam path that depends on its rotation angle. The two
imaging mirrors guide the deflected beam to the second
rotating mirror, which produces a stationary output beam.

@ Springer
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Fig. 2 a Side view of the circular two-mirror geometry with two
rotating mirrors (RM1, RM2), two imaging mirrors (IM1, IM2) and
an output coupling mirror (OC). The beam path is shown for two
rotation angles (dashed line beam path just before output coupling).
For a full rotation, the deflected beam path describes a cylinder
between the imaging mirrors. b Schematic view of the grazing-inci-
dence output coupling mirror. The beam path is shown for the three
final round-trips of the pulse before the output coupling event (dashed
line)

Between the rotating mirrors, some space is needed for the
bearing and power unit of the rotor, separating their sur-
faces by a distance a. When the distance between the imag-
ing mirrors L is large with respect to a and the deflection
angle ® is small, the imaging mirror configuration is close
to a true 4-f imaging. In this case, the deflection beam is
focused in the symmetry plane of the setup when the input
and output beams are nearly collimated. For larger values
of a, the beam has to be slightly divergent at the entrance
of the pulse-picker setup and slightly convergent at the exit.
A mirror placed at some point along the deflected beam
path between the imaging mirrors can be used for input or
output coupling of the pulse (Fig. 2b). For some applica-
tions, the resonator cavity may remain blocked for a small
fraction of the rotation period after output coupling and/
or before input coupling. Then, the picking mirrors can
be larger than the beam size at the position of input/out-
put coupling. The space just before or behind the coupling
mirrors can also be used for the mechanical support of the
rotor unit. The surface of the stationary mirrors can be
either spherical or parabolic. Spherical mirrors are simpler
to align and manufacture, but exhibit astigmatism when hit
at nonzero angles of incidence. Note that the sagittal and
tangential planes with respect to the rotating and imaging
mirrors, and thus the astigmatism, are rotating together
with the beam path. Particularly in resonators operated
close to an edge of the stability range [19], this astigmatism
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will result in a rotating ellipticity of the cavity mode. Simi-
lar to the birefringent effects in dielectric mirror coatings
mentioned before, this can be mitigated by decreasing the
angle of incidence at the cost of increased size.

An optomechanical pulse picker of the second variant
could be used in both linear and ring resonator cavities. For
small angles of incidence on the mirrors, the following equa-
tion gives the pulse path separation for the second variant:

Asy =7 (L — a) tan(@)]@. 4)

rep
It is similar to the one for the single-mirror geometry, but
the total length, given here by the distance of the imaging
mirrors L, doubles for otherwise identical parameters. In this
geometry, the rotation of the mirrors during the propagation
time along the deflection beam path can be compensated by
adjusting the orientation of the rotating mirrors with respect
to each other. In contrast to the single-mirror geometry, the
spot size of the beam is large on both the rotating and the
imaging mirrors. On the pulse-picking mirrors (output or
input couplers), the beam size can be chosen correspond-
ing to the required switching time by changing the position
along the deflection beam path (Fig. 2b).

While the average power impinging on the picking mir-
rors is far lower than on the other optics, the small spot size
necessary to achieve switching times below 100 ns causes
a considerably higher peak intensity. The intensity on the
output coupler can be reduced by placing it under grazing
incidence. For instance, at an extreme angle of incidence o
of 89°, the irradiated area would be increased by a factor of
about 57. Generally, the peak fluence F of a beam with a
Gaussian profile on the output coupler is

_ 2 cos(a)

F= Ep, ®)

aw?

where E, denotes the pulse energy. At oo =89° and a
wavelength of 1 wm, the reflectivity of an uncoated quartz
surface for s-polarized light is 94%. By avoiding a mirror
with a coating, which contain high-refractive-index mate-
rial and typically come with small deposition errors and
contaminants, the highest possible damage threshold can be
achieved. The output coupler, being a quartz (or sapphire,
diamond, etc.) plate, can be readily and cost-effectively
replaced. For a given switching time and rate, a larger spot
size can be accommodated by increasing the overall size of
the system. Thus, the maximum peak power scales with the
square of the system size (Egs. 4, 5).

4 Planar double-mirror geometry

In principle, the pulse-picker geometries discussed so far
allow for an unobstructed deflection beam path for all
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rotation angles (apart from input or output couplers). Thus,
they can provide a resonator with an open beam path for
most of the rotation period, which corresponds to the input
and/or output switching rate. However, in regenerative
amplifiers for instance, the time between input coupling to
and output coupling from the cavity is often only a fraction
of the repetition period. Thus, the cavity needs to be closed
for just a small range of rotation angles of the rotating mir-
rors. In the case of the two pulse-picker variants discussed
so far, smaller imaging mirrors covering only the neces-
sary rotation angles could be used. In addition, applica-
tions of this kind would allow for the use of a particularly
advantageous third geometry, as shown in Fig. 3a. In con-
trast to the previous implementation, the axis of rotation
of the rotating mirrors is perpendicular to the incoming
beam path. The deflection beam paths for different rotation
angles form a plane. The mirror surfaces of the rotor are
parallel to the rotation axis and to each other. The imaging
mirror setup is similar to the second variant, with the focal
planes coinciding with the rotating mirror surfaces. How-
ever, the central axis along which the imaging mirrors are
aligned is offset from the incoming beam and the rotating
mirrors by a distance Ax. Figure 3b illustrates the beam
path in the system. The 4-f configuration of the imaging
mirrors creates an inverted image in the central plane, after
the beam has passed each of the imaging mirrors once. In
this plane, the beam is offset by —Ax from the central axis.
If Ax is larger than the maximum radius of the rotor, the
beam passes the rotor without being clipped and enters
the imaging setup for a second time. Two passes through

RM M1 M2 M1 M2 rm M2

Fig.3 a Top view of the planar two-mirror geometry with a two-
faceted rotor (RM), two imaging mirrors (IM1, IM2), an input cou-
pling mirror (IC), and an output coupling mirror (OC). The beam path
is shown for two rotation angles (solid line just after input coupling,
dashed line just before output coupling). b Schematic view of the
beam path. The beam passes each of the imaging mirrors twice

the 4-f imaging setup create an upright image of the first
rotating mirror surface on the parallel second surface. The
reflection from this surface produces a stationary output
beam from the rotation-angle-dependent deflection beams
for a continuous range of rotation angles. As in the second
variant, the (close to) collimated input beam is focused in
the Fourier planes in the symmetry plane, and input or out-
put coupling elements can be placed at some position of
the deflection beam having a suitable beam size. A major
advantage of this geometry is its inherent insensitivity to
vibrations and other deviations from a perfect rotation of
the rotor: Any kind of angular or positional error of the
first surface is reproduced by the second surface and, due
to the imaging system, its effects on the output beam can-
cel out.

The rotor can be a two-faced substrate, or have a geom-
etry with a larger number of parallel surface pairs, i.e.,
square, hexagonal, and so forth. A simple two-faced rotor
would allow for a switching rate corresponding to twice the
rotation frequency. Rotors with a higher number of facets
would further increase the maximum switching rate. For
small deflection angles, the transverse separation of the
paths of subsequent pulses is

As3y =2nL—. (6)

In contrast to the first two variants, this separation does
not depend on the deflection angle. Consequently, a much
larger separation or, alternatively, a much shorter switching
time can be achieved in a system with the same footprint.
The deflection angle & equals twice the rotation angle, i.e.,
the angle of incidence on the rotating mirrors. The maxi-
mum range of deflection angles A® for which the cavity
is open is given by the minimum angle ®p;, for which
the beam is not clipped by the rotating mirror in the first
Fourier plane (Fig. 3b), and a maximum angle ®nax given
by the dimensions of the imaging mirrors. The maximum
number of round-trips N which a pulse can undergo in a
cavity containing this pulse picker is

Omax — @min@
4r Srot ’

Since the angle of incidence on the rotating mirrors is not
constant, rotation-angle-dependent astigmatism will occur
when spherical imaging mirrors are used. These changes in
the effective focal length of the imaging mirrors with the
rotation angle will cause a varying ellipticity of the cavity
mode. If large deflection angles are required, the use of par-
abolic imaging mirrors might be necessary (also depending
on the sensitivity of the surrounding cavity). In this geom-
etry, the rotation of the mirrors during the propagation time
in the device causes a small tilt of the output beam that is
constant for a given rotation frequency.

N, plan = (7)

@ Springer
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Fig. 4 a Schematic top view of the beam path in the nonplanar two-
mirror geometry for three rotation angles (dash-dotted line path of
a pulse just after input coupling, dashed line just before output cou-
pling, solid line in between). b Schematic side view of the beam path.
The inclined rotation axis allows the beam path to circumvent the
rotor unit and the opening in the imaging mirrors

5 Nonplanar double-mirror geometry

Figure 4 shows a simple modification of the planar double-
mirror geometry with which the maximum deflection angle
to achieve a specific number of round-trips can be reduced
by more than a factor of two. Here, the rotating mirror
and its rotation axis are inclined by an angle oy in the z—y
plane with respect to the symmetry plane of the imaging
setup, offsetting the beam by Ay in the first Fourier plane,
and —Ay in the second Fourier plane (Fig. 4b). With this
modification, the deflection beam circumvents the rotor
and its bearing and the holes in the imaging mirrors, even
for zero deflection angle in the x — z plane. Thus, there is
an unobstructed path for the deflection beam for all deflec-
tion angles between —®max and Omag, and A is equal to
2@ max. The maximum number of round-trips is now

@maxfﬂ (8)
27 frot

N, nonplan =

The minimum width X of the imaging mirrors is

Xnonplan = NAss. ()]

6 Application example 1: regenerative amplifier

The nonplanar double-mirror geometry would be particu-
larly suited for regenerative amplifiers. With rotation fre-
quencies of several kHz and multifaceted rotors, switch-
ing rates of up to a few 10 kHz should be achievable. We
exemplify practical pulse-picker parameters based on
an amplifier build by Nubbemeyer et al. [20], who have
recently achieved an average power of about 1 kW at an
output repetition rate of either 5 or 10 kHz, with 40 round-
trips and a cavity repetition rate of 20 MHz. A nonplanar
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double-mirror optomechanical switch with a two-surface
rotor at a rotation frequency of 5 kHz would allow an out-
put repetition rate of both 5 or 10 kHz. A magnetically
beared motor which could be suitable for this application
is commercially available [21]. Its length along the rotation
axis is 85 mm. To achieve 40 round-trips, A® has to be 7.2°
(Eq. 8), resulting in a maximum angle of incidence of 1.8°
in the z—x plane. With a distance of 1 m between the imag-
ing mirrors, a pulse path separation of 1.57 mm would be
achieved (Eq. 6). The dimensions of the motor would imply
a Ay of about 45 mm, and thus an angle of incidence of 3°
in the z—y plane. The input/output coupling plate could be
placed at a position where the beam radius is 0.7 mm. With
an angle of incidence of 88°, the spot on the plate would
be elongated to a w of 20 mm. For a Gaussian profile with
this spot size and a pulse energy of 200 mJ, the peak flu-
ence is about 0.9 J cm~2 (Eq. 5). At a central wavelength of
1053 nm and a pulse duration of 1 ns, the damage fluence
of fused silica is about 40 J cm™2; for a pulse duration of
1 ps, it is 2 J cm™2 [22]. Shorter amplifier cavities would
allow for a larger number of round-trips, but increase the
fluence on the output coupler in a system with identical
dimensions. Higher output rates can be achieved by using
multifaceted rotors. In conclusion, the outlined optome-
chanical pulse picker could tolerate higher pulse energies,
and/or far shorter pulses than state-of-the-art Pockels cells.
Apart from the higher damage threshold, the losses, nonlin-
earity, thermal lensing, and dispersion associated with the
transmission through the Pockels cell would be avoided.
An optomechanical pulse picker would likely require vac-
uum for stable operation.

7 Application example 2: Stack-and-dump cavity

In Ref. [7], a stack-and-dump cavity with a repetition rate
of 10 MHz is proposed as a part of a future fiber-laser-
based particle accelerator. From this cavity, an output pulse
energy of 1.2 J with pulses stretched to 4 ns is envisaged.
The pulse train seeding the cavity is continuous, making a
pulse picker that provides an unobstructed beam path for
most of the output repetition period necessary. We outline
practical parameters for an optomechanical pulse picker of
a circular double-mirror geometry as discussed in Sect. 4,
and a rotation frequency of 8.3 kHz [15]. With this output
switching rate, the maximum number of stacked pulses is
1200. With a length of 1.5 m, a distance between the rotat-
ing mirrors of 70 mm and an angle of incidence of 2°,
the diameter of the deflection beam circle on the imaging
mirrors is about 100 mm. At an angle of incidence of 2°,
birefringent effects in typical broadband highly reflective
mirrors are negligible even for the largest bandwidths yet
demonstrated in high-finesse ECs [23]. The separation of
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Fig. 5 Calculated sagittal and tangential 1/¢>-intensity radius (ws, wr)
for the 10-MHz EC outlined in Sect. 8 containing a pulse picker of
the circular two-mirror geometry (RM1, IM1, IM2, RM2), and four
additional curved mirrors (CM1-4)

the optical axes of successive pulses is 0.26 mm (Eq. 4).
For a pulse energy of 1.2 J and a beam radius of 130 pm
at an output coupler with 89° angle of incidence, the peak
fluence would be 79 Jecm~2 Using the t%-law for the
pulse width dependence of the damage threshold, a dam-
age threshold of fused silica of about 80 J cm ™2 for a pulse
duration of 4 ns can be extrapolated from the measurements
in [22], putting the highly ambitious pulse energy targeted
in [7] within reach.

8 Misalignment sensitivity

The feasibility of the concept critically depends on the
perturbations of the beam caused by the rotation of the
mirrors, and on the sensitivity of the application to these.
While the imaging configuration ideally results in a station-
ary output beam, misalignments, manufacturing tolerances,
and astigmatism in spherical imaging mirrors can cause a
rotation-angle-dependent translation and ellipticity of the
mode. An important question for intra-resonator applica-
tions is whether the resulting periodic change in the beam
path and shape causes any significant effects that would not
be present for a static misalignment or astigmatism. If so,
such effects would be particularly severe for enhancement
cavities, where the circulating pulse train needs to overlap
spatially, temporally, and in terms of its polarization with
an incoming pulse train. To address this question, we simu-
late the enhancement in a 10-MHz EC including an optom-
echanical pulse picker as outlined in the previous section,
giving a maximum number of 1200 round-trips between
two switching events. To be able to tune the position in the
cavity’s stability range, the cavity should include additional
concave mirrors. In a cavity with a round-trip Gouy phase
close to an odd multiple of m, large spots on the mirrors can
be achieved while avoiding a high misalignment sensitiv-
ity [19]. In our cavity example, two pairs of concave mir-
rors with a radius of curvature of 1500 mm are used. With a
distance of 1470 mm between each of the two curved mir-
ror pairs and a wavelength of 1040 nm, the beam radius is

about 3 mm on all cavity mirrors (Fig. 5). Assuming the
same footprint as in [14], 20 flat folding mirrors produc-
ing overall losses of about 400 ppm are needed. To achieve
a good stacking efficiency with 1150 round-trips, an input
coupler of 99.75% reflectivity is chosen.

Because of the rotating deflection beam path, the cavity
cannot be described using “global” sagittal and tangential
planes. Here, we simulate the buildup in the cavity numeri-
cally in 3D using a modified Fox-Li algorithm [24]. The
beam size and divergence of a round input beam is opti-
mized for the cavity with an inactive pulse picker (rotat-
ing mirrors are at rest). In this case, the simulation yields
an enhancement of about 780 after 1150 round-trips, cor-
responding to a stacking efficiency of 0.65. The angle of
incidence of 2° on the imaging mirrors causes an eccentric-
ity of the beam of 0.27 at the curved cavity mirrors. The
simulation for an active pulse picker shows a periodic
rotation of the major axis of the elliptic intracavity mode
profile with the deflection beam path, but no change in
the enhancement level. When a tilt of one of the rotating
mirrors is introduced, the central axis of the cavity beam
is misaligned. For the active pulse picker, the misaligned
beam axis periodically rotates around the axis of the unper-
turbed beam. The enhancement level drops by the same
amount for both the active and inactive pulse picker. The
loss of enhancement stems exclusively from the decrease
in the spatial overlap of the intracavity beam with the seed-
ing beam. Thus, we can follow the approach taken in [19],
which uses far less computation time, to investigate the
misalignment sensitivity of the system in detail.

We find that in the cavity example used above, position-
ing errors or tilts of the imaging mirrors also lead to a rotat-
ing cavity beam axis. For instance, a quite large position-
ing error of one of the imaging mirrors of 5 mm along the
z-axis results in a loss of overlap with a fixed input beam
of about 10%. A tilt of one of the imaging mirrors by 10
prad results in an overlap reduction of 4%. A tilt of the
rotation axis and the rotor with respect to the imaging mir-
rors causes a stationary misalignment, but no rotation of
the cavity beam axis. For pulse pickers of the circular two-
mirror geometry, the rotating mirror surfaces should have
identical inclination angles and orientations with respect
to the axis of rotation. Errors in the inclination angle can
be compensated by adjusting the distances of the rotating
to the stationary mirrors to change the magnification of the
imaging system. For example, for an error of the inclina-
tion angle of 100 prad, a nearly static cavity beam can be
achieved by repositioning both imaging mirrors by about
20 mm along the z-axis. However, the imaging setup cannot
compensate for different orientations of the mirrors, i.e.,
when the planes of the inclination angles of the mirrors are
not identical. The effective mirror tilt resulting from this
effect is described by Eq. 3, with A¢ now representing the
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orientation mismatch. In the cavity simulation, an orienta-
tion mismatch of 500 prad results in a rotating offset of the
intracavity mode axis of about 0.2 mm at the curved cavity
mirrors and the overlap decreases by 10%. Since the rotor
has to meet high mechanical demands, and its mirrors will
most probably not be adjustable, achieving the necessary
accuracy in the orientation of the surfaces will be critical.
Importantly, the sensitivity of the EC with respect to mis-
alignments of the mirrors comprising the pulse picker is not
higher than for the other cavity mirrors. Furthermore, all
perturbations are periodic and synchronized to the output
repetition rate, resulting in a stable output. While a detailed
analysis of all possible perturbations exceeds the scope of
the paper, we conclude that we see no fundamental limi-
tations related to the alignment sensitivity of the optome-
chanical pulse picker.

9 Sensitivity to rotor motion irregularities

Another important aspect of the technical implementa-
tion of this concept will be deviations of the actual rotor
motion from a perfect rotation caused by, e.g., unbalance.
These can be classified in three categories: parallel devia-
tions (shifts) and angular deviations (tilts) of the rotation
axis, and axial displacements of the rotor along the rota-
tion axis. The planar and nonplanar double-mirror geom-
etries are inherently insensitive to these effects. Here, the
upright imaging of the front surface of the compact rotor
onto its back surface results in a self-compensation of
positional and angular errors of the rotor position. Axial
displacements are parallel to the rotor surfaces. For the cir-
cular one-mirror geometry, in contrast, axial movements
would directly translate to changes in the cavity length and,
therefore, render its use for applications requiring inter-
ferometric stability challenging. Parallel rotation errors
would, to a much lesser extent, also affect the cavity length.
The imaging configuration results in self-compensation of
angular rotation errors. The circular two-mirror geometry
is insensitive to length changes due to axial rotor position-
ing errors, since the displacement of the first rotating mir-
ror surface is compensated by an identical displacement of
the second surface. However, due to the inverted imaging
configuration in this geometry, angular errors of the rotor
position result in a displacement of the cavity beam path.
For the stack-and-dump-cavity example described in the
previous section, an angular error of 10 prad correspond-
ing to a rotor tip displacement of 0.35 pm would result in
a 14% decrease in overlap. In [15], a maximum displace-
ment of the rotor tip of 17 um is measured at a rotation fre-
quency of 8.7 kHz. These measurements were taken with
an unbalanced rotor, and it is not stated how much of the
displacement is due to angular deviations. Still, the results
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suggest that the balancing of the rotor and the optimization
of its active stabilization may be the main technological
challenges for an application of the concept in enhance-
ment cavities. For the regenerative amplifier application
discussed in Sect. 6, the effects of the rotor displacements
reported in [15] would be negligible.

10 Conclusion

In this article, we have outlined a concept for a family of
ultrafast all-reflective pulse pickers. Discussing three specific
geometries, we have shown that such optomechanical pulse
pickers could particularly benefit high-power and high-pulse
energy applications. Designs suitable for regenerative ampli-
fiers could support pulse energies of several joules and rep-
etition rates of up to a few tens of kHz, while circumventing
the losses, dispersion, and the nonlinear and thermal effects
in state-of-the-art Pockels cells. Optomechanical pulse pick-
ing could additionally render the temporal stretching of
pulses in such systems unnecessary. The concept also holds
promise for cavity dumping in passive enhancement cavi-
ties. Here, output repetition rates of up to several kHz could
potentially be reached for joule-level output pulse energies.
Other applications may emerge in wavelength ranges where
conventional pulse pickers are not available, in particular in
the terahertz [25] and X-ray [26] ranges.
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