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Abstract

Ultrafast laser technology has developed into a central pillar of modern photonics, driven by the
continuing demand for shorter pulses, higher peak powers, and greater control over light—matter
interaction. In parallel, nonlinear optics has become indispensable for extending laser performance
beyond the limits of available gain media, enabling frequency conversion, spectral broadening,
and access to new wavelength regimes. Among the nonlinear tools that have emerged in this
context, Herriott-type multi-pass cells (MPCs) have proven particularly powerful. By combining
long effective nonlinear interaction lengths with compact geometries, high transmission, and excel-
lent beam-quality preservation, MPCs have become a versatile platform for post-compression and,
increasingly, for a broader range of nonlinear optical processes.

This thesis investigates the evolving role of MPCs in ultrafast science and laser development.
The central theme is the use of MPCs not only as pulse post-compressors, but as a tool for scalable
and adaptable systems for generating and controlling ultrafast light across a wide parameter space.

A major part of the thesis focuses on the energy scaling of MPC-based post-compression sys-
tems. Here, the fundamental limitations imposed by mirror damage, nonlinear propagation, and
ionization are considered, and different strategies for overcoming these constraints are reviewed
and compared. These include straightforward size scaling, non-geometric approaches that alter
the spatial or temporal structure of the input pulse, and geometric approaches that modify the
MPC layout itself. In this context, the compact folded MPC (CMPC) is developed and examined
in detail as a compact and highly scalable geometry that illustrates how pulse-energy scaling can
be achieved without sacrificing the practical advantages of MPC-based systems.

A second focus of this thesis is the extension of multipass-cell concepts beyond the ultrafast
regime. While MPCs have traditionally been employed for the compression of femtosecond and
picosecond pulses from mode-locked lasers, we demonstrate their applicability to substantially
longer pulses with much lower peak powers, including nanosecond pulses from Q-switched laser
systems. This significantly expands the operational range of MPC technology and establishes a new
approach for nonlinear pulse manipulation at millijoule pulse energies, bridging the gap between
mode-locked and Q-switched laser platforms.

Finally, the thesis explores how MPCs can be used beyond traditional post-compression. By
tailoring the propagation conditions and the nonlinear interaction over each pass, MPCs can serve
as a platform for efficient frequency conversion. In particular, second-harmonic generation in
MPCs is investigated as a route toward eflicient broadband wavelength conversion. The results
demonstrate that MPC-based frequency conversion, in particular the second-harmonic generation,
can reach substantially higher efficiencies and broader bandwidths than conventional single-pass
approaches, highlighting the potential of MPCs as a general platform for nonlinear photonics.

In summary, this work presents MPCs as a highly versatile technology that bridges established
ultrafast laser architectures and emerging nonlinear optical applications. The results and concepts
discussed in this thesis contribute to the broader effort of making ultrafast laser systems more
compact, more scalable, and more versatile, thereby expanding their usefulness across fundamental

research, applied photonics and industrial applications.



Zusammenfassung

Die Ultrakurzpulslasertechnologie hat sich zu einer zentralen Sdule der modernen Photonik en-
twickelt, angetrieben durch die kontinuierliche Nachfrage nach kiirzeren Pulsen, héheren Spitzen-
leistungen und einer verbesserten Kontrolle der Licht-Materie-Wechselwirkung. Parallel dazu ist
die nichtlineare Optik unverzichtbar geworden, um die Leistungsfdhigkeit von Lasersystemen iiber
die Grenzen verfiigbarer Verstiarkermedien hinaus zu erweitern und Frequenzkonversion, spektrale
Verbreiterung sowie den Zugang zu neuen Wellenldngenbereichen zu erméglichen. Unter den nicht-
linearen optischen Technologien, die sich in diesem Zusammenhang etabliert haben, haben sich
Herriott-artige Multipasszellen (MPCs) als besonders leistungsfihig erwiesen. Durch die Kom-
bination grofler effektiver nichtlinearer Wechselwirkungsldngen mit kompakten Geometrien, ho-
her Transmission und ausgezeichneter Erhaltung der Strahlqualitidt haben sich MPCs zu einer
vielseitigen Plattform fiir die Nachkompression und zunehmend auch fiir ein breiteres Spektrum
nichtlinearer optischer Prozesse entwickelt.

Diese Dissertation untersucht die sich wandelnde Rolle von MPCs in der Ultrakurzpulslaser-
wissenschaft und Laserentwicklung. Das zentrale Thema ist die Nutzung von MPCs nicht nur
als Systeme zur Pulsnachkompression, sondern als skalierbare und anpassungsfidhige Systeme zur
Erzeugung und Kontrolle ultrakurzer Lichtpulse iiber einen weiten Parameterbereich.

Ein wesentlicher Teil der Dissertation konzentriert sich auf die Skalierung MPC-basierter
Nachkompressionssysteme. Dabei werden die grundlegenden Einschrénkungen betrachtet, die
durch Spiegelschidigung, nichtlineare Ausbreitung und Ionisation vorgegeben werden, und ver-
schiedene Strategien zu deren Uberwindung werden untersucht und verglichen. Dazu gehéren die
direkte Groflenskalierung, nicht-geometrische Ansétze, welche die rdumliche oder zeitliche Struk-
tur des Eingangspulses verdndern, sowie geometrische Ansétze, die das Layout der MPC selbst
modifizieren. In diesem Zusammenhang wird die kompakte gefaltete Multipasszelle (Compact,
Folded Multi-Pass Cell, CMPC) entwickelt und detailliert untersucht, da sie eine kompakte und
hochskalierbare Geometrie darstellt, die veranschaulicht, wie eine Skalierung der Pulsenergie erre-
icht werden kann, ohne die praktischen Vorteile MPC-basierter Systeme aufzugeben.

FEin weiterer Schwerpunkt dieser Dissertation ist die Erweiterung von Multipasszellenkonzepten
iber den Ultrakurzpulsbereich hinaus. Wéahrend MPCs traditionell fiir die Kompression von
Femtosekunden- und Pikosekundenpulsen aus modeengekoppelten Lasern eingesetzt wurden, demon-
strieren wir ihre Anwendbarkeit auf deutlich langere Pulse mit wesentlich geringeren Spitzenleis-
tungen, einschliefllich Nanosekundenpulsen aus giitegeschalteten Lasersystemen. Dies erweitert
den Einsatzbereich der MPC-Technologie erheblich und etabliert einen neuen Ansatz zur nicht-
linearen Pulsmanipulation bei Pulsenergien im Millijoule-Bereich, wodurch die Liicke zwischen
modengekoppelten und giitegeschalteten Laserplattformen iiberbriickt wird.

Abschlieflend untersucht die Dissertation, wie MPCs iiber die klassische Nachkompression hin-
aus eingesetzt werden kénnen. Durch die gezielte Anpassung der Ausbreitungsbedingungen und
der nichtlinearen Wechselwirkung bei jedem einzelnen Durchlauf kénnen MPCs als Plattform fiir
effiziente Frequenzkonversion und andere nichtlineare optische Prozesse dienen. Insbesondere wird
die Erzeugung der zweiten Harmonischen in MPCs als ein Ansatz fiir eine effiziente breitbandige
Wellenldngenkonversion untersucht. Die Ergebnisse zeigen, dass die MPC-basierte Frequenzkon-
version, insbesondere die Erzeugung der zweiten Harmonischen, deutlich héhere Effizienzen und
groBere Bandbreiten erreichen kann als konventionelle Einzelpassansitze, was das Potenzial von
MPCs als allgemeine Plattform fiir die nichtlineare Photonik demonstriert.

Insgesamt présentiert diese Arbeit MPCs als eine duflerst vielseitige Technologie, die etablierte
Ultrakurzpulslaserarchitekturen mit neuartigen Anwendungen der nichtlinearen Optik verbindet.
Die in dieser Dissertation vorgestellten Ergebnisse und Konzepte leisten einen Beitrag zu den um-

fassenderen Bestrebungen, Ultrakurzpulslasersysteme kompakter, besser skalierbar und vielseitiger
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zu gestalten und dadurch ihre Nutzbarkeit in der Grundlagenforschung, der angewandten Photonik

sowie in industriellen Anwendungen zu erweitern.



1 Introduction

Ultrafast laser technology has evolved rapidly since the invention of the laser in 1960 [7], driven by
the quest to generate ever shorter and more intense light pulses. Early advances in mode locking
during the 1960s and 1970s enabled the first picosecond and later femtosecond pulses, laying
the foundation for ultrafast science and its many applications [8]. In parallel, nonlinear optics
emerged as a central discipline in modern photonics, providing the physical mechanisms that make
it possible to manipulate light with light and to access regimes far beyond the reach of linear optics,
which started from the first observation of the second-harmonic generation of laser in a crystal
[9]. Today, nonlinear optical phenomena cover a wide range of transformative technologies and
research areas, including frequency conversion [10], harmonic generation [I1], optical parametric
amplification [I2], supercontinuum generation [I3], soliton dynamics [14], ultrafast spectroscopy
[15], high-harmonic generation [16], and attosecond science [I7,[I8]. As such, nonlinear optics is not
merely a specialized subfield, but a cornerstone of modern laser science, enabling both fundamental
discoveries and practical applications across physics, chemistry, materials science, communications,
and medicine [I8H2T].

Among other applications, one of the most central purposes of nonlinear optics is to gain
access to wavelength regimes that are not accessible by laser gain materials. This includes not only
wavelength conversion, but also the enhancement of the optical bandwidth of laser pulses, enabling
much shorter pulse durations than emitted from laser gain materials. Therefore, nonlinear optics
is not only responsible for achieving laser pulses in a large range of wavelengths, spanning from the
Terahertz (THz) region [22] down to the extreme-ultraviolet (XUV) [I6], but also to access pulse
durations that can span from the nanosecond (ns) regime down to the picosecond (ps), femtosecond
(fs), or even as short as attosecond (as) regime, making it an extremely powerful tool to access
insights into the fastest processes in matter [2] 12] 23H25].

Nonlinear optical phenomena cover a broad range of physical regimes, from perturbative fre-
quency conversion to strongly non-perturbative processes such as high-harmonic generation. While
the latter effects are of major importance in strong-field and attosecond science, the present work
focuses on perturbative nonlinear optics, in particular on processes of second and third-order non-
linear response, which form the basis of many widely used methods for frequency conversion,
pulse shaping, and ultrafast light generation [26]. In particular, second- and third-order nonlin-
ear optical processes form the foundation of the phenomena and techniques treated in this work.
Second-order nonlinear processes are of particular importance in the present context, as they pro-
vide the basis for a broad range of frequency-conversion techniques. These include second-harmonic
generation (SHG), sum-frequency generation (SFG), difference-frequency generation (DFG), opti-
cal parametric amplification (OPA), and optical rectification (OR), which together enable access
to new wavelength regimes and play a central role in the generation and control of ultrafast light
[26]. Third-order nonlinear processes are likewise of major importance in nonlinear optics, as
they arise in essentially all optical media and provide a broad range of effects that are central to
ultrafast photonics. Representative examples include third-harmonic generation, self-phase modu-
lation, four-wave mixing, and stimulated Raman and Brillouin scattering [26] [27]. Through these
mechanisms, third-order nonlinear optics enables spectral broadening, wavelength conversion, pulse
shaping, and nonlinear propagation effects that are fundamental to many applications in ultrafast
science, spectroscopy, and nonlinear laser systems. In particular, self-phase modulation (SPM)
and four-wave mixing (FWM) play a key role in the generation and control of broadband optical
spectra, while third-harmonic generation (THG) provides access to shorter wavelengths that are
otherwise difficult to reach directly.

In the context of nonlinear optics and ultrafast lasers, Herriott-type multi-pass cells (MPC)

have emerged as a powerful tool for generating ultrashort laser pulses [24 28] 29]. In MPCs, the
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Multi-Pass Cell Compressor

Figure 1: Typical MPC-based post-compression scheme. The annotation "t" indicates the temporal domain
and "w” the frequency domain.

third-order nonlinear effect of SPM is exploited to convert long pulses with a narrow frequency
spectrum into broadband spectral bandwidth. Although Herriott-type MPCs were first introduced
in 1965 as optical delay lines and spectroscopic tools [30], their use for spectral broadening and
pulse post-compression has emerged only in recent years [31]. Since then, Herriott-type MPCs have
become an attractive platform for nonlinear pulse post-compression, owing to their long nonlinear
interaction lengths, high efficiency, and excellent stability, which together enable high spectral
broadening factors while maintaining excellent spectral homogeneity and preserve beam quality
at the output. A typical post-compression scheme is illustrated in Fig. [ An initially long laser
pulse is coupled into the MPC consisting of two concave mirrors with a fixed radius of curvature
(ROC), placed at a certain distance to each other. The beam passes through the cell multiple
times, interacting with a nonlinear medium — either a gas or a solid-state material — via self-phase
modulation, which broadens its spectrum. After out-coupling the pulse is compressed to a shorter
pulse duration. In recent years, MPCs have emerged as a key platform for the post-compression of
ultrafast laser pulses, enabling the generation of shorter pulses from a wide range of laser sources
[28, B1]. Early demonstrations were largely centered on ytterbium (Yb)-based lasers, but the field
has since expanded substantially, both in terms of the laser systems employed and the performance
parameters addressed. Today, MPC-based post-compression is applied across a broad spectral and
temporal landscape, spanning different wavelengths, pulse energies, repetition rates, and pulse
durations and continues to push the frontiers of ultrafast pulse generation toward ever shorter,
more efficient, and more versatile output pulses [31].

In the ongoing quest of extending MPCs towards a broader parameter and application range,
a set of key scaling parameters can be identified. We categorize these advancements into eight
key scaling parameters that define recent MPC developments. Figure 2] maps out and summarizes
representative works related to these development topics. These developments are characterized by
the following eight key scaling parameters: average power, wavelength, pulse energy, peak
power, pulse duration, broadening factor, temporal contrast, and nonlinear processes
beyond spectral broadening applications. Each of these parameters represents an active area of
current MPC development, and this work addresses several of these topics. A more detailed
overview is given in Fig. In the following, we discuss each topic in more detail and provide
representative references to ongoing work in the field. In addition, the contributions of this work
to these topics are highlighted and placed in the broader context of ongoing MPC research.

We start with the aspect of average power scaling in MPCs. Works on average power scaling
have been reported in the literature of up to 1kW of average power [32] [33]. In these works, the
underlying laser technology are highly power-scalable ytterbium (Yb)-based laser systems, which

are post-compressed by MPCs down to much shorter pulse durations. Yb-based laser systems are
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highly power-scalable [34], but their inherently low gain bandwidth limits the pulse duration to
the 100s of femtoseconds or few picoseconds range. Thus, this laser architecture by itself provides
large average powers, but only relatively long pulses. MPCs have been established as an excellent
tool to overcome these bandwidth limitations, enabling large average powers while at the same
time delivering short laser pulses [31]. Yb-based laser systems typically deliver pulses centered at
a wavelength of 1030 nm.

In addition, laser systems operating at different wavelengths can also be post-compressed.
Current developments in MPCs aim to extend the wavelength range in which they can be used,
making them a more versatile tool for post-compression across a broad range of spectra. Until
now, post-compression in MPCs has been demonstrated in the middle-infrared (MIR), short-wave
near-infrared (SWIR), near-infrared (NIR), and visible (VIS) spectral regions, and has even been
extended toward the ultravioleﬂ (UV) range [4, 241, B5H39].

Another important line of work focuses on the pulse energy scaling of MPC post-compression.
The topic of energy scaling in MPCs is a major part of this work and is discussed extensively
in Chapter In recent years, a number of MPC pulse energy scaling techniques have been
developed [T}, [3, [40H48]. One of the major limitations in MPC-based post-compression schemes
is the laser-induced damage threshold (LIDT) of the mirrors employed in the MPC. Exceeding
a certain threshold fluence on these mirrors, typically defined by the optical coatings, can cause
catastrophic damage and lead to irreversible loss of performance. Thus, techniques to overcome
LIDT limitations while maintaining, or even decreasing, the size of the setup are necessary in
order to enable post-compression of higher pulse energies in a compact setup. In this work, the
different techniques are classified into three major branches of methods. The first branch is the
simplest approach, in which the MPC dimensions are scaled to accommodate higher pulse energies,
with pulse energy increasing linearly with MPC length, while the underlying geometry does not
change. Here, post-compression has been demonstrated for up to 200 mJ laser pulses in a 10 m long
cell [40]. The second branch comprises non-geometric scaling techniques. These approaches are
characterized by modifying the laser beam or pulse structure before coupling into, and optionally

after coupling out of, the MPC and thereby decreasing the effective fluence on the mirrors. Here,

1Post-compression of UV pulses is one of the secondary topics covered in this thesis.



two main approaches have been demonstrated. In the first approach the spatial properties of the
laser beams are modified towards higher-order Laguerre-Gaussian (LG) modes. Increasing the
azimuthal order of the beam prior to in-coupling into the MPC significantly reduces the peak
fluence of the beam, enabling higher pulse energies in the MPC [41H43]. The second approach
is based on the modification in the temporal instead of the spatial domain. In particular, pulse
division and coherent recombination approaches have been demonstrated in MPCs, where the pulse
is split into multiple replicas with a certain temporal delay and coupled into the MPC, therefore
effectively reducing the fluence on the mirrors [44H46]. After spectral broadening, the pulses are
coherently recombined to yield a single pulse. In the third branch of pulse energy scaling in MPCs,
the MPC geometry is modified in order to scale up the pulse energy, or equivalently, reduce the
size of an MPC at a given pulse energy acceptance. We thus summarize this topic as the geometric
scaling techniques. Here, four key techniques can be identified, including the 4f—MPCE|7 convex-
concave MPC (cx-cv MPC), Bow-Tie MPC (BT-MPC) and the compact, folded MPC (CMPC)
[1, B, [47, [48]. This work therefore places strong emphasis on geometric scaling, since one of the
major works (CMPC) and one of the secondary works (BT-MPC) employ a geometric scaling
method. Each of these techniques is discussed in detail in Section [2.5]

Another important scaling parameter in MPC development is pulse duration. In this context,
two complementary aspects are relevant. First, a central goal of MPC technology is the generation
of the shortest possible output pulses. The production of ultrashort, few-cycle pulses has driven
extensive research in MPCs and remains a major objective in the field [50, 52 [63]. Second, pulse
duration is also critical on the input side. In particular, post-compression of long pulses becomes
increasingly difficult as the input pulse duration increases, since longer pulses typically exhibit lower
peak power and therefore provide less efficient driving of the nonlinear spectral broadening process.
To the best of our knowledge, the longest pulses post-compressed in an MPC were demonstrated
in the nanosecond MPC (nMPC) [2]. In this work, post-compression of a Q-switched laser in an
MPC is reported for the first time. The nMPC is part of this work and is discussed in Chapter

Closely related to pulse duration is peak power, which is determined by both pulse energy
and pulse duration. As with pulse duration, peak power is an important scaling target in MPCs:
on the one hand, post-compression aims at the highest possible output peak power, and on the
other hand, it seeks to handle the lowest possible input peak power. While terawatt (TW)-level
output peak powers after post-compression have been achieved in Yb-based laser systems using
high-energy pulses (> 100 mJ) [40} [41], close-to-TW few-cycle pulses have also been generated from
lower-energy systems [49-51]. At the opposite end of the scale, low pulse energies combined with
long pulse durations result in low peak power, which poses a challenge for MPC post-compression.
To efficiently induce spectral broadening, a sufficient intensity in the nonlinear medium is required,
implying a minimum peak power threshold. In MPCs, spectral broadening with peak powers down
to 6.5 MW in the pico- to femtosecond regime has been demonstrated using solid-state media [29].
For nanosecond lasers, post-compression of pulses with a peak power of 2 MW has been achieved
in the nMPC by using long glass-rods [2].

When the pulse duration is relatively long, a large broadening factor is of interest. In MPCs
this can be achieved by employing multiple, cascaded MPCs [24] 51]. Here, a broadening factor
of close to, or exceeding a factor of 100 has been achieved in multiple works. When simple,
compact systems are required, it can be desirable to reach similar broadening factors in a single
stage. Examples of high single-stage post-compression factors above 30 have been demonstrated
in references [24] 41]. The work on the nanosecond-MPC (nMPC) provides a concept of how to
reach even higher broadening factors (>100) specifically for very long pulses in the nanosecond

(ns) regime, and how to post-compress them into the picosecond regime [2].

2This naming is specific to this work and defined in Chapter
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main contributions to this thesis are highlighted in blue. The secondary topics are highlighted in green.

Large broadening factors, on the other hand, can degrade the temporal contrast of the post-
compressed pulse. This degradation is mainly caused by strong spectral and phase modulations
induced during spectral broadening via self-phase modulation (SPM), which cannot be effectively
compensated by simple compressor systems based only on group-delay dispersion (GDD) com-
pensation. Several techniques have been developed in MPCs to improve the temporal contrast
of post-compressed pulses, such as nonlinear ellipse rotation (NER) [58] [59], enhanced frequency
chirping (EFC) [56], by using short-pass filters (SPF) [54], or even by employing cascaded MPCs
[67]. A recently demonstrated technique combines NER and EFC into chirped ellipse rotation
(CER), where both effects are exploited simultaneously for contrast enhancement [55].

In recent years, the scope of applications of MPCs has been extended towards other nonlinear
effects beyond post-compression. A major topic of this development has been to further exploit the
third-order nonlinearity (of which SPM is a subcategory) towards different kinds of light sources.
Examples are supercontinuum generation in MPCs [52], or frequency shifting using different mech-
anisms, such as the delayed response of molecular gases or solid-state media (Raman-response)
[60, 61] or by shaping the temporal pulse shape in the serrodyne frequency-shifting scheme [62].
Due to their quasi-waveguide properties, where the laser pulse is propagated repeatedly in the cell,

MPCs can be tailored such that the phase- and amplitude can be tuned at each pass using either



the MPC mirrors or additional optical elements. This can be exploited to drive phase-matched
second-order nonlinear processes such as second-harmonic generation (SHG) in MPCs with high
efficiency via free-space quasi-phase-matching (free-space QPM) [64, [65] or even increase the ef-
ficiency and bandwidth of optical-parametric amplification (OPA) processes [5l [63]. One of the
major topics of this work is the efficient SHG in MPCs (SHG-MPC) for broadband, ultrashort
pulses [6]. This topic is discussed in great detail in Chapter

In summary, the development of MPCs is currently driven by the pursuit of scaling several
key parameters, including average power, wavelength, pulse energy, peak power, pulse duration,
broadening factor, temporal contrast, and nonlinear processes beyond spectral broadening. To-
gether, these directions define the present frontiers of MPC research and reflect the broader effort
to transform MPCs from specialized pulse-post-compression tools into versatile platforms for ul-
trafast nonlinear optics.

Within this broader context, the present work contributes to multiple aspects of MPC devel-
opment, with a primary focus on pulse-energy and peak power scaling in the compact, folded
MPC (CMPC), long-pulse post-compression, broadening-factor and peak power scaling in the
nanosecond MPC (nMPC), as well as the extension of MPCs to nonlinear processes beyond post-
compression in the second-harmonic MPC (SHG-MPC). In addition, the work includes secondary
contributions, which are not explicitly discussed in this thesis. These secondary contributions
include wavelength scaling of MPCs in the ultraviolet MPC (UV-MPC), pulse-energy and peak
power scaling of MPC-based post-compression in the bow-tie MPC (BT-MPC), and the extension
of MPCs to other nonlinear processes in the optical-parametric MPC (OPMPC). Taken together,
this work contributes to the research and development of MPC technology, expanding its scope as
a platform for nonlinear optics and ultrafast light generation.

The thesis is structured as follows: in Chapter[2] a general review of energy-scaling concepts for
MPC-based post-compression is provided. The CMPC concept (reference [I]), as one of the main
publications of this thesis, is included as part of this discussionﬁ In Chapter (3, the publication
about the nanosecond-MPC (reference [2]) is summarized and discussedﬁ Chapter 4| summarizes
the work on the second-harmonic MPqﬂ (reference [6]). The thesis is concluded in Chapter

3The publication is attached in Appendix A.
4The publication is attached in Appendix B.
5The publication is attached in Appendix C.



2 Energy Scaling of MPC-based Post-Compression

This chapter discusses strategies for scaling the pulse energy of multi-pass-cell (MPC) based post-
compression systems. After introducing the fundamental limits imposed by mirror damage and
nonlinear effects in gas-filled MPCs, different routes to higher energy acceptance are reviewed,
including simple size scaling, non-geometric approaches based on modified input pulse or beam
structure, and geometric approaches that alter the MPC layout itself. A particular focus is placed
on the compact, folded MPC (CMPC) concept as described in reference [I], which is one of the
main publications relevant to this work and forms the basis of the experimental results presented
in Appendix A of this thesis.

2.1 Introduction

In recent years, advances in MPC technology have been a major driving force in the development
of ultrashort, high peak- and average-power laser sources, particularly in the near-infrared (NIR)
based on ytterbium (Yb) laser systems [24] 28] [3T]. YD lasers approaching or exceeding the terawatt
scale while operating at high repetition rates can routinely be generated using MPC-based post-
compression technology [40, [49H5T]. In order to further push parameters toward even more powerful
laser sources, energy up-scaling is the natural progression for further development. The energy
acceptance of an MPC system is fundamentally limited by one important parameter, namely the
laser-induced damage threshold (LIDT) of the mirror coatings used in the cell [31]. The LIDT is
typically defined in terms of the peak fluence of the laser beam on the mirror surface [66], i.e.,
the maximum optical energy density incident on the coating, usually expressed in units of J/cm?.
Accordingly, energy scaling of MPC systems can be pursued along two principal directions: either
by increasing the LIDT of the mirror coatings, or by reducing the fluence on the mirrors for a given
pulse energy. Since coating performance is ultimately constrained by available mirror technology,
the latter approach is often the more practical route for further scaling, which is the aim of this
work.

A second limitation, which is particularly relevant for gas-filled MPCs, is ionization of the
nonlinear medium in the focus [49]. In this case, the relevant constraint is not fluence but peak
intensity, since ionization is governed primarily by the local electric-field strength [67]. Once the
intensity approaches the ionization threshold of the gas, nonlinear propagation effects such as
plasma formation, defocusing, and additional loss can strongly degrade the compression process
and limit the maximum achievable pulse energy [31], [68]. Thus, ionization is especially pronounced
in strongly focused MPC geometries. To mitigate this, such systems often use vacuum chambers
filled with high-ionization-threshold gases such as helium or neon, or adopt solid-state approaches
in which the solid plate is positioned close to the MPC mirrors, where the beam diameter is large

enough to keep the intensity low.

2.2 Self-phase modulation in gas-filled MPCs

Before examining the various MPC post-compression energy scaling strategies, it is useful to recall
the physical mechanism that provides the spectral broadening on which post-compression relies.
In gas-filled MPCs the nonlinear phase that drives the compression originates from self-phase
modulation (SPM) generated by the optical Kerr effect Consequently, any technique that changes
the beam size, the number of passes, or the peak intensity will directly influence the accumulated
B-integral and, therefore, the achievable bandwidth. The following subsection briefly revisits the
SPM process and the formalism that is used throughout the rest of this chapter.

The spectral broadening employed in gas-filled multi-pass cells (MPCs) originates from self-

phase modulation (SPM), which arises from the optical Kerr effect. In an isotropic medium the



refractive index depends on the instantaneous pulse intensity according to
n(I) = no + na2l(t), (1)

where ng is the linear refractive index and ns denotes the nonlinear Kerr coefficient. As a re-
sult, different temporal portions of the pulse experience different phase velocities and accumulate
different optical phases during propagation.

A rigorous description of pulse propagation in a dispersive nonlinear medium is provided by
the unidirectional pulse propagation equation (UPPE), which is derived directly from Maxwell’s
equations under the assumption of predominantly forward propagation. In the frequency domain

it can be written as [69]

OFE(z,w)
0z

= ik, (W) E(z,0) + im%WPNL(Z, W), 2)
where E(z,w) denotes the spectral electric field, k.(w) is the longitudinal propagation constant
including the linear dispersion of the medium, and Pyp, is the Fourier transform of the nonlinear
polarization. The first term describes linear propagation of the optical field, whereas the second
term accounts for nonlinear light-matter interaction.

For an isotropic gas with an instantaneous electronic Kerr response, the nonlinear polarization
is
P (1) = 3zomons| E()PE(), (3)

which is equivalent to a third-order nonlinear susceptibility x®. The Kerr polarization modifies
the refractive index according to Eq. [I] and gives rise to the nonlinear phase accumulated by the

pulse
2w

L
bralt) = 5 / nol(z, 1) dz, (4)
0
Here X\ denotes the central wavelength, L the interaction length, and I, the on-axis peak inten-
sity. Since the nonlinear phase follows the temporal intensity profile of the pulse, it induces the

instantaneous frequency shift

Winst () = wo — ETRE (5)

which is the physical origin of self-phase modulation and the resulting spectral broadening.
To quantify the overall strength of the nonlinear interaction, it is convenient to introduce the
B-integral. Throughout this thesis, the B-integral is defined as the accumulated on-axis nonlinear

phase,

_27r L

B=— nal,(2) dz, (6)
A Jo

where I,(z) denotes the peak intensity on the optical axis. For an MPC with N effective passes,

the total accumulated nonlinear phase is
B = N Bpass. (7)

It should be noted that an alternative definition is frequently found in the literature, where the

nonlinear phase is expressed in terms of the pulse power,

2 L P(2)
¢max - 7/0 n2 Aeﬁ(Z) dZ, (8)




with P(z) the pulse peak power and Aeg(z) the effective mode area. For a Gaussian beam,

2P
Ip: AH7 (9)

such that the two definitions are related by
B = 2¢max.- (10)

The spectral broadening factor scales approximately linearly with the accumulated nonlinear in-

teraction [31]
Awout B

~ = 11
Ao S (11)

K=

showing that the achievable compression factor is directly linked to the accumulated nonlinear
phase. In practice, the maximum usable B-integral is limited by the onset of ionization, self-
focusing, the laser-induced damage threshold of the cavity optics, and the specific geometry of the
MPC, as discussed in the following.

In the next sections, different approaches to energy scaling in MPC post-compression are re-
viewed with a particular focus on avoiding damage limits imposed by laser-induced damage of the
optics and optical-field ionization of the gas. These approaches can be broadly divided into three
categories: straightforward geometric scaling of the MPC, non-geometric approaches that modify
the pulse or beam properties independently of the resonator geometry, and geometric approaches
that alter the MPC design itself to increase the energy acceptance or, equivalently, enable more

compact implementations.

2.3 MPCs for post-compression and MPC size scaling

Since every MPC configuration — similar to optical cavities [70] — defines a specific spatial eigenmode
of the laser to ensure a periodically invariant beam size, the beam size on the mirrors cannot be
modified independently within a given MPC configuration. Thus, the MPC configuration needs to
be altered to increase the beam size homogeneously for each reflection and thus reduce the peak
fluence. The most typical configuration for MPCs is the symmetric case with two mirrors of same
radius of curvature (ROC), which also fulfills the re-entrant condition. The re-entrant condition is
defined by the relation [31]
L

= 1—cos(§/2), &=2nk/N, (12)
where L is the MPC length, R the ROC, N the number of round-trips and k the MPC configuration
parameter. The phase term £ represents the angular advance of the beam on the mirrors per
round-trip and is equivalent to the accumulated Gouy phase [31]. Since £ is the angular advance
per round-trip, the angular advance after N round-trips accumulates to N¢ = 2wk. Thus, when
k is integer, the phase advance is a multiple of 2w and the beam ends up at its entry point in
the MPC, fulfilling the re-entrant condition. An MPC operating in a regime where a periodically
repeating spatial mode is defined is called g-preserving MPC, which is the case if 0 < k < N. If in
addition the re-entrant condition is imposed, the condition for £ becomes restricted to integers with
k =1,...,N. The spatial Gaussian mode defined by a g-preserving MPC can be calculated using
the linear transfer-matrix formalism, also known as the ABCD formalism. Using the propagator

function for the g-parameter fy;(q) = ggL:B) with M = (4 B) = (1:22%;% f) and the condition
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for g-preservation fus(q) = ¢, the Gaussian mode of the MPC in the focus is determined by

RN | L L R
2 = 2 (e 2) = g N) . 1
wg 5\ 7 ( R) 5, Sin (rk/N) (13)
The beam size on the mirror can be calculated using w,, = w(L/2) = —1/Im(q(L1/2)), yielding
R\ | & RA
w2, = — R = — tan(wk/2N) . (14)
™ 2-% ™

Assuming a Gaussian beam, we can calculate the peak intensity in the focus using Iy = 2P/mw?
with P &~ F/7 the power, E the pulse energy and 7 the full width half maximum (FWHM) pulse
duration. Similarly, the fluence on the mirror can be calculated using F,, = 2E/mw?,. Using
equations and the formula for peak mirror fluence and peak intensity are [3]

4F 1
Lo ~ 7RAsin (7k/N) (15)
2F 1 (16)

™~ R\ tan (7k/2N)

From the above equations it is clear that both Iy and F,,, scale inversely proportional to R. On the
other hand, increasing R requires L to increase simultaneously, according to Eq. to maintain
the MPC configuration. If we define a certain threshold Fyp, for the mirror fluence and Iy}, for the
peak intensity in the focus, then from equations and follows immediately the formula for
the energy acceptance of the MPC [3]

Fin R TRA

E < min tan (mk/2N),

sin (mk/N)| = Enax - (17)

Specifically for gas-filled MPCs, which are typically used for high-energy MPCs, a scaling that
keeps L/R constant falls under the category of scale-invariant nonlinear optical systems in gases
[71]. This means that if the pulse energy and gas pressure are adjusted accordingly, the resulting
output pulse from the MPC will have the same properties (e.g. spectrum) for different values of
R and L. Thus, the simplest way to scale the energy is to simply increase the size of the setup by
increasing the ROC of the mirrors and the length of the MPC.

The MPC with the highest energy demonstrated so far has been demonstrated by Pfaff et al.,
where 200 mJ pulses from an Yb laser system have been post-compressed from 500 fs down to 32 fs
[40] by an MPC with a length of close to 10m. Increasing the system to even larger pulse energies
would require an even larger cell, which could be impractical for laboratory-scale applications.

There are however alternative routes for pulse energy scaling of MPC-based post-compression.

R F
[ Wm s y m
S |
< L >

Figure 4: Simple size-scaling of an MPC. Here the main scaling parameters are the radius of curvature R
and the length L, which are doubled on the right side. At constant pulse energy, this leads to half the
fluence on the mirrors Fy,, half the peak intesnity in the focus Ip and a factor of V2 larger beam radius
Wm
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Instead of increasing the system size, one can attempt to decrease the fluence by modifying the

MPC geometry or the input beam and pulse properties.

2.4 Non-geometric approaches for energy-scaling

Besides modifying the cavity geometry itself, the energy handling capability of a multi-pass cell
can also be increased through non-geometric approaches. These methods leave the MPC geometry
unchanged and instead alter the properties of the injected beam or pulse. Here, we summarize
two different MPC energy-scaling methods: one that modifies the spatial properties and one that

modifies the temporal properties of the laser.

Laguerre-Gauss Mode Scaling One non-geometric approach is to deviate from purely Gaus-
sian beams and use higher-order spatial modes in order to decrease the peak fluence on the mirrors.
Kaumans et al. demonstrated post-compression of 112 mJ pulses using a first-order Laguerre-Gauss
(LGo1) mode as the input beam in a 7.8 m MPC, which set the record in pulse energy at that time
[41]. Energy scaling using LG,-modes has further been investigated by Koltalo et al. and 'Terano
et al. [42, [43]. In reference [42] it is shown that the peak intensity scales with the azimuthal index
[ by

B "

1% (lif/e)i”
where e = 2.71828... is the Euler constant. In this scaling law, p is always set to zero. They
further demonstrate numerically that, when self-phase modulation (SPM) effects are included
while keeping the resulting output Fourier-transform-limited (FTL) pulse duration constant, the
energy-scaling law E oc 1957 is obtained, which is very close to the scaling law described by Eq.
. The energy acceptance of the MPC thus scales with the azimuthal index ! of the LG beam.
With these findings, the energy-scaling equation for LG-beam scaling is similar to Eq. but

with an additional factor
E < Bpax - (a+b-1957) (19)

with a and b being fitting parameters that are not disclosed in the referenced source [42], but can be
estimated to be close to a = 1 and b = 2. This method can bring several advantages, as the MPC
geometry does not have to be modified, but instead the input beam is simply changed by suitable
optical elements beforehand. It can especially be useful for applications requiring ultrashort, high-
energy, and high-peak power pulses pulses, where the spatial beam structure does not need to be
Gaussian. On the other hand, since Gaussian beams are required for many applications, the back-
conversion of a spectrally broadened LG mode into a Gaussian beam can possibly create losses
[42].
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Figure 5: Laguerre-Gauss (LG) mode structure for four different LGo,; beams with azimuthal numbers
1=0,1,2,3. (a) Intensity-lineouts of the cross-section in the center of the beams. (b) Beam profiles of the
Laguerre-Gauss modes.

Divided-Pulse Energy-Scaling A different non-geometric approach is the modification of the
temporal structure of the pulse rather than its spatial profile. One technique is to divide the
pulse into several replicas with a defined temporal delay between them before injection into the
MPC [44H46]. The delay is chosen to be longer than the characteristic timescales of the dominant
ultrafast laser-induced damage mechanisms. In the ultrashort-pulse regime, damage initiation is
primarily governed by electron dynamics, such as the generation and excitation of free carriers in
the material [66]. As a result, each replica interacts with the material independently, reducing the
peak intensity experienced by the optical components while maintaining the total pulse energy.
This enables operation at higher energies without exceeding the laser-induced damage threshold.
Thus, dividing the pulses with delays longer than the decay time of these excitations results in a
reduced effective fluence on the mirror by a factor of the number of pulse replicas £. The energy-
scaling equation is simply the maximum energy of any given MPC geometry times the number of
replicas

E < Emax 6 . (20)

After division, the pulses can be spectrally broadened in an MPC with a £-fold reduced pulse energy
and peak fluence. Subsequently, these pulses can be coherently recombined. In the work of Stark et
al. a pulse with 3.4mJ and 175 fs was divided into four replicas ({ = 4) by polarization rotation and
two birefringent crystals, then spectrally broadened, coherently recombined, and compressed down
to 34 fs with an overall efficiency of 90% [44]. In another work, Schygulla et al. demonstrated pulse
division into eight replicas (§ = 4) by using calcite crystals, with a subsequent post-compression
and recombination in an MPC with a recombination efficiency of 95% [45]. Both works showcase
the potential of pulse division and recombination as a tool for energy scaling of MPCs using only

passive optical elements.

2.5 Geometric approaches for energy-scaling of MPCs

Another route for energy scaling is to modify the overall geometry of MPCs. As stated before,
the eigenmode supported by an MPC is determined by its specific geometry [31]. In a standard,
symmetric MPC with two curved mirrors of the same ROC, the largest beam size on the mirrors
is achieved when the mirror distance, i.e. the MPC length L, is close to 2R, according to Eq.
(14). However, different MPC geometries and configurations can be advantageous specifically

for energy up-scaling of MPCs. Similar to optical cavities, MPCs can employ two mirrors with
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Figure 6: Stability diagram and different MPC geometries. The blue area shows the area where stable
configurations with repeating eigenmodes are possible, as a function of |C1| = |L1/R1| and |C2| = |L2/R2|,
according to Eq. . Here the number of round-trips is set to N = 15. The dashed lines indicate the
re-entrant condition, where the configuration number k is an integer and 1 < k < N — 1. The solid black
line indicates symmetric MPC configurations |C1| = |C1|, where Eq. applies. The position of the
different types of MPCs is color-coded and indicated in the diagram.

different ROCs or include more than two mirrors. Figure [6] provides an overview of different MPC
geometries that were either proposed or implemented in different works concerning MPC energy
scaling. The main diagram in Fig. [6] plots the so-called stability region in which self-repeating
eigenmodes can exist. Each type of MPC is located inside the region of stability (marked in light
blue), where they are typically operated. The stability diagram is defined by the possible solution
space of Eq. . In this case, we arbitrarily chose the number of round-trips N = 15, which is a
typical choice in many experiments. We identify four main approaches for energy-scaling in MPCs
using alternative geometries that have been proposed in the literature, apart from the size scaling.
The four approaches are the 4f—MP(ﬂ [48], convex-concave MPC (cx-cv MPC) [47], Bow-Tie MPC
(BT-MPC) [3], and the compact, foldled MPC (CMPC) [I]. In the following, we describe each
approach in detail and provide equations for the energy limits of each method. We begin with the
4£-MPC approach, followed by the cx-cv MPC and the BT-MPC, and conclude with a detailed
description of the CMPC approach, which is part of the work presented in this thesis.

4f-MPC When L = 2R, the configuration is called concentric, meaning that the ROC R of the
mirrors forms a perfect circle if the spherical curvature is continued over the whole space. One
round-trip in a concentric MPC corresponds to a 4f optical system. Since this configuration is
unstable according to Eq. , going only close to this limit can lead to a stable configuration
with mirror beam sizes getting larger with ever increasing L, while the beam size in the focal
position of the cell decreases. Thus, increasing L while approaching 2R, decreases the fluence on
the mirrors, but increases the intensity in the focus. Since the cell constitutes a system close to a
4f geometry, we call this method 4{-MPC. In the context of MPC post-compression, this approach
has been demonstrated by Jimenez et al. [72] and Manz et al. [48]. In the former, a double-
stage MPC was used for post-compression, where in the second MPC stage low-LIDT chirped

mirrors were used to compensate for linear dispersion in the MPC. Due to the low LIDT of the

6This naming is specific to this work
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chirped mirrors, the MPC length was tuned closer to 2R geometry, leading to a lowered fluence
on the mirrors, such that the MPC could be operated for a 0.6 mJ, 50 fs input pulse in a roughly
40 cm length, overcoming the limitation of the mirror LIDT. In the second example, Manz et al.
demonstrated energy scaling in a bulk-based MPC setup, tuning the previously reported 10mJ
input pulses to 30 mJ by simply increasing the distance of the MPC mirrors closer to 2R, which is
equivalent to kK — N (Eq. (12))). This minimal adjustment already leads to a significant increase
in energy acceptance, without changing the overall size of the setup and while maintaining good
beam quality and spatio-spectral homogeneity [48].

In the 4-MPC approach, due to the decreasing focal length and increasing peak intensity in
the focus according to Eq. , gases are more easily ionized when & — N, hence decreasing
the MPC energy limit imposed by ionization. Thus, it is generally necessary to use a vacuum
environment in order to avoid ionization. Instead of gas, solid fused silica (F'S) plates are used as
the nonlinear medium, which are placed close to the mirrors, where the beam is still large. As
an alternative, gases with high ionization thresholds like helium can be used to circumvent the
challenge of ionization [40]. Another challenge when tuning the length too close to the stability
edge of the cell can is the increasing sensitivity to variations in the cell length. Small deviations of
the length can already yield a significant difference in beam size, making the 4f-MPC very sensitive

to mechanical perturbations when tuned too close to the stability edge.

Convex-Concave MPC In the above examples, the MPC geometry was only moderately mod-
ified by increasing the spacing between the MPC mirrors. However, there also exist energy-scaling
approaches that employ substantial modifications to the MPC geometry. One possibility is to move
away from symmetric MPC configurations and consider non-symmetric designs, in which either
different mirrors are used for the two propagation directions or the propagation lengths within the
MPC differ. The former has been realized most notably by convex-concave (cx-cv) MPCs [47]. In
cx-cv MPCs, one convex mirror is employed instead of a concave mirror in a standard, symmetric
MPC. Similar to optical cavities, this results in MPC eigenmodes where the focal plane resides
outside of the cavity, which is often called a virtual focal plane. These modes exhibit only minor
variations in size throughout the MPC, while avoiding a focus of the beam. Since the radii of
curvature of the mirrors are now different, with R; the concave and Ry the convex mirror, the

formula for the re-entrant condition with Cq 2 = L/R; 2 generalizes to
Cy + Cy — C1Cy = sin? (1k/N) (21)

and the formulas for the beam sizes on the mirrors become

LA L) 1-Co

2 g2 1-C)

Yoo Va1 —g199) 7 sin(mk/N) (22)
L\ LA 1=C

wi=tA A VI (23)

m \g2(1—g1g2) 7w sin(nk/N)’

with g1 2 = 1 — C1,2. Here, the MPC configuration parameter is restricted to 0 < k < N/2, and as
in the symmetric MPC case, k defines a re-entrant condition if it is an integer. The length of the

cx-cv MPC can be calculated using

1
L= 3 (Rl + Ry + \/Rf + R3 + 2Ry Ry cos (27rk:/N)) . (24)

In case of Ry = Ry = —R, the beam radii are w; = wy and equations and simplify to the
beam radii on the mirrors in the symmetric MPC case as in Eq. . Similarly, equations ([21)
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Figure 7: Convex-concave (cx-cv) MPC (left) and a folded convex-concave MPC (right). The folding factor
on the folded cx-cv MPC is I' = 3, using two additional, planar mirrors. The effective length Leg ~ L/T
is reduced roughly a factor of three compared to the actual cx-cv MPC length L.

and then both become Eq. (12)) in this case. Assuming perfect mode-matching and linear
propagation, the maximum fluence occurs at the convex mirror. Without loss of generality, we
can assume R; < Rs, where negative R are associated with concave and positive R with convex

mirrors. Thus, the fluence at the convex mirror can be found by F, = 2E/7w3, which yields

_2F [go(1—g1g92) 2E [1-Cy
Fy, = ) m = \V1i-a, sin (k/N) . (25)

Avoiding the focus inside the MPC brings along several beneficial consequences for energy-scaling

using cx-cv MPCs. One consequence is that the issue of ionization is circumvented for all practical
cases by avoiding a focus within the propagation. Furthermore, it allows for folding the MPC by
using additional mirrors, reducing the size of the system by the number of foldings I'. The folding
number reduces the MPC length L into an effective length Leg, which roughly relates to the cx-cv
MPC length as Leg ~ L/T", assuming that the spacing of all mirrors is the same. Summarizing this
into a formula, the energy-scaling equation for a folded cx-cv MPC for a given threshold fluence
F}y, thus reads

1-C
E < I'LegFin A g1 _ TlegFinA ‘ =C: (26)
2 92(1 = g192) 2 sin(mk/N)

Thus, setting a certain constant effective length L.g, the energy acceptance can be increased by
increasing the folding number T'. A similar folding approach is pursued in the Bow-Tie MPC (BT-
MPC) and the compact MPC (CMPC), which are discussed later in this chapter. The cx-cv MPC
has been demonstrated for nonlinear post-compression in several works [47, [73]. In particular,
Hariton et al. proposed folding of the cx-cv MPC as a means for reducing the size of the system,
effectively scaling the pulse energy. A major limitation associated with the cx-cv MPC scheme is
the reduced nonlinear phase or the B-integral that can be accumulated in one round-trip. If we
assume Gaussian beams and define the B-integral per pass as the on-axis accumulated nonlinear
phase Bpags = 2m/A fOL nol(z)dz, one can show that the B-integral in gas-filled (or in general
material-filled) MPCs is limited by [31]

Bpass = 4w27§—f% < 27?% , (27)
showing that the maximum B-integral per pass has a limit that corresponds to the Gouy phase
¢ = 2wk/N per round-trip for a given wavelength A and nonlinear refractive index ms. The

limit B — 27k/N is reached when the peak power approaches the critical power of the material
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P — Puiy = A\2/(2mngns). Due to the fact that the cx-cv MPC is typcially operated at values of k
close to 1, the amount of spectral broadening that can be achieved in this scheme is significantly

lower than in the standard MPC case, where typically k = N — 1.

Bow-Tie MPC The cx—cv MPC represents a non-symmetric MPC configuration that generalizes
the symmetric MPC by introducing different ROC for the two MPC mirrors, thereby breaking the
symmetry of the cavity. Similarly, the bow-tie MPC constitutes a non-symmetric configuration
in which two different propagation lengths L; and Ls occur within a single round-trip, while the
radii of curvature R of the mirrors are the same. Defining C; = L1/R and Cy = Ly /R, the bow-tie
MPC obeys the same equation as the cx-cv MPC. Here, typically one chooses L1 < Ls, and
the ratio L/ Ly = T" defines the folding ratio I of the long path Ly. Figure [§|illustrates the bow-tie
MPC geometry. The division of the paths in a short "forward" path L; and a long "backward" path
L leads to a beam caustic where a strong focus occurs in the short path, while the beam is close
to collimation in the long path. Furthermore, arranging the beam pattern on the mirrors into a
line as shown in Fig. a) (iii) enables folding of the long path using additional mirrors. In the
work of Heyl et al. [3], the BT-MPC scheme is demonstrated numerically for high-energy pulses of
125mJ at 1030 nm, starting from 1 ps pulses and going down to about 50 fs. They use two focusing
mirrors (FM) with R = 2m, but adjust the long path to Ly = 35m with N = 17 round-trips
and k = (N —1)/2 = 8. The length Ls is chosen such that the eigenmode possesses beam sizes
on the mirror such that the fluence level is compatible with the LIDT values of available optical
coatings [3]. The short path length is then determined by Eq. to L1 = R+, where 6 = 2mm.
Thus, the effective length of the BT-MPC is equal to Leg = L1, which is always approximately the
ROC of the mirrors R. Since in the short arm L;, the beam experiences a strong focus, the whole
setup needs to be operated in vacuum, where 1 mm thick solid plates of fused silica are used as the
nonlinear medium for spectral broadening. Two plates are placed close to the focusing mirrors on
each side, where the beam size is still large (Fig. [§(a)). In another study, Heyl et al. numerically
show post-compression of a 1J pulse using a similar geometry as in the 125mJ case, but with an
increased long-arm length of Ly = 75 m, matching the fluence level of the previous case. Here they
demonstrate post-compression down to about 100 fs. The energy-scaling relation for the BT-MPC

can be written as [3]

RAFyn
4

k/N>1/2 NRAFy,

E<
- 2w

(Cy — 1) tan (7k/N) (Cy—1), (28)
where we again set a threshold fluence Fyy, for the mirror coatings. We define the scaling parameter
in terms of the folding ratio I' & L1 /Ly = C1/Cs and can thus write the energy-scaling relation as
a function of I' as

< NRMNFy

BS— -1, (29)

where we also used L; ~ R and thus C; =~ 1.

The BT-MPC technique can potentially enable post-compression of high-energy pulses on a
table-top sized setup. For the experimental realization, however, the BT-MPC faces some chal-
lenges that need to be addressed. The most critical challenge is posed by the narrow margin of
the short arm length L, which affects the stability of the system. For the 125mJ case described
above, these margins may shrink to just a few millimeters, making stabilization of the cell length
necessary. On the other hand, the MPC length lies well within the range that has been demon-
strated for solid-state laser oscillators operating at a repetition rate of 8.6 MHz [3, [74]. Increasing
the length of the long arm Lo further toward higher energy acceptance further narrows the ac-

ceptable margins of L;, leading to increased demands on cavity-length stabilization systems. A



17

4 N\
(@) Standard MPC (b) Bow-Tie MPC
y Fw FM2 PM2
2
2
> FM2
c
(<]
L
PM2
ii)
> FM1 FM2
.2
>
| [— —]
i)
FM2
i) . . i)
Circular pattern Linear pattern T_.X FM1/2 PM1/2
2
S P
> Pl
9o S
£ HEEES-
= FM1/2 [ |
G J

Figure 8: Bow-Tie MPC geometry in comparison to a standard MPC. (a) Standard MPC geometry. (i)
Front view on a standard MPC, consisting of two concave focusing mirrors (FM1 and FM2). (ii) Top
view on a standard MPC, when a linear pattern in the y-direction is applied. (iii) View on the mirrors
and comparison of a circular versus a linear MPC pattern. The BT-MPC scheme uses a linear pattern.
(b) Bow-Tie MPC geometry. (i) Front view on the BT-MPC. Here, two additional planar mirrors (PM1
and PM2) are used to fold the beam, which are here placed behind the focusing mirrors. The blue beams
indicate the beams propagating in the short arm and the red beams in the long arm. In the short arm,
two thin FS plates are placed symmetrically close to FM1 and FM2. (ii) Top view on the BT-MPC. Here,
the folding number is I' = 9. Thus, the long-arm length is Lo =~ I'L1, where the effective length is exactly
equal to the short-arm length Legq = Li. (iii) View on one of the FM and one PM, showing the patterns
on the mirrors.

minor challenge is the angle of the focusing mirrors in the horizontal ("x") direction, as shown in
Fig. [(b)(ii). This can lead to an accumulation of astigmatism on the beam. On the other hand,
the potential beam quality degradation due to astigmatism has been investigated in the work of
Beaufort et al., where in a circular arrangement of (curved) MPC mirrors the beam reflects on
these curved mirrors with certain angles, potentially leading to astigmatism [75]. However, no
astigmatism-related degradation is expected, since due to the re-entrant condition, which implies
input-to-output imaging, the output beam is — in the ideal case — the exact image of the input
beam. Since the same condition applies to the BT-MPC, beam degradation due to astigmatism
is not expected to occur. Thus, astigmatism may not pose a challenge in the context of BT-MPC

post-compression.

Compact, folded MPC There is a technique, however, to circumvent the stability and astigma-
tism challenge, while still maintaining the energy-scalability of the BT-MPC. The compact, folded
MPC (CMPCQ) similarly uses two focusing mirrors with the same ROC and two additional planar
folding mirrors similar to the BT-MPC. In contrast to the BT-MPC, the CMPC is a symmetric
MPC, where both propagation arms have the same length L. It follows the same equation as
a standard MPC and can be viewed as a variation of it, where typically & < N/2 is chosen. The
CMPC is one of the main parts of this work and will be discussed in detail in the following. Here
the relevant publication can be found under reference [I] and is also added to the Appendix A.
Similar to the BT-MPC and the cx-cv MPC, the CMPC has an eigenmode caustic such that the

beam — in this case in both propagation directions — does not experience a tight focus, but stays
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Figure 9: Comparison of a standard MPC and a CMPC. (A) Standard MPC geometry and beam pattern
considering a linear beam pattern alignment (FM1/2: focusing mirrors). View of the beam path from the
front (i) and from the top (ii). (iii) Resulting patterns for circular/linear alignment on FM1/2. (B) CMPC
geometry and beam patterns. (i) Front view with additional planar mirrors (PM1/2) behind FM1/2.
(ii) Top view onto the CMPC with beam folding ratio I' = 9. The numbers (1-5) indicate the order of
reflections of the first pass. (iii) Beam patterns on the mirrors FM1/2 and PM1/2. The black line follows
the beam reflections 1-5 on the mirrors. (C) Photographs of experimental beam patterns with N = 11,
k=3 and I' = 25. POM: pick-off mirror. Reprinted with permission from reference [1J.

Mirror view

J

close to collimation over the whole cell length. This property can again be utilized to fold the
beam using the additional planar mirrors. Figure [J illustrates the CMPC geometry and compares
it to a standard MPC configuration. The determining parameter for the choice of the ROC R
and the length is again the threshold fluence Fiy, set by the mirror coating LIDT. In the CMPC,
folding of the beam leads to reflections on the mirrors at any given position of the laser beam in
the cell. This means that the relevant quantity to determine the energy acceptance is the fluence
at the point of the smallest beam size, i.e. the focal plane. The focal beam size of a symmetric
MPC is given by Eq. for a mode-matched, self-repeating beam. The fluence in this position
can then be determined using Fy = 2E/7w3 and reads

4F 1

Fp=———
O " RAsin (7k/N) ’

(30)
where we use Eq. (13). Setting the threshold fluence to Fy, > Fp, we rearrange Eq. (30]), which
yields the energy acceptance equation for the CMPC

E< RAF

sin (7k/N) . (31)
Similar to the BT-MPC and cx-cv MPC, we can introduce a folding ratio I' = L/ Lcg representing
the number of how many times the beam is folded. Using Eq. , we rewrite the above equation

as a function of I and Leg, yielding

AFinI Leg
———— = EIPC 32
~ 4tan (7‘1‘]{}/2]\[) max (32)

This equation determines the energy acceptance for a certain CMPC geometry with ROC R, folding
ratio I' and the resulting effective length Log = L/T". Therefore, by setting a fixed setup length Leg,
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Figure 10: Energy scaling characteristics of a CMPC compared with a standard MPC, showing the calcu-
lated pulse-energy acceptance Emax as a function of effective length L.g. The solid black line indicates a
standard MPC as reported in reference [40] (Eq. (I7)). Each colored solid line represents a CMPC with
folding ratio I (Eq. ) The gray line indicates the the effective length of 1 m. The dashed lines show
the corresponding pulse energies for selected values of T'. We set the threshold fluence to Fin, = 0.3.J/cm?.

the energy acceptance scales proportionally to the folding number. Figure[10| compares the energy
acceptance of a standard MPC with a CMPC with folding number T for a fixed Fyj, = 0.3J/cm?.
In this plot, we consider N = 15 round-trips for both CMPC and MPC with k = 4 and k = 14,
respectively. With these parameters, the scaling factor for I' = 25 is about ESMPC/EMPC ~ 5.8 and
with T' = 49 it is 11.4. Thus, for a cell of 1m length and a threshold fluence of Fy;, = 0.3.J/cm?,
a standard MPC energy acceptance would be F < 7.43mJ according to equation , while for
a CMPC it is F < 43.3mJ for I' = 25 or even £ < 85mJ for I' = 49. This demonstrates that
an order-of-magnitude scaling (or down-sizing) can very realistically be achieved with the CMPC
technique.

In order to demonstrate this technique, we conduct experiments employing the CMPC post-
compression scheme. As shown in Appendix A, we demonstrate post-compression of 1030 nm, 8 mJ,
1.1 ps pulses down to about 50 fs using the CMPC and air as the nonlinear medium in a setup with

a length of about 45cm and a low linear fluence of 0.17 J/cm?

. The setup for the experiment is
shown in Fig. [[I] We use a commercial 1030 nm, 1.1 ps, 8.4mJ Yb-based laser as the starting point.
After mode-matching (MM) using a curved-mirror telescope, the beam is coupled into the vacuum
chamber and then into the CMPC using the first pick-off mirror (POM1), where the pulse energy
of 8mJ is measured. The CMPC consists of two 4 inch focusing mirrors (FM) with R = 25m ROC
and two additional planar mirrors (PM) with dimensions 10 cm x 10 cm. The number of round-trips
is N = 11 with k = 3, yielding an MPC length of L = 8.63 m. The additional planar mirrors enable
folding of T = 25 times, resulting in an effective length of Log = L/T &~ 34.5 cm. In this setup, the
focusing mirrors are placed behind the planar mirrors, leading to an effective length of about 45 cm
(Fig. [IT|(b)). After POMI, the beam propagates onto PM1 and then PM2. These mirrors are
positioned at a small angle in the horizontal (x) direction relative to each other. After 23 reflections,
the beam reaches FM2, where it is reflected back onto PM1 and undergoes another 23 reflections
on PM1 and PM2, with a slight displacement in the vertical (y) direction. Due to the re-entrant
condition of the CMPC, the beam reaches POMI again after N = 11 round-trips in total and is
coupled out at a different angle in y-direction than the input beam, enabling separation of input
and output using POM2. The total number of reflections amounts to 2NT' = 550 and the total
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Figure 11: Setup of the CMPC experiment. The CMPC input beam is shown in red and the output
beam in orange. FM: focusing mirrors; PM: planar mirrors; POM: pick-off mirrors; Mi,: input/output
mirror; MM: mode-matching optics; DCM: double-chirped mirrors; CCD: cameras; zo: reference position
for stabilization measurements; TFP: thin-film polarizer; wdg: wedge. (A) Input beam path, telescope,
and diagnostic components used in the experiment. (B) CMPC configuration integrated with a vacuum
chamber. Reprinted with permission from reference [IJ.

propagation length to approximately 190 m. We nevertheless measure a total throughput of 89%
through the CMPC, with an estimated efficiency per reflection of approximately 99.98%, including
clipping losses. Thus, even for a large folding number of I' = 49, an efficiency of approximately
80% can be expected.

In our first post-compression experiment, we choose air as a nonlinear medium for spectral
broadening. Air is composed of about 79% nitrogen (N2) and 21% oxygen (O2), both of which
exhibit complex nonlinear couplings due to the molecular nature of the gases. This enables larger
broadening factors, thereby circumventing the limitations set by the critical power (Eq. ) at
the expense of the compressibility and temporal contrast of the resulting post-compressed pulses
[1, [76]. The main contributions to the nonlinear spectral broadening in molecular gases are the
virtually instantaneous electronic response and the delayed rotational mode response on the order
of 100 fs [77]. This delayed response is frequently referred to as the Raman-Kerr interaction, and it
can lead to an enhancement of the amount of spectral broadening, as we demonstrate in our work
.

With air as the nonlinear medium, we spectrally broaden the pulses from about 1.1ps to a
compressed duration of 51 fs, while only a small fraction of the pulse is sampled by a wedge (wdg)
reflection and compressed using a chirped mirror compressor (DCM). We use 26 reflections with
—200fs? of group-delay dispersion (GDD), amounting to a total GDD of —5200 fs>. We keep the
pressure at 1 bar due to deformations and misalignments observed at changing pressures in the vac-
uum chamber. In principle, this can be compensated using electronically actuated mirror mounts,
which we did not employ in this setup. The results are shown in Fig. [[2] The simulated pulse
and spectrum are obtained using a radially symmetric Hankel-transform-based (2+1)D nonlinear
pulse propagation model, taking into account SPM as well as the Raman-Kerr interaction in air.
The propagation model is described in the publication in Appendix A. Both the measured and
simulated pulses agree very well (Fig. (a)). They both exhibit a long tail toward the leading
edge of the pulse, corresponding to uncompressed red-shifted spectral components, as also visible
in the measured and retrieved FROG traces in Figs. [12|c) and (d). Similar pulse features have

been observed in other post-compression works employing molecular gases — specifically air — as
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Figure 12: Experimental results of the CMPC experiment in air. (a) Measured input and output pulse
shape, along with the simulated pulse using the model described in reference [I]. (b) Measured input and
output spectra. The inset shows the measured spectrum along with the simulated one. (c¢) Measured and
retrieved FROG traces. Reprinted with permission from reference [IJ.

the nonlinear medium [76]. Furthermore, a small side pulse is observed at the trailing edge, about
700 fs away from the center of the pulse. Since this strong nonlinear interaction can also lead to
spatio-temporal couplings (STC) and hence to spatio-spectral inhomogeneities, we further conduct
STC measurements on the spatio-spectral properties of the beam and pulse using the technique
described in reference [78]. The STC is measured using a quantity V(z,y) that calculates the spec-
tral overlap of the spectrum I(w,z,y) with the spectrum measured at the beam center I(w,0,0)
using the equation [29]
[ To(w) I(w, z,y) dw]”

Vie.y) = JR(w)dw [ IP(w,z,y)dw (33)

The spatial average value V,,, is the calculated as the normalized integral over the spatial dimen-

sions weighted with the fluence-profile of the beam

v [5, Vi, y) F(z,y)dedy
e fiﬂw F(z,y)dzdy

(34)

With the above definitions, the measured spatio-spectral homogeneity (SSH) of the beam after
spectral broadening in air amounts to V,,z = 90.6%. For comparison, the performance of a typical
MPC in a monoatomic gas can typically exceed 95%, as seen in Fig. b) and in references
32} 63).

A legitimate concern regarding the CMPC is that, for this number of reflections and propagation
distance, the beam stability can be significantly affected. However, since an MPC in a re-entrant
condition is an input-to-output imaging system, any pointing or translation variation in the input
translates one-to-one at the output, rendering an MPC inherently stable.

Other sources of beam position or pointing fluctuations might come from mechanical instability
or gas turbulence in the beam path. In order to verify beam stability, we perform measurements
on the beam position stability (near field). Over a total recording time of 5 minutes, the output
beam position stability increases by only 5% compared to the input stability. Furthermore, the
FTL of the spectrum recorded over five minutes fluctuates by only 0.65%. Both measurements
show that the CMPC can be operated with high stability, despite the large number of reflections
and the propagation distance. For more details, refer to Fig. 7 in Appendix A.

In the second experiment, we measured spectral broadening using krypton as the nonlinear
medium and investigated the SSH in terms of V(z,y) and V,y, of the output beams. We measured
the SSH for pulses at 1 bar of krypton with four pulse energy values, approaching the limit given by
equation . Figure [13| shows the results of these measurements. In Fig. a), the development
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Figure 13: Results of the STC measurements. (a) Measured averaged V-parameter calculated according to
Eq. as a function of P/ Peyit. The simulated V-parameter is indicated as the dashed line. The simulated
average B-integral per pass is indicated in green on the right axis. (b) Spatio-spectral distribution of the
CMPC output spectrum using krypton as the nonlinear gas at P = 0.65P.it, compared to a standard
MPC using the same laser system as input. The standard MPC is the system described in reference [51].

(c) Input- and broadened output spectra measured in a spectrometer at P = 0.65FP.it. Reprinted and
modified with permission from [I]

of an averaged V-parameter is shown as a function of the peak power P divided by the critical
power Pt =~ 7GW in 1 bar of krypton. As the calculated peak power P is increased from 0.4 Pt
to 0.6 Py, we observe a steady decline of V,,, from about 98% to 91%. At P = 0.65P.;, the
decline becomes more pronounced and at P = 0.7P,.,;; (not shown in the plot) the beam collapsed
in the experiment. This behaviour is in accordance with standard gas-filled MPCs, where the peak
power is typically kept below half the critical power for the best homogeneity performance [31]. We
compare the measured SSH data from the STC measurements with those of a standard MPC in
Fig. b) under a similar spectral broadening using the same input pulses. Thus, in both MPCs
the same amount of B-integral has been accumulated. The standard MPC configuration is N = 17,
k =16, R = 1m and the corresponding work can be found in reference [51]. This observation can

be explained using [27] in combination with the formula for the temporal compression ratio K in
gas-filled MPCs [31]

noPk B

K ~ 8r O (35)

where B = Npass - Bpass is the total B-integral accumulated over Npaes passes through the MPC. If
we define the peak power P = aPe,jt, where a = P/ Pyt and substitute the formula of the critical

power P = % with ng = 1 into the spectral broadening formula for Np,ss = 2N passes
is simply

K=~ g ~ dak . (36)

In the CMPC, we start with a 1.1 ps pulse with an FTL of about 1 ps and end up with a measured
FTL of 135fs at a = 0.6 (Fig. a)); the compression ratio amounts to about Kyeas ~ 7.4. Given
the CMPC configuration at N = 11, k = 3, we can see that for « = 0.6, Eq. estimates a value
of Keale = 7.2, which is in good agreement with the measured value. On the other hand, in the
MPC case (Fig. [[3|(b)(iii) and (iv)) operating at N = 17, k = 16, the same broadening factor can
be achieved with a much lower a ~ 0.11, resulting in a significantly higher homogeneity. These
measurements demonstrate how a standard MPC and the CMPC differ and the limitations that
can arise in certain energy-scaling techniques. This illustrates that trade-offs always exist when

MPC geometries or even the pulse or eigenmode structure is modified.
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2.6 Summary and Outlook

In this chapter, various concepts for energy scaling in MPC-based post-compression systems were
presented. These concepts can be broadly classified into three categories: simple size scaling of
MPCs, non-geometric approaches that are independent of the MPC geometry, and geometric ap-
proaches in which the MPC geometry itself is modified. The non-geometric approaches include
the Laguerre-Gauss mode technique and the divided-pulse scaling technique. The geometric ap-
proaches include the 4&-MPC, the convex—concave MPC (cx-cv MPC), the Bow-Tie MPC, and
the CMPC. Each concept presents distinct advantages and limitations, which determine its suit-
ability for different application scenarios. For each approach, an energy-scaling relation has been
derived, allowing the energy acceptance to be calculated for a fixed system length. Using these
scaling relations (Egs. , , , , , and , the potential energy acceptance of
each technique is evaluated for different effective lengths of the system, as shown in Fig. A
meaningful comparison of the various concepts requires several assumptions about the achievable
scaling parameters. In particular, realistic ranges must be established for parameters such as the
folding ratio I' of the cx-cv MPC and the CMPC, as these ultimately determine the feasibility of
implementing a practical post-compression system.

It should be emphasized that the maximum values assumed for the scaling parameters are
not intended to represent fundamental limits. Rather, they reflect estimates of what may be
realistically achievable with current technology and practical implementation constraints. The
comparison presented in this chapter should therefore be understood as an estimate of the relative
scaling potential of the different concepts rather than a definitive prediction of their ultimate
performance and limitations.

Besides the effective length, the other common parameters in each system are the threshold
fluence determined by the LIDT of the mirror coatings, which we set to Fi, = 0.3J/cm?, and the
number of round-trips, set to N = 15. Fig. b) shows a comparison of the energy acceptance of
each technique at a fixed effective length L.g = 1 m.

Among the geometric scaling techniques, the BT-MPC exhibits comparatively strong energy-
scaling capability. As discussed in the previous section, the BT-MPC is typically operated at
values of k ~ (N —1)/2 (see Fig. [f]), which enables a moderately high B-integral per pass when
gas is used as the nonlinear medium. However, the BT-MPC also presents several challenges.
First, its implementation is comparatively complex, requiring the alignment of a complicated beam
pattern. Second, operation close to the stability edge makes the system particularly sensitive to
small variations in the MPC length and other alignment parameters. Consequently, maintaining
stable long-term operation can be demanding, especially in high-energy implementations. Third,
the strong focusing geometry requires operation in a vacuum environment due to high intensities
occurring in the short arm of the BT-MPC, leading to ionization of the gas. Instead of gas, a thin
solid plate placed close to the mirrors, where the beam is still large, can be used [3]. Fourth, the
BT-MPC geometry necessarily results in the beam being reflected at specific angles on the curved
mirrors, which may distort the beam profile. For the BT-MPC, the scaling parameter is the folding
ratio I' & Ly /Lo, which we set to I' = 17 in Fig. as reported in reference [3]. This yields a
maximum energy acceptance of 118 mJ according to Eq. .

As an alternative, the CMPC constitutes a simpler approach than the BT-MPC, reducing the
sensitivity to cavity length significantly while eliminating reflections at angles on curved mirrors
as well as strong focal beam caustics. It can therefore be operated with gases, as demonstrated
in this work, and potentially with solids. However, as shown experimentally (Appendix A), the
CMPC faces certain limitations on the total spectral broadening, which restricts the achievable
B-integral per pass to approximately one-third to one-quarter of that in a standard MPC [I].
Conversely, even with a large degree of folding, resulting in up to 550 reflections in this work, we
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Figure 14: Estimated energy scaling potential of different MPC-based post-compression techniques. (a)
Energy scaling potential for the different scaling techniques as a function of the effective length Leg. Here,
the maximum estimated value for the energy acceptance for a threshold fluence of Fy, = 0.3J/cm? is
assumed. (b) Bar chart of the estimated energy scaling potential of the different techniques, along with
the maximum B-integral per pass (circles).

demonstrated a high throughput of 89%, enabling even greater degrees of folding and thus higher
energy scalability. In Fig. [[4] we therefore choose I' = 49, as this still yields a throughput of close
to 80%, corresponding to approximately 85 mJ in a 1 m long cell according to Eq. .

The 4f-MPC constitutes a very practical technique for energy scaling. The energy acceptance
follows the same equation as the standard MPC (Eq. ), but the scaling parameter now is the
k/N ratio, which translates into directly changing the L/R ratio, according to Eq. (12)). This
typically requires a geometry where, instead of using only two MPC mirrors, a single mirror is
used for each pass, allowing free adjustment of the distance without altering the number of passes
of the MPC. However, similarly to the BT-MPC, it creates a strong focus in the center and thus
needs to be operated in a vacuum environment using solid plates as the nonlinear medium placed
close to the MPC mirrors [48]. Demonstrations have shown that the 4f-MPC can be operated
at k/N = 0.96 [48]. In Fig. we assume that stable operation can still be achieved at values
k/N = 0.98, which corresponds to L/R = 0.999. For a cell with R = 0.5m, this implies that the
distance between the mirrors is tuned 1 mm away from the stability edge, which is a realistic value
for a passively stable MPC [3]. According to Eq. 7 in this roughly 1m long cell, the maximum
achievable pulse energy could reach 37 mJ.

One of the simplest, yet B-integral-restrictive approaches is the cx-cv MPC. Here, one concave
mirror of a standard MPC is replaced by a convex mirror, and the beam can be folded using an
additional mirror per fold. Thus, while simple in design, it requires many more optical elements
than the CMPC or BT-MPC. Furthermore, the B-integral per pass is the lowest among all geo-
metric approaches, at approximately 27 /N per pass. Although the simplicity of the cx-cv MPC
makes it attractive for energy-scaling of systems that do not require large compression factors, its
lower B-integral acceptance should be considered. In Fig. we choose a folding ratio of I' = 10,
which, according to the scheme described in the previous section, would require nine additional
folding mirrors. With this value, the maximum achievable energy acceptance is 68 mJ. It should
be noted that the value of I' can be realized with fewer optical elements and can potentially be
even higher.

Among the non-geometric approaches, we discuss the pulse-division and the Laguerre-Gauss-
mode approaches. Both approaches are completely agnostic to the MPC geometry and can be
placed in front of any MPC type. The advantage of pulse-division is the unchanged mode size
and properties of the beam. For the pulse-division MPC, division into & = 8 replicas has been

demonstrated with a transmission through the setup of 95% [45]. Furthermore, we demonstrate
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a folding factor of I' = 25 in the CMPC with 89% transmission, which, according to the CMPC
energy scaling equation , has an energy acceptance of about 43 mJ. This implies an interesting
pathway for further MPC up-scaling: by placing a pulse-division and recombination unit that splits
into & = 8 replicas in front of a CMPC with I' = 25, an energy acceptance of £ < 8x43mJ = 344 mJ
can potentially be achieved in an L.g = 1 m long setup, representing an almost 50-fold increase in
energy scaling capability compared to a standard MPC of 1m with E < 7.3mJ (Fig. , while
still yielding a high total transmission exceeding 80%. When both methods are scaled toward
I' = 49 for the CMPC and £ = 16 for the divided-pulse MPC, energy scaling beyond 1J in a
1m cell could potentially be accomplished. In principle, this can also work with the LG-mode
approach, but its disadvantage compared to the divided-pulse technique is the enlargement of the
beam sizes, potentially requiring larger optics. The basic principle, however, is clear: geometric
and non-geometric approaches can easily be combined to yield an MPC with unprecedented energy
scalability. It can potentially provide a way to reduce the MPC size requirements for 100 mJ-level
or even Joule-level pulses from a large experimental hall to a table-top size setup, fitting into a

standard laboratory.
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3 Post-Compression of Nanosecond Pulses in Multi-Pass
Cells

This chapter develops and demonstrates a method to post-compress nanosecond pulses from Q-
switched lasers to the picosecond regime using SPM in a nanosecond multi-pass cell (nMPC). After
introducing the nMPC concept and its key design ideas (geometry, dispersion, and damage consid-
erations, as well as coating-based spectral filtering), the chapter discusses the main limitations for
nanosecond post-compression. Finally, a proof-of-principle experiment is presented, demonstrating
post-compression from 0.5 ns to 24 ps. This chapter largely follows the work presented in reference

[2], which is included in Appendix B as one of the main publications of this work.

3.1 Introduction

The timescale of optical pulses considered in ultrafast optics typically resides in the range from
picoseconds down to femto- or even attoseconds [I7, [79] [80]. Within this range, many applications
utilize these timescales to resolve dynamics in matter [I7], accelerate electrons in compact laser-
plasma accelerators (LPA) [8T], [82], generate high-harmonics and attosecond sources [25], 83], or
simply wield or cut material with extreme precision [84]. The number of industrial and scientific
applications is vast and can hardly be listed in its entirety here, underlining their importance in
laser-based technology. These lasers are generally produced using mode-locking technology [85]
and further amplified via chirped-pulse amplification (CPA) [86]. Two important gain materials
for generating ultrafast pulses are Titanium-Sapphire (Ti:Sa) and Yb-doped crystals. While Ti:Sa
laser systems are known for their large gain bandwidths, producing laser pulses down to a few fem-
toseconds with large pulse energies, they suffer from a large quantum defect, resulting in significant
heat generation and high cooling requirements, which limit the average power of these systems to
a few tens of watts [87]. On the other hand, Yb-based gain media typically produce longer pulses
in the picosecond to hundreds-of-femtoseconds range but offer high average power scalability [88].

On the other end of the temporal scale of pulsed lasers, nanosecond laser pulses represent a well-
established regime in laser science and technology. They are commonly generated by Q-switching,
a technique in which energy is first stored in the gain medium and then released in a short, intense
pulse by rapidly increasing the cavity quality factor [89] [90]. Compared to ultrafast systems,
Q-switched nanosecond lasers typically deliver relatively high pulse energies at lower repetition
rates, making them highly suitable for applications such as material processing, light detection
and ranging (LiDAR), and various medical applications [9IH94]. A key feature of Q-switched
lasers is their overall simplicity: they can be built in a compact, cost-efficient, and robust manner,
whereas mode-locked lasers are more complex, larger in footprint, and more expensive. Q-switched
lasers can deliver high pulse energies in the millijoule to joule range and average powers up to the
kilowatt level [95]. However, a major gap between mode-locked and Q-switched laser technology
remains the pulse duration. Their orders-of-magnitude longer pulses limit the achievable peak
powers, especially in the millijoule range. Overcoming this gap by generating ultrashort pulses
in the pico- to femtosecond range using Q-switched lasers can lead to a substantial simplification
of ultrafast laser systems compared to mode-locked systems. This is particularly attractive for
applications requiring compactness, cost-efficiency, or robustness. Therefore, realizing ultrashort
pulse durations with Q-switched lasers requires the use of additional pulse-shortening and nonlinear
compression strategies.

In recent decades, many different post-compression techniques have been developed to shorten
the duration of laser pulses after their generation. Most notably, self-phase-modulation (SPM) is
one of the major nonlinear effects for generating broader bandwidths and providing a platform

for post-compression of laser pulses [31]. SPM interaction can be achieved in various ways, using
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direct free-space propagation in gases or bulk material [96], waveguide technology in bulk or gases
[23, O7], or quasi-waveguide schemes, most notably multi-pass cells (MPCs) [31]. Recently, MPC
technology has been established as a versatile and reliable tool for post-compressing mode-locked
laser systems. Applied to Yb-based lasers, MPC post-compression enables both peak power and
average power scaling, producing pulse durations comparable to those of Ti:Sa lasers while simul-
taneously overcoming the average power limitations of Ti:Sa systems [33]. Today, lasers in the
tens-of-fs range with mJ-level pulse energies and kW-level average powers can be produced from
post-compressed Yb-based laser systems [32].

As a successful approach for mode-locked lasers, a technology based on spectral broadening via
SPM would seem to be an obvious path for overcoming the pulse duration gap between nanosec-
ond Q-switched lasers and pico- to femtosecond mode-locked lasers. However, there are various
challenges and limitations that arise when using nanosecond pulses, and in particular Q-switched
lasers, in combination with SPM spectral broadening methods. Apart from SPM, a common ap-
proach is the use of stimulated Brillouin scattering (SBS) for post-compression of nanosecond laser
pulses [98, 99], which can be achieved in gases, liquids, and solids with high efficiency, typically
exceeding 80% [I00HIO3]. The energy range of operation of such systems lies in the hundreds of
mJ or even Joule level, where the achievable pulse durations are limited by the phonon lifetime
of the material, typically yielding pulses at the level of 100ps or higher [99]. Although a very
established method, further compression to the few-ps level requires different techniques. Using
SPM as the underlying nonlinear process, nanosecond pulses have been post-compressed in the past
using solid-core optical fibers [I04HI06]. However, these efforts were limited mainly by competing
nonlinear effects, such as stimulated Raman scattering (SRS), as well as by energy scalability. SRS
is an inelastic, stimulated scattering process in which photons are downshifted in energy by an
amount determined by the vibrational modes of the medium [27]. In fused silica, the Stokes wave
is shifted to a lower frequency by about 13.6 THz [107]. Similar to SBS, SRS becomes significant
only above a certain intensity threshold. Because of the relatively large frequency shift, dispersion
between the pump pulse and the Stokes pulse can affect the SRS dynamics [27]. SRS has long
been a major limiting factor for spectral broadening in fibers [I08]. Although spectral broadening
factors as high as 80 have been demonstrated in fibers [105] [106], SRS restricts the achievable pulse
energies to well below 1 11J.

In order to address the challenge of scaling nanosecond pulse post-compression down to much
shorter pulses and bridge the gap between mode-locked and Q-switched lasers, we propose a method
based on SPM and MPCs. As a quasi-waveguide technique, MPCs enable tuning of phase and
amplitude after each pass by using for instance suitable mirror coatings. In contrast to the SHG-
MPC method described in Chapter [ the nanosecond MPC focuses on amplitude tunability instead
of phase tunability. As discussed later in this chapter, different competing nonlinear effects can be
addressed using specific mirror coatings to filter parasitic effects that arise alongside the spectral
broadening process. In this chapter, we develop the concept of the nMPC. In the experimental
part, we demonstrate post-compression of 0.5ns pulses down to 24 ps as the first demonstration
of mJ-level post-compression of nanosecond pulses down to the picosecond regime. We further
discuss approaches to enhance spectral broadening by compressing the pulse duration from the
nanosecond regime to the few-picosecond regime at mJ-level pulse energies. Numerical simulations
are presented to demonstrate that post-compression factors exceeding 100 are achievable under

suitable conditions, even when the dominant parasitic nonlinear effects are included in the model.

3.2 Concept

The nMPC shares many similarities with standard post-compression MPCs used for post-compression

of picosecond or femtosecond pulses [31]. However, due to the completely different pulse duration
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Figure 15: Post-compression methods covering the parameter space from nanoseconds to femtoseconds.
(a) Parameter overview of representative laser pulse post-compression studies. Q-switched laser systems
(green) have been post-compressed via SBS (diamonds), while gas-filled (triangles) or bulk (squares) MPCs
are widely used for compressing mode-locked laser systems (blue) [29] 41}, 08| [99, [I09HIT5]. Our work
(purple) bridges the gap between these two laser regimes via post-compression of Q-switched lasers in a
Herriott-type bulk-rod MPC. The experimental output data point takes into account the output pulse du-
ration measured at reduced energy, scaled to the full energy transmitted through the MPC. (b) Illustration
of the proposed nanosecond MPC concept. Reprinted with permission from reference [2].

regime, certain modifications are necessary to allow for efficient spectral broadening of nanosecond
pulses produced by Q-switched lasers. First of all, the comparatively low peak power of mJ-level
nanosecond pulses needs to be addressed. The overall lower peak power in the range of a few
megawatts (MW) makes it difficult to use a gas medium due to the low nonlinearity at pressures
close to atmospheric pressure. Typical gas-based MPCs are used for pulses in the range of gi-
gawatts (GW) [3I]. A suitable substitute for gases is solid media, providing order-of-magnitude
larger nonlinear responses than gases. Solid plates are routinely used for spectral broadening of
picosecond to femtosecond pulses in the 10s of MW regime [31]. The lowest peak power so far
used in solid-plate MPCs for post-compression has been 6.5 MW [29]. In comparison, a pulse
with a duration of 0.5ns and an energy of 1mJ (our experimental values) only has about 2MW
of peak power, thus necessitating solid media and a longer interaction length. In the nMPC, the
long interaction length is realized by much longer bulk material and many more passes through the
nMPC. However, passing the MPC many times can create significant losses due to reflection on
optical interfaces between air and the bulk material. In the nMPC concept, this is circumvented
by using a full-bulk, monolithic setup, as shown in Fig. b).

The nMPC makes use of the following key features that enable efficient spectral broadening of
nanosecond pulses with large broadening factors. First, by using high-reflectivity- (HR-) coated
curved surfaces at both ends of the bulk material, the beam propagation can take place without
traversing any optical interfaces. This keeps the losses per pass at a minimum, mostly limited
only by very small HR-coating losses. Second, although picosecond- or femtosecond-duration
input pulses would be strongly affected by the high dispersion in the bulk material, nanosecond
pulses are much less sensitive to dispersion due to their narrow spectral bandwidth. Third, the
laser-induced damage threshold (LIDT) for nanosecond pulses increases dramatically compared to
picosecond- or femtosecond-level pulses. While the LIDT for ps- to fs-level pulses ranges around
1J/cm? or lower, different damage mechanisms increase the LIDT for ns pulses to 10 J/cm? or even
higher [I16, [117]. This enables MPC configurations using much smaller beams, overcoming space

constraints due to tight packing of reflections on the mirrors and thus increasing the interaction
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length. Fourth, the optical coatings function as spectral filters at each round trip, suppressing
competing nonlinear optical processes—such as Raman scattering and four-wave mixing—which

would otherwise strongly limit pulse compressibility (see Section for more details).
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Figure 16: Simulated post-compression using the nMPC concept. (a) Input and output spectra demon-
strating a high compression rate in the proposed full-bulk nMPC. (b) Corresponding compressed pulse,
where the phase is compensated using GDD only. Reprinted with permission from reference [2].

Based on this concept, simulations are carried out to demonstrate the potential of the nMPC
using an input pulse energy of 1mJ, a Gaussian laser pulse with a duration of 0.5ns, and 150
round-trips (N=150, k=91). The simulation is performed using a symmetric split-step Fourier
algorithm to solve the Unidirectional Pulse Propagation Equation in (2+1) dimensions, assuming
radial symmetry [2,[69]. We consider an FS glass block with curved surfaces of R = 10 cm, a length
L = 25.43cm, and an MPC configuration parameter k = 91 [3I]. The input and output coupling
can be achieved through a small uncoated — or alternatively an anti-reflective (AR) coated — spot
on one cell surface. Using a diameter of 3 inches (7.62cm) for the curved surfaces, the necessary
150 reflections can fit onto the area of the surfaces. As an alternative route, a denser round-
trip pattern can be employed, overcoming geometric limitations of a simple circular pattern [118].
Figure [16| shows the results of the simulation. The spectral bandwidth of the input A\jggg = 6 pm
increases by a factor of 220 to AXjggg = 1.32nm, supporting a pulse duration of 2.2ps (Fig.
a)). Following second-order phase compensation (103 ps?), a compressed pulse with a duration
of 3.1ps is obtained, showing very good compressibility. This results in a temporal compression
by a factor of 161 and a final peak power of 82 MW (Fig. b)) We note that large compression
factors typically lead to the emergence of pedestals and limit the energy content in the main pulse,
as shown in Fig. b). However, strategies exist to mitigate this effect and optimize the pulse
contrast; see Section [3.3] for more details.

Due to the inherent property of input-to-output beam imaging in MPCs [31], fluctuations in
the input beam pointing are not amplified within the nMPC, even for a large number of round trips
(here N = 150) and the resulting long propagation distances. MPCs have been demonstrated to
exhibit high stability even with many reflections and long propagation distances [I]. Additionally,
the all-bulk geometry mitigates the effects of ambient airflow and mechanical instability of the
optical mounts, thereby further increasing the system’s stability.

In the all-bulk monolithic scheme, the main sources of loss are the coated end facets of the bulk
material and the absorption in the medium. With modern manufacturing methods, these losses can
be kept very low, allowing the realization of such an MPC with an efficiency >90%. Considering
commercially available transmission gratings with efficiencies of >98%, the total transmission of the
setup can be of the order of 90%. Alternatively, slightly less efficient but very compact compression
can be achieved using a dispersive volume Bragg grating (CVBG). The efficiency within the required
parameter regime of the CVBG is >90%. This enables a total post-compression efficiency >80 %
while maintaining a very small footprint.

The nMPC can potentially be further scaled to higher pulse energies and longer pulses, subject
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to limitations imposed mainly by SBS and the critical power of the material. While SBS imposes
limits on the pulse duration and intensity, critical self-focusing can lead to beam collapse when the
critical power is exceeded. In the current configuration, the input pulse energy can be scaled up
to 10 mJ when using a 4 ns pulse, where the peak power is roughly half the critical power of fused
silica (Perit,rs = 5 MW) and the SBS limit has not yet been exceeded (see Fig. in Section .

The nMPC concept provides a promising and unprecedented path towards ultrafast, ps-level
pulses from compact, cost-efficient, and robust Q-switched laser systems. However, apart from
the advantages of nanosecond laser pulses in the context of spectral broadening, the long pulse
durations pose many challenges for post-compression that must be addressed before the required
high broadening factor can be achieved. In the following section, these challenges are addressed

and potential solutions are presented.

3.3 Challenges of post-compression of nanosecond pulses

In the context of a potential realization of an nMPC, five phenomena that pose challenges and
limitations can be identified, each of which needs to be addressed. These phenomena are the
temporal quality of post-compressed pulses, longitudinal mode beating of Q-switched lasers [I19],
stimulated Brillouin scattering (SBS) [27, 120, [121], stimulated Raman scattering (SRS) [27], and
degenerate quasi-phase-matched four-wave-mixing (QPM-FWM) [122].

3.3.1 Temporal quality of post-compressed Q-switched pulses

Post-compression via SPM leads to a degradation of the pulse contrast and a reduction in the
resulting peak power of the post-compressed pulse. This is a known phenomenon for single-stage
MPC post-compression schemes [57]. The same effect naturally occurs in the nMPC, and it becomes
more severe as the broadening factor increases. In the simulations in Fig. b)7 this effect leads
to a severely reduced energy content in the main peak of 28% for a post-compression factor of
about 161. Here, Gaussian pulses are employed as input to the nMPC. In this case, the broadened
spectrum exhibits the typical modulated shape shown in Fig. which reduces the pulse contrast
for large broadening factors. One approach to address this issue is to move away from Gaussian
pulses and employ different pulse shapes. Pulse shaping techniques are widely employed across
different timescales. In the pico- or femtosecond regime, pulse shaping is commonly realized using a
spatial mask placed in the Fourier plane [I23-125]. In contrast, in the nanosecond regime, the same
goal can be achieved with direct temporal pulse-shaping technologies, which are readily available

for sub-nanosecond operation with picosecond resolution [126, [127]. Figure shows the result

(a) (b)
~ 1.0 i S 100 4
=) . Parabolic pulse input LU; 3
N 1 Parabolic pulse output £ 10-1 ]
> 0.5 ] Gaussian pulse output “;" E
£ ] 8 3
g 21072 4
E L] 5

Mg e—— - o—————— a q19-3

1063.0 1063.5 1064.0 1064.5 1065.0 —50 0 50

Wavelength (nm) Time (ps)

Figure 17: Simulated nMPC post-compression using a parabolic temporal pulse shape. (a) Spectral broad-
ening of a temporally parabolic shaped pulse in comparison to a Gaussian pulse (identical to the data
displayed in Fig. . (b) Corresponding GDD-compensated pulses, along with the energy fraction con-
tained in the main pulse. Reprinted with permission from reference [2].

of simulations using parabolic pulses instead of Gaussian pulses as the input. The broadened
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spectrum exhibits much fewer modulations and resembles a flat-top spectral shape as shown in
Fig. After removing the GDD, the pulse contrast improves significantly, increasing from 28%
to 57%. The pulse contrast depends on the amount of B-integral accumulated per pass through
the nMPC; accordingly, a lower B-integral yields a larger pulse contrast. In the simulations, the
average B-integral per pass is around Bpass = 0.27, where the configuration was chosen to be
N = 225 round-trips for a pulse energy of 0.5mJ and a pulse duration of 0.5ns, resulting in a
spectral broadening matching the FTL in Fig. It is important to note that the dependence of
the temporal contrast on Bpags does not occur in (1+41)D simulations, where the spatial domain is
modeled using the ABCD matrix formalism (see for example Section . Instead, it requires
the full spatio-temporal dependence in the model, either in radially symmetric (2+1)D or full
(341)D simulations, indicating that this effect emerges from spatio-temporal couplings. In Fig.
radially symmetric (241)D simulations are used as described in Appendix B and reference [2].

Other approaches to improving the pulse contrast include using multi-stage compression schemes,
enhanced-frequency chirping, and nonlinear polarization-ellipse rotation [56] 59] [128]. Due to the
narrow bandwidth of nanosecond pulses, enhanced-frequency chirping is particularly challenging,
as it would require exceedingly large amounts of GDD. Apart from this limitation, these techniques
could be applied to nanosecond pulses, and thus constitute promising strategies for future nMPC

experiments.

3.3.2 Longitudinal mode-beating in Q-switched lasers

Multiple longitudinal modes (LMs) emitted by Q-switched lasers pose another challenge that must
be addressed for further development of the nMPC. This can occur because additional LMs are
generated by the laser itself, a typical phenomenon in Q-switched lasers [129]. Additional LMs
are emitted alongside the main LM, separated by multiples of the free spectral range of the laser
cavity [130]. Since LMs are not mutually coherent, they interfere with the main LM, producing a
modulation in the temporal domain. In the context of spectral broadening via SPM, these addi-
tional modes can have a particularly strong influence on the phase of the broadened spectrum. For
the passively Q-switched laser used in our experiment, the manufacturer specifies that single-LM
operation is achieved with less than 0.1 % of the pulse energy distributed among different longitu-
dinal modes. We simulate this effect on spectral broadening in the nMPC using radially symmetric
(241)-D simulations, as described in Appendix B and Ref. [2]. Figuresummarizes the numerical
results for the degradation of the post-compressed pulse quality caused by a second LM. Here we
simulate the experimental scenario using an nMPC with R = 10cm radius-of-curvature (ROC)
mirrors, N = 31 round-trips, and & = 24, and a 10cm fused-silica glass block as the nonlinear
medium. The pulse energy of the main mode, called single-mode (SM), is 1 mJ with a 0.5ns du-
ration and a Gaussian temporal shape. Here, however, an additional weak LM is introduced into
the calculation, with an energy equal to 0.1% of the SM pulse energy. The spectrum of this input
is shown in Fig. [I8a). The output spectra after spectral broadening in the nMPC are shown in
Fig. b). We observe significant changes in the spectra when the second LM is present, com-
pared with SM operation. Furthermore, the spectral shape depends on the relative phase between
the second LM and the first LM. Figures[1§|c)-(d) show the temporal-domain modulations of the
input pulse that give rise to the changes observed in Fig. (b) Fig. e) displays the spectral
phase after broadening. When the group-delay dispersion (GDD) is removed, the resulting spec-
tral phase is shown in Fig. (f) In the SM case, removing the GDD is sufficient to obtain a flat
spectral phase. In contrast, when a second LM is present, the spectral phase becomes consider-
ably more complex, requiring higher-order phase compensation that is typically impractical. This
behaviour is reflected in the post-compressed temporal profiles shown in Fig. g): the SM case

yields a clean, compressed pulse, whereas the case with a second LM produces a pulse that remains
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Figure 18: Simulation results visualizing the influence of a secondary longitudinal mode on the compress-
ibility of the MPC output. (a) Input spectrum with a secondary longitudinal mode (LM) with 0.01%
of the energy (b) Spectral broadening performance for single longitudinal mode operation (SM) and for
multiple LM operation. The broadening is shown for two different relative phases Ay between the LMs.
(c,d) Temporal intensity profile, with oscillations caused by interference with the second LM. (e) Spectral
phase generated by SPM, which must be compensated for pulse compression. (f) Spectral phase after GDD
removal. (g) Pulse shape after GDD removal. The amount of GDD removed is obtained by optimizing the
peak power of the pulse in the temporal domain. Reprinted with permission from reference [2].

uncompressed and exhibits strong modulation even after GDD removal.

The SM operation is achieved when the strength of the second LM is reduced by a factor
of 100, i.e., to 0.001 %. In our experiments this degradation is clearly observed, indicating that
mode-cleaning before spectral broadening in the nMPC is necessary. To suppress the influence of
the unwanted LMs, we therefore place an etalon before the nMPC. For future development of the
nMPC, it is thus important to account for additional LMs that may be present in a Q-switched laser
system. Nevertheless, our experiments demonstrate that LM cleaning can be achieved straightfor-

wardly, for example by using a simple optical element like a Fabry-Pérot etalon filter.

3.3.3 Stimulated Brillouin scattering

Stimulated Brillouin Scattering (SBS) originates from a nonlinear interaction between an incoming
optical field (the pump) and the medium’s acoustic modes. Through electrostriction, this coupling
induces a periodic modulation of the material density, which in turn leads to the generation of a
back-scattered Stokes wave. For pulse energies above a material-dependent threshold intensity, the

laser pulse transfers energy to a backward-propagating Stokes wave. This Stokes wave is shifted in
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frequency by a few-GHz relative to the incident light [27, 120} [12I]. Although it can be employed
in SBS-based post-compression schemes for nanosecond pulses [T00HI03], it can also completely
suppress spectral broadening in the nMPC when most of the light is transferred to the Stokes
wave. The onset of SBS occurs rapidly when a certain threshold intensity I'" is exceeded [T31].
This threshold intensity depends on the pulse duration 7 and the phonon lifetime Tg. For pulses
that are longer than the phonon lifetime of the material (7 > Tg; for fused silica Ty ~ 5ns),
the SBS-threshold peak intensity i, can be calculated using the steady-state SBS gain coefficient
gp and the threshold parameter © [I32]. These material-dependent quantities together with the
interaction length L define the single-pass peak-intensity threshold as

© N C) 22R

—_— 5 T > 5 37
gL  gpzr Vg (37)

Iy =

where L is the interaction length in the medium and v, is the group-velocity of the pulse [131].
Conversely, if the pulse is shorter than the phonon lifetime 7 < Tpg, the interaction with the
material is confined to the pulse length, which may be shorter than the medium length L. The
threshold intensity can then be calculated using [131]

Iy = 20 (TBG)

el G’ 1) . 7 <2L/v, (38)
g

Since the equations above assume a constant spatial-mode diameter (as in optical fibers), we must
quantify a free-space-propagating beam in the nMPC. To do this we assume that the interaction
length L equals the MPC length, L = Lypc. Furthermore, we define an effective intensity Iog
for a single pass through the nMPC that would produce the same nonlinearity—i.e., the same
B-integral—as propagation in a fiber with the corresponding constant mode size.
2
Bpass = 7 ) LMPC Iog. (39)
Considering the basic geometry of an MPC filled with a nonlinear medium, the B-integral can
be written as [31]

ngf) k
A2 N
Using Eqgs. 39 and [40] we obtain the effective intensity

Bpass = 47(2 (40)
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Figure 19: SBS threshold in an nMPC. The dependence of the Brillouin threshold intensity is plotted as a
function of the input pulse duration (Eq. . For long-pulses, the threshold is dominated by the interaction
length (Eq. . Our experimental parameters are well below the SBS threshold (Eq. . The following
parameters were used: gg = 5cm/GW, Tg = 5ns, nps = 1.45, © = 22 and ne = 2.19 - 10 % cm?/W
[26] 27, (13T, 133]). Reprinted with permission from Ref. [2].



34

_ 7wPn ﬁ
" ALmypc N

where P is the peak power and n is the refractive index of the medium. The effective intensity is

Ieg (41)

used for comparison with the threshold intensity Iy .

Figure [19|shows the calculated threshold intensity I;; obtained from Eq. @l for various medium
interaction lengths as a function of pulse duration. In general, the threshold intensity decreases with
increasing pulse duration 7. However, the medium interaction length imposes a limit, beyond which
the threshold intensity remains constant. In our experiment we remain well below the threshold
intensity, with Iﬁlf\f/lpc /Ié%s = 0.013. If the intensity is kept constant as in our experiment, the
pulse duration could be scaled up to 5ns with an energy of 10 mJ, when Iﬁf\f/ﬂac /Ié%s ~ 1. Longer
pulses are possible, but this comes at the expense of pulse energy and the B-integral per pass,

because Ir?lif/IPC would need to be reduced to remain below Igf%s-

3.3.4 Stimulated Raman Scattering

Stimulated Raman scattering (SRS) is a third-order nonlinear process in which an intense pulse
interacts coherently with the vibrational modes of a medium, or with rotational modes in molecular
gases, generating a frequency down-shifted field known as the Stokes wave [27]. The Raman
frequency shift is material-specific and is determined by the relevant vibrational or rotational
resonances. In fused silica, the Raman response is broadband and peaks at a Stokes frequency
shift of approximately 13.6 THz [I07]. SRS becomes dominant in nonlinear optical interactions
when a certain intensity threshold is exceeded [27]. This threshold can be estimated by the [27]

- (42)
where gr is the Raman-gain parameter, approximately gr = 1-10713m/W for a wavelength of
1pm in fused silica. Lw = T/‘Ug_pl — vg_sl‘ is the walk-off length, i.e., the distance after which the
pump and Stokes pulses separate temporally, limiting further Raman gain. Here v, and v, are
the group velocities of the pump and the generated Stokes pulse, respectively. For sufficiently short
pulses, when Lw < L (with L the medium interaction length), the walk-off length is short enough
to suppress SRS effectively [105]. However, for long pulses in the nanosecond regime, the temporal
walk-off may not be sufficient to suppress SRS, and the Stokes wave can build up efficiently over
long distances.

Although large broadening factors of up to 80 have been demonstrated in fibers [105] [106],
SRS limits the attainable pulse energy to well below 1pJ and remains the dominant constraint on
spectral broadening in fibers [108].

Here we perform numerical simulations using the (1+1)D model described in Section
following the implementation of SRS from Ref. [I34]. We simulate the nMPC using the configu-
ration described in the concept Section with N = 150 round trips (2N = 300 passes), k = 91,
mirror ROC R = 10cm, and 0.5ns pulses of 1 mJ energy. We simulate SPM spectral broadening
together with SRS and evaluate the temporal quality of the pulses in terms of the peak power
enhancement IT = Ppe,x /Py after post-compression, where Ppeax is the output peak power and P
the input peak power. To determine the required suppression of SRS, we perform four simulations
employing 0%, 10%, 20% and 30% loss on the Stokes wave after each nMPC pass. Here the Stokes
field is initialized with random noise following a Gaussian distribution via the one-photon-per-mode
method [27]. Figure [20| shows the results of this simulation. For 0% (no suppression), 10% and
20% suppression, SRS dominates after a certain number of passes, before the full 300 passes are
reached. Here, II degrades quickly when SRS becomes prominent, altering the temporal structure
of the pulse, as seen in panels A-C of Fig. (b) In the case of 30% suppression of the Stokes wave
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Figure 20: Impact of SRS in an nMPC for various Stokes losses. (a) Simulated peak power enhancement
IT = Pyeax/ Py after spectral broadening of 1 mJ 0.5 ns pulses in an all-bulk fused-silica nMPC with N = 150,
k=91, R =0.1m. Pyeaxk is obtained by applying the optimized GDD to the output pulses; Py denotes the
input peak power. The figure displays II for different values of loss applied per pass to the Stokes pulse.
(b) Uncompressed pulses and Stokes fields for the different Stokes losses corresponding to the data shown
in (a). The data correspond to different numbers of passes in the nMPC, as indicated by the circles in (a).
Figure reprinted with permission from Ref. [2].

per pass, SRS does not visibly affect the pulse, resulting in a peak power enhancement of about 50.
We thus conclude that suppressing the Stokes wave by merely 30% is sufficient to suppress SRS for
this nMPC configuration. In practice, considering the relatively large THz-level frequency shift of
SRS in fused silica, even larger suppression factors are achievable by using suitable mirror coatings,
for example a quarter-wave-stack coating architecture [I35]. In the next section we show that both
SRS and another competing nonlinear effect, namely quasi-phase-matched four-wave mixing, can

be effectively suppressed using suitable quarter-wave-stack coating designs for the nMPC.

3.3.5 Quasi-phase-matched four-wave-mixing

In multi-pass cells, single-stage spectral broadening factors above about 20 are routinely achievable
[31]. However, operating in this regime can introduce detrimental effects that limit the usable
spectral broadening, particularly when even higher broadening factors are targeted. One of the
known effects is the degenerate quasi-phase-matched four-wave-mixing (QPM-FWM) [122]. Similar
to SRS, this effect can severely limit spectral broadening by generating spectral side-bands that
introduce strong temporal modulations of the pulse.

In any symmetric MPC, including the nMPC, QPM-FWM occurs under phase-matching con-
ditions that are typically satisfied in these systems. It is a third-order effect that can be described
as the generation of two photons with frequencies wy, and w3 from two photons of the fundamental
field w1 + w1 — wg 4+ w3. Here the subscript 1 denotes the fundamental, while 2 and 3 label the
FWM components. The nonlinear polarization for this interaction can be written as

P(t,z) < E{(t,z) E7 (t,2)Ex(t, z) E3(t, 2) gAk(wwaws)z (43)

where the wave-vector mismatch Ak = 2k(w;) — k(w2) — k(ws) determines the phase-matching
conditions. QPM-FWM occurs in an MPC when the dispersion in a single pass in the MPC with
length L is matched such that the condition

Appass = Ak L = (2k(w1) — k(wz) — k(ws)) L %o neZ (44)

is approximately fulfilled within the relevant nonlinear interaction region in the MPC. For sym-

metric, strongly focused MPCs with a Rayleigh length zp < L, this condition is fulfilled for certain
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frequencies wo and ws, which depend on the specific dispersion landscape of the MPC [122]. This
effect then leads to the amplified generation of spectral side-bands, which can cause temporal
modulations of the pulse and ultimately degrade its temporal quality and compressibility.

We investigate this effect numerically in the nMPC and propose a scheme to mitigate it by
suppressing the side-bands generated via QPM-FWM after each pass. Because the effect is similar
to SRS, we apply the same principle used to suppress SRS and employ specifically designed quarter-
wave-stack coatings to filter out the generated spectral components after each pass in the nMPC.
The reflection bands of these coatings are designed for high reflectivity in the spectral region of
interest, while spectral components outside that region are partially transmitted, to sufficiently

suppress the effect. Figure [21| shows the simulation results for the nMPC configuration, in which

(a) (b)
— Pass 1 — Pass 100
IS ~ £ ) T
- = Spectrum == Phase 20 T <& — Spectyum == Phase 20 T
S 1.0 S o 107 \ y o
£ £ £ =
———————————————————— 0 0
o r-20& § F—20 &
£ 0.0+ s £ 0.0+
= 1063.5 1064.0 1064.5 =
=) =
2 104 2 10
2 10-20] 21071
2 c
- -
= k=
1020 1040 1060 1080 1100 1120 1020 1040 1060 1080 1100 1120
Wavelength (nm) Wavelength (nm)
c d . '
- ©) Pass 270 _ @ Pass 300 (with filter)
é —\ Spectrum —=— Phase |20 T g —— Spectrum == Phase [20 T
S 1.0 \ S o 1.01 S
£ £ £ =
2 0 g 2 3
0 © 0 ©
C K C <
[} -200 o
- -
C c T
= = 1063. 1064.0 064.5
=) S : 1
8 8 10-2 s Filter
2 1077 2 10-19
c c
o 10712 $ 10-30
L -
= k=
1020 1040 1060 1080 1100 1120 1020 1040 1060 1080 1100 1120
Wavelength (nm) Wavelength (nm)

Figure 21: Impact of QPM-FWM in an nMPC. The QPM-FWM contribution is simulated after (a) 1,
(b) 100, and (c) 270 passes without using a spectral filter. (d) shows the broadened spectrum when a
spectral filter is applied after each pass. In each of the panels (a)-(d), the spectrum is plotted on a linear
scale (upper plot) and on a logarithmic scale (lower plot, which is a zoomed view of the upper plot). The
spectral phase is plotted after subtracting the optimized GDD for the highest peak power. The gray line
in the lower panel of (d) visualizes the spectral filter. Figure reprinted with permission from Ref. [2].

a 0.5ns, 1 mJ pulse is propagated through a full-bulk fused-silica nMPC with R = 10cm, N = 150
and k = 91 (corresponding to 2N = 300 passes) using the (141)D simulation model described in
Section and Ref. [122]. We combine both SRS and QPM-FWM in this simulation and use
the spectral filter to eliminate the spectral components of the two effects simultaneously. Figures
a)—(c) show the effect of QPM-FWM on the broadened spectrum after 1, 100, and 270 passes
through the nMPC. In these cases no spectral filter is applied, and both the spectrum and the
spectral phase degrade. Here the build-up of additional spectral components can be observed

in the logarithmic plot, symmetrically placed around the original spectrum where Eq. (44) is
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satisfied. Conversely, Fig. (d) shows the case in which the spectral filter is applied, yielding
a clean, compressible spectrum and spectral phase without discontinuities. Comparing the two
cases, Figures 2Ic) and (d) make it clear that QPM-FWM must be accounted for in the design
of a future large-broadening-factor nMPC. It further shows that, in practice, full suppression of
parasitic spectral components from SRS and QPM-FWM can be achieved with suitable mirror

coatings.

3.4 Experiment

In the first experimental demonstration, we take a simplified approach to show that spectral broad-
ening and post-compression of ns pulses in an MPC is, in principle, possible. Instead of a monolithic
cell, we use two curved mirrors with a standard high-reflectivity (HR) coating, without the filter
effect described in the previous section. Furthermore, a glass block of fused silica (F'S) is used as
the nonlinear medium for spectral broadening. We demonstrate that efficient spectral broadening
with a transmission of 83% through the MPC and post-compression from about 0.5ns to 24 ps
is possible, even with this simplified approach. Figure schematically shows the experimental
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Figure 22: Sketch of the experimental setup used in the nMPC experiments. After the laser and the
attenuator (Attn.), the beam is mode-matched in the telescope and coupled into the MPC. The MPC
consists of two mirrors with a radius of curvature R = 10 cm; a configuration with N = 32 round-trips and
k = 24 is used. In the centre of the MPC, the 10 cm-long fused-silica (FS) block is placed as the nonlinear
medium. The length of the MPC is about 21 cm. Then the beam is sent to the diagnostics, where the
power and M? are measured. In an alternative path, the beam is directed to the compressor unit and then
into the autocorrelation (AC) unit, where the pulse duration after compression is measured.

setup. We use a commercial Q-switched, diode-pumped Nd:YAG laser (MPL2310, QS Lasers),
delivering pulses with 2mJ energy, 0.4ns duration, at a wavelength of 1064nm. After thermal
stabilisation, the cavity operates in single-mode emission, with less than 0.1 % of the total energy
distributed among adjacent longitudinal modes (LM). As discussed in the previous Section m
this LM contrast is not high enough for SPM spectral broadening in the nMPC. We therefore
employ additional LM cleaning using an etalon with a free-spectral range of 230 pm and a finesse
of 41, reducing the adjacent LM—spaced about 50 pm from the main spectrum—by approximately
24dB. This results in an estimated contrast of <0.001% , which is sufficient for SPM spectral
broadening, as we show numerically in Section [3:3.2] After attenuation and the etalon, the beam
is mode-matched in a three-lens telescope to match the eigenmodes of the nMPC. As mentioned
above, a simplified version of the nMPC is used: the beam is coupled into an MPC formed by two
curved mirrors with radii of curvature R = 100mm and a fused-silica (FS) block of dimensions
LxW x H=100mm x 75 mm X 75 mm placed in the centre of the MPC. The MPC configuration
has N = 31 round-trips (i.e. 2N = 62 passes) with k = 24. Taking into account the refractive
index of fused silica (n &~ 1.45 at 1064nm) and the resulting shortening of the optical path, the
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Figure 23: Results of the nMPC experiment. (a) Autocorrelation measurements of the input and output
pulses. The pulse duration indicates the full-width-at-half-maximum (FWHM) duration after deconvolu-
tion. The simulated pulse is plotted together with the measurements. (b) Simulated spectrum compared
with the Gaussian input spectrum. (c) Beam quality measurements. Reprinted and modified with permis-
sion from reference [2].

MPC length is about 21 cm. In this configuration, the fluence on the mirrors in the linear case (no
Kerr-lensing) is about 0.3 J/cm?, which is well below the typical laser-induced damage thresholds
(LIDTS) of optical coatings (10J/cm? for nanosecond pulses) [I16, [T17]. The peak intensity in
the focus is about 10 GW/cm?, still lower than the optical-breakdown threshold of fused silica
(55 GW /em? for nanosecond pulses) [136]. The pulse coupled into the MPC has an initial energy
of 0.94 mJ and a duration of 0.47 ns; the slight narrowing caused by the etalon is measured with an
autocorrelator (AC). After 62 round-trips through the MPC, the beam is extracted by the scraper
mirror, which also serves as the input coupler.

We measure a transmission of about 83 % at full power, which is in good agreement with the
calculated efficiency of 86 %, considering the reflectivity of the cell mirrors and the fused-silica
(FS) bulk surfaces as specified by the manufacturer. After spectral broadening, the pulse is sent to
a compressor counsisting of two transmission gratings with a line density of 1740 lines/mm. With
the compressor we obtain a total group-delay dispersion (GDD) of about —1100ps? for optimal
compression, which is close to the simulated value of —1370ps?. The diffraction efficiency of the
gratings is unfortunately limited to about 60 %, resulting in a compressor throughput of only 12
%. These gratings were chosen for availability reasons and can be significantly improved by using
state-of-the-art transmission gratings with >99.5 % diffraction efficiency [137]. Alternatively, a
compact chirped volume Bragg-grating (CVBG) can be employed for compression. Contemporary
CVBGs can provide the necessary GDD while offering a high efficiency of 90% and supporting
energies of more than 1mJ and average powers of 250 W, all in a device only a few centimeters
long [I38]. After the grating compressor, the pulse is sent to the AC unit and the pulse duration
is measured. Figure shows the results of the measurements. The measured autocorrelation
(AC) for the input, the output, and the simulated compressed pulse are shown in Fig. a).
The values plotted in Fig. a) represent the de-convoluted pulse durations. Here we measure a
post-compression from 0.472ns down to 24 ps, corresponding to a compression factor of 20. The

simulated pulse duration of 20 ps is in good agreement with the measured value. The corresponding
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simulated spectra are shown in Fig. b)‘ Figure b) shows only a minor decline in beam quality
in one axis, from M? = 1.1 to M? = 1.25, while the M? of the orthogonal axis remains around
M?=14.

3.5 Conclusion and Outlook

In this chapter we introduce the concept of a nanosecond multi-pass cell (nMPC): a quasi-waveguide,
Herriott-type bulk-rod approach that enables self-phase-modulation (SPM)-based spectral broad-
ening of nanosecond pulses from Q-switched lasers. The central idea is to adapt the MPC
post-compression paradigm—well established for ps and fs sources—to the fundamentally differ-
ent operating conditions of ns pulses (much lower peak power, narrow intrinsic bandwidth, and
stronger sensitivity to parasitic nonlinear processes over many round trips). This is achieved by
an all-bulk monolithic geometry (to avoid air-bulk interface losses), by exploiting the reduced dis-
persion sensitivity and elevated laser-induced damage thresholds of ns pulses, and by using the
optical coatings as an additional degree of freedom to suppress competing nonlinear effects such
as stimulated Raman scattering (SRS) and quasi-phase-matched four-wave mixing (QPM-FWM).

Experimentally, we performed a first proof-of-principle demonstration using a simplified nMPC
implementation with standard high-reflectivity mirrors and a fused-silica bulk medium. Starting
from = 0.5ns Q-switched pulses at 1064nm, we achieved post-compression down to 24 ps after
propagation through 62 passes, corresponding to a compression factor of &~ 20. The result confirms
that nanosecond post-compression via multi-pass SPM is feasible and that mJ-level pulse energies
can be transferred into the picosecond regime even without the fully optimised monolithic and
spectrally-filtering design.

The chapter also provides a pathway toward substantially larger compression factors. Numerical
simulations based on (24+1)D and (1+1)D propagation models indicate that, under suitable con-
ditions and with an optimised nMPC geometry and coating-based spectral filtering, compression
factors >100 are realistic even in the presence of the dominant parasitic processes. In particular,
we identified and quantified key limitations related to temporal pulse quality and contrast degrada-
tion at high broadening factors, including longitudinal-mode beating intrinsic to Q-switched lasers,
stimulated Brillouin scattering (SBS) as an intensity- and pulse duration-dependent threshold lim-
itation, and stimulated Raman scattering (SRS) as well as quasi-phase-matched four-wave-mixing
(QPM-FWM), which can generate unwanted spectral sidebands and prevent clean compressibility.
We further showed that longitudinal-mode cleaning (e.g., with an etalon) can restore compressibil-
ity, and that only moderate suppression of Stokes components may already be sufficient to keep
SRS from dominating. Finally, we argued that coating designs (e.g., quarter-wave stack concepts)
can be engineered to filter out the spectral components responsible for QPM-FWM while preserv-
ing the desired SPM-broadened spectrum. It remains future work—particularly experimental—to
identify other challenges that may arise during the spectral-broadening process in an nMPC and
to develop corresponding solutions.

In conclusion, this experiment demonstrates that efficient post-compression of nanosecond
pulses from Q-switched lasers into the picosecond regime is possible even in a simplified nMPC
setup. Further work is required to push the broadening factors to levels where the pulse duration
and bandwidth gap between Q-switched and mode-locked laser technologies closes, enabling ps- to
fs-level pulses to be generated with simple, compact, cost-efficient Q-switched lasers as the source

platform.
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4 Second-Harmonic Generation in Multi-Pass Cells

This chapter discusses the use of multi-pass cells (MPCs) to enhance second-order nonlinear optical
processes. It introduces the basic physical concepts, develops a theoretical description of the
relevant frequency-conversion mechanisms, and presents experimental and numerical results for
second-harmonic generation in an MPC geometry. The chapter is structured as follows. First, an
overview of second-order nonlinear interactions and their relevance in the context of MPCs is given.
This is followed by a conceptual discussion of the second-harmonic MPC (SHG-MPC), including
the role of phase matching and group-delay matching. Subsequently, a theoretical treatment is
developed, starting from the Maxwell equations and leading to an analytical model for SHG in
an MPC under the non-depleting-pump approximation. The theory section also introduces the
numerical model used for simulations. Afterwards, the experimental implementation of the SHG-
MPC is presented and compared with numerical simulations for both longer and shorter pulses.
Finally, the chapter concludes with a discussion of the the experimental results achieved within
the work of this thesis, including an outlook on possible extensions such as higher-order dispersion
compensation, energy scaling, and the applicability of the concept to other second-order nonlinear

processes. The chapter largely follows the work summarized in [6], attached in Appendix C.

4.1 Introduction

Second-harmonic generation (SHG) of light in crystals was discovered in 1961, shortly after the
invention of the laser in 1960 [7, [@9]. The short gap between these two discoveries is directly linked
to the invention of the laser. As a coherent light source, the laser provided peak powers and inten-
sities orders of magnitude higher than conventional sources at the time, satisfying the requirements
for nonlinear optical phenomena. With lasers as the source of coherent and intense light, other
nonlinear phenomena were discovered and studied since. Among a plethora of other nonlinear phe-
nomena, many important applications are based on the second-order nonlinearity. The entirety of
these second-order phenomena are sum-frequency generation (SFG), difference-frequency genera-
tion (DFG) giving rise to optical parametric amplification (OPA), optical rectification (OR), and
second-harmonic generation (SHG) [26]. Each of these processes has a variety of applications. SFG
is used for converting two different laser wavelength into a laser with shorter wavelength, typically
not accessible by using standard gain media [I39, [140]. Important example are the third harmonic
generation, often used to efficiently generate ultraviolet (UV) light [T41HI43], for instance of a
ytterbium (Yb) laser system typically centered at 1030nm [I44]. Here, the second-harmonic at
515nm is mixed with the fundamental wavelength 1030 nm, resulting in a wavelength of 343 nm.
Optical rectification is used to generate terahertz (THz) light [I45] 146]. DFG on the other hand is
widely employed in many systems for generating lasers in a wide variety of wavelengths. Not only
can lasers be generated at wavelengths resulting from the difference of the frequency of their driving
fields, resulting typically in the middle-infrared (mid-IR) regime [I47HI49], but more importantly,
DFG is the underlying process for optical-parametric amplification (OPA) [26] [150]. OPA systems
are widely used in many applications, as they provide a method for generating broadband, highly
wavelength-tunable laser sources [12, [I51] [152]. In the context of MPCs, several works on OPA
in MPCs have recently been reported [0 63]. Employing MPCs for OPA, many key limitations
on standard, single-pass OPA systems have been considerably improved, in particular the overall
efficiency and bandwidth of the resulting field. This shows that using MPCs for second-order
nonlinear processes can be highly beneficial, highlighting the utility and flexibility of MPCs as an
important technique in the field of nonlinear optics. Another process that benefits from MPCs is
SHG, which is the topic of this work. The publication of this work is attached in Appendix C.
Apart from this work, MPC-based free-space quasi-phase-matching (QPM) has been demonstrated
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for nanosecond-level pulse durations [64] [65]. Here, the phase-mismatch of the fundamental and
second-harmonic field accumulated inside the crystal during the conversion process is compensated
by the dispersion of the gas within a pass through the MPC. Thus, after each pass, the total phase-
mismatch, i.e. relative phase, is a multiple of 27 upon re-entrance into the crystal, leading to an
efficient SHG process. This scheme is similar to a standard QPM process in a single periodically-
poled crystal, where typically a periodically-poled Lithium-Niobate (PPLN) crystal is used for this
effect. However, for ultrashort pulses in the femtosecond range, a challenge arises when only the
"zeroth"-order phase-mismatch is compensated, as it is done in QPM. In order to achieve SHG
with broad bandwidth and high efficiency, not only the phase velocity needs to be matched, but
higher-order phases become relevant. If the higher-order phase-mismatches, in particular the rel-
ative group-delay (GD) between the fundamental and second harmonic, are not accounted for,
the phase-matching condition is typically satisfied only over a limited spectral bandwidth, which
reduces conversion efficiency and leads to spectral narrowing of the frequency-converted pulse [26].
To address this limitation — particularly in SHG — several advanced approaches have been devel-
oped, including adiabatic frequency conversion [I53], prism-based phase and group-delay matching
[154] [155], and microstructured fiber-based phase and group-delay (GD) matching [I56], the lat-
ter of which has so far only been proposed conceptually. While these methods offer promising
routes toward efficient SHG, they generally rely on single- or few-pass free-space configurations
or waveguides, where tunability of the relative phases remains limited. In this work, we address
this challenge by employing MPCs as the mechanism for matching both the phase and the GD
simultaneously. In this way, both limitations on bandwidth and efficiency can be overcome and
highly efficient, broadband second-harmonic pulses can be generated, exhibiting high temporal
contrast as well as excellent beam quality. In the next session we describe the concept of the
second-harmonic MPC (SHG-MPC), followed by a theoretical treatment and an analytical model
in the non-depleting pump approximation. Afterwards, the experimental and numerical results are

shown, followed by an outlook for possible future developments of the SHG-MPC.

4.2 Concept

The most important feature of the SHG-MPC is the dispersion after each pass through the cell.
It can be tailored such that both after each pass through the crystal, both the fundamental and
second-harmonic fields experience the same phase-shift of a multiple of 27 within a wide wavelength
range. The phase-mismatch experienced by two coupled laser fields stems from the wavenumber-
mismatch in a given material. The frequency- and material-dependent wavenumber k(w) is defined
as k(w) = w/con(w), where n(w) is the refractive index of a material and ¢y = 299,792,458 m/s
the speed of light in vacuum. It can be expanded in a power series of w around a center frequency

w = 27 /A with X the center wavelength such that

k(w) = k@ 4+ D). (w—w)—k%k@) (w—@)+ ..., (45)

"k
Ow™

and k() := & /con(0) = 2r/An(@). If there are two fields present with center-frequencies @; and

where the coefficients k(™ := |w:w are the nth derivatives of k(w) at the center frequency w
W, propagating in two different axes in a non-isotropic medium with refractive indices n; and ns,
we label each wavenumber by k,(wp) = wp/conp(wy) with p = 1,2 and define the "zeroth'-order
wavenumber-mismatch as
0) /- 0) /- W
AR = 2k (1) — k" (@2) = 72 (1 (1) = ma(en) (46)
0
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Figure 24: Tllustration of the SHG-MPC in comparison to SHG in thick and thin crystals. (a) In a thick
crystal, even if the phase-matching angle is matched, the efficiency and the spectral bandwidth of the SHG
process is limited by the narrow phase-matching bandwidth of the crystal. (b) A thin crystal provides a
large bandwidth, but is limited in interaction length, rendering the SHG process inefficient. (¢) The SHG-
MPC can provide both, high efficiencies and large bandwidth by suitably tuning phase- and GD-mismatch
after every pass through a thin crystal. Reprinted with permission from [6].

which, for a given material length L results in the zeroth-order phase-mismatch A¢(®) = Ak . L.
Phase-matching is achieved when Ak(®) = 0. Equation describes a special case of phase-
matching which is called type I phase-matching, where the fundamental field p = 1 is polarized
orthogonally to the second-harmonic field p = 2. However, for achieving phase-matching, Ak(®) =0
in general needs to be fulfilled, even for other phase-matching schemes, such as type II phase-
matching, QPM or even in general for other second- or higer-order multi-wave-mixing processes [26].
In the end, Ak(® describes the mismatch in phase-velocity vgh =W,/ k,(,O) experienced by the light at
a certain frequency w,. If v{’h =) h, the fundamental and second-harmonic waves propagate with
identical phase velocities, so their relative phase remains constant along the propagation direction.
As a result, no phase mismatch accumulates (Ak(®) = 0), and efficient phase-matching is achieved,
enabling coherent buildup of the second-harmonic field over the full interaction length L. In type
I phase-matching, as described by Eq. 7 a birefringent medium — typically an optical crystal
— is used to achieve phase-matching. In a uni- or bi-axial crystal with a second-order nonlinear
response in the orthogonal direction to the polarization of the fundamental field, the induced
second-harmonic polarization is likewise orthogonal to the fundamental field. The birefringence
property can then be used to tune the phase-velocity of the orthogonal second-harmonic field to
match the fundamental phase-velocity, typically done via angle-tuning or temperature tuning of
the crystal [26]. Figure [25| schematically shows the geometry of matching the refractive indices in
the case of type I phase-matching for a uniaxial crystal such as BBO. The ellipsoids in the plot
show the areas (or lines) of constant n,(),), where p = 1 is the fundamental and p = 2 the second-
harmonic. In type I phase-matching, the fundamental is polarized along the xy-plane, propagating
in the ordinary direction. On the other hand, the second-harmonic is polarized along the plane
spanned by k and the z-axis, commonly referred to as the optical axis of the crystal. The k-vector
has an angle 6 relative to the z-axis and the extraordinary refractive index is dependent on it.
When both ordinary and extraordinary ellipsoids intersect, both refractive indices are the same,
i.e. n1(A1) = na(A2) and phase-matching is achieved (Eq. (46)).

When the relative phase is matched, i.e. Ak(®) =0, high efficiencies can be generally achieved
for narrowband pulses. However, in the ultrashort pulse regime of the order of 10s of femtoseconds,

higher-order relative phase terms can become significant, leading to a reduction of SHG bandwidth
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Figure 25: Index ellipsoids of a negative uniaxial crystal for type I phase-matching. (a) Three dimensional
view on the two index ellipsoids. The red ellipsoid represents the refractive index ni(A1) for the funda-
mental, polarized in the zy-plane (ordinary). The green represents na(Az2) the second-harmonic, polarized
in the plane spanned by k and the z-axis (extraordinary). The black circle marks the intersection of both.
(b) Cross-section of the xzz-plane. At the intersections at a certain angle 6, n1(A1) = n2(A2), meaning
phase-matching is achieved.

and efficiency. The next order to zeroth-order wavenumber-mismatch as in Eq. is the first-

order wavenumber-mismatch
AED = ED @) — kD (@) | (47)

where Ap() = Ak() . L is also known as the relative group-delay (GD) between fundamental and

second-harmonic field and L the medium length. Here, as mentioned before, ki(;l)(@p) = a%iiw) |a)

is the first derivative of k]g,l)(w) evaluated at the center frequency w, and p = 1,2 for fundamental
and second-harmonic. In general, even if Ak(©) is matched, Ak is not simultaneously matched
as well. Thus, a different method needs to be employed to match both the phase and GD. Here
MPCs offer a possibility for adjusting the relative phase of the fundamental and second-harmonic
after each pass through the crystal. In the second-harmonic MPC (SHG-MPC) discussed in this
work a phase-matched nonlinear crystal can be placed in the center of the cell, where at each pass
the SHG process takes place. The resulting relative GD can then be compensated after each pass
using suitable GD-compensating mirror coatings.

Figure [24]illustrates the SHG-MPC scheme and compares it to single-pass generation schemes.
In Fig. a), a thick crystal reduces the bandwidth of the generated second-harmonic spectrum.
A thin crystal as shown in Fig. 24[b) results in a large bandwidth, but the efficiency is low due to
a small interaction length. Placing a thin crystal inside an SHG-MPC, as illustrated in Fig. c),
can increase the effective interaction length. This approach avoids the bandwidth limitations of a
thick bulk crystal by tailoring the dispersion so that both the phase and group delay between the
fundamental and second-harmonic waves are simultaneously matched during each pass. Thus, in
order to do so, we consider the relative phases and wavenumbers (Eq. up to first order in w
and consider the w-dependent relative phase per MPC pass. In the SHG-MPC, Ay, consists

mainly of three contributions

A@;ass(aap) = A(p(:r(e) + A@‘gas(p) + Aw(;:x +A<P0 ’ (48)
—— —_—— )~~~
Crystal Gas Mirror

where the superscripted w indicates the frequency-dependence and the A¢q is a constant offset.

The Al is now a function of two parameters: the pressure p and the angle of the wavevector
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Figure 26: Illustration of the SHG-MPC in consecutive order (a) and the actual configuration (b). Parts
of the figure reprinted with permission from [6].

relative to the optical axis of the crystal . The pressure dependence comes from the phase
contribution from gas in the gas-cell Apg, (p), where it acts as one of the tuning parameters. The
angle dependence arises from the phase accumulated in the crystal Ap¥.(0), where 6 acts as the
second tuning parameter to adjust the MPC dispersion by tuning the extraordinary axis in which
the second-harmonic field propagates.

We write each contribution up to first order in w

A2 (0) = A (0) + AplP () - (w — w2) (49)
A (p) = ApLL(p) + Apll(p) - (w — w2) (50)
A% = A0 + AplD) - (w— @) , (51)

with ws = 2d; being the center frequency of the second-harmonic field, which is two times the

(0)
2

center frequency of the fundamental field @;. The terms Ap(® = 2<p§0) — oy’ are the zeroth-

order relative phase mismatches (phase-matching terms) and Ap() = wgl) — @él) is the first-order

relative phase-mismatches (GD-matching terms). Phase- and GD matching in a single pass in the
SHG-MPC is achieved when

!
ApQL(0,p) = ApD(0) + ApLL(p) + Apy = 2mn, (52)

where n is an integer. Since Acpfg) is constant, it is absorbed in the Agg term. At the same time,

for the first order terms, the condition
ApR,(0.p) = AplD(0) + Apll(p) +Apl) = 0 (53)

needs to be fulfilled to ensure GD matching. The amount of GD that is then required to be

compensated by the mirrors can be determined by

Ae) == (B6P Opm) + AR (prer)) (54)

where 6y, is the phase-matching angle (0, = 23.4° for BBO) and pyer the reference pressure of
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Figure 27: Simulated idealized spectrograms of the SH pulse for two different crystal angles. The simulation
parameters are matched with the experiment, but ideal Gaussian beams are used as the fundamental input
pulses. The input is a 1030 nm, 60fs, 50 uJ pulse and the MPC parameters are R = 1m, N =4, k=1
with 8 passes in total through a BBO with 100 pm thickness. We compensate the relative GD by 15fs at
each mirror reflection, delaying the fundamental pulse. The simulations are carried out using the model
described in supplement section S1. The optimal angle here is 6,5 = 23.8°. (a) Unmatched relative GD.
(b) Matched GD. Reprinted with permission from [6].

the gas that can be arbitrarily set. In our experiments, we choose p,ef = 500 mbar of air, in order
to allow for full tunability from 0-1 bar in the cell. Figure [26]a) shows the "unraveled" system and
the phase contributions in consecutive order in comparison to the realistic SHG-MPC (Fig. b))

With the GD-compensating mirrors in place, we can now use the two tuning parameters 6
and p to fine-tune phase- and GD matching in the SHG-MPC. The systematic approach is as
follows: first the air pressure p in the gas-cell is tuned and the spectra are recorded as a function
of p, resulting in p-w spectrograms (or p-A in our experiments). The output power is recorded
simultaneously. Figure [27] shows such spectrograms obtained via simulations based on the model
described in Section In both plots, a spectrogram as well as the conversion efficiency is
shown. In both, one can observe major maxima, which correspond to the case where the condition
Eq. is fulfilled and "zeroth"-order phase-matching is achieved. The distance between the two
major maxima is determined approximately only by the gas dispersion Anggg)s = Akég)s L, which
itself depends on the gas-type, pressure and the MPC length Lypc &~ L. The mirrors and the
crystal contribute only weakly to this separation, since the crystal is operated close to the phase-
matching angle, where Ak, ~ 0. The number of minor maxima between the two major maxima
depends on the number or passes through the cell and is Npass — 2, as we will show in Section @
Figure (a) shows such spectrogram when the angle 0 is off by 1.5°. Here the maxima appear
tilted, indicating that, while the phase is matched (i.e. Eq. ((52) is fulfilled), the GD is not
matched at these pressures and Eq. is not fulfilled. By tuning 6 such that 6 = 0,p¢, the major
maximum at about 500 mbar now appears vertical, indicating that for each wavelength across the
spectrum the phases are matched at the same pressure. This means that now both conditions are

fulfilled and phase and GD are matched simultaneously.

4.3 Theory

In this section we develop the basic theory for the nonlinear frequency conversion based on the
second-order nonlinear response of materials within the framework of MPCs. In many textbooks,
such as [20], analytical equations are obtained by considering only monochromatic fields, where
effects from higher-order phases, such as the group-delay (GD) are not taken into account. Apart
from phase-matching itself, these effects, in particular the relative GD between the fields, eventually

limit the bandwidth and efficiency of the nonlinear process. This section will start from the Maxwell
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equations, then going to the wave equation for scalar fields, where only the temporal domain and
scalar fields are considered. Then, an analytical model for the SHG-MPC is derived in the non-

depleting pump approximation.

4.3.1 General equations for second-order nonlinear conversion

In this part of the derivation, we partially follow the calculations in [26]. We start from the Maxwell

equations

V-D = ppree (Gauss’s law) (55)
V-B= (Gauss’s law for magnetism) (56)
VxE= 881? (Faraday’s law) (57)
V x H=Jgee + % (Ampere-Maxwell law) (58)

where the tilde indicates rapid oscillations in time. We assume no free electron charges pgee = 0
and no free currents Jgee = 0. Further, the material should not possess a magnetic response with
B = Moﬂ.

We take the curl of the Faraday’s law equation (Eq. (57))

8B 0 0 -
VxVxE=-Vx T %V xB = MO&VXH (59)
and use the equation V x H = (Eq lb ) and the identity
VxVxE=V(V-E)-V’E (60)

and assume that from Gauss’s law V - D = 0 follows V - E = 0, which according to Boyd (4th
edition, pp. 71-72) is not necessarily true for nonlinear optics, but good enough, especially in the
slowly-varying amplitude approximation (SVEA) [26] . Then the first term on the right-hand side
of Eq. vanishes and we end up with
N
V°E — po=—D =0 61
Ho a2 ( )
The electric displacement field D = o E + P contains the electric field as well as the full material
response P. The material response can be separated into two main components, the linear and the
nonlinear part P = P 4+ PNV We define the linear electric displacement as DY) = ¢ E + P(1)
and insert D = D™ + P(NL) jnto Eq. (61)), yielding
N 1 02 -
VE- — DW= _—_—_pN 62

€oc? Ot2 €oc2 Ot? (62)
where we used 119 = 1/egc®. The fields in the above equation are functions of space and time, e.g.
DM =DM (z,y, z,t). Since the aim here is to work only in the temporal domain, the dependencies
on x and y can be dropped. As usual, z is defined as the direction of propagation. Thus, in the
first term on the Lh.s. of equation , the V2 becomes 88—; and the fields are now scalar and not
vectors anymore. The new equation reads

0? 1 02 0?

~ 1
o7 07 aa __+ 9 ANL
et CR) DOGt) = 552 P 0) (63)
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where E(z,t) is the full electric field including both the fundamental and the SH field. The term
DW(z,t) is the linear dielectric displacement and PNV(z,t) is the nonlinear polarization of the
material. The constants ¢y and c¢ are the dielectric constant and the speed of light in vacuum
respectively. Now the fields can be expanded into their constituents. It is important to note that
each constituent in this treatment is distinct from each other, meaning that these fields don’t

overlap in the spectral domain and are not degenerate in any way.

4.3.2 Fourier expansions of the fields

The expanded fields into their distinct field components can be written as the sums of their com-

ponents
1
=3 > Ey(z,t) +cc. (64)
P
DW(z,t) ZD D(z,) + c.c. (65)
1
=3 > Py(zt) +cc (66)
P

where the indices p run over all fields that potentially couple to each other via some nonlinear
interaction and c.c. stands for the complex conjugate. For a three-wave mixing process in a
second-order nonlinear interaction, p = 1,2, 3 and for a second-harmonic generation process, p = 1
stands for the fundamental and p = 2 for the second-harmonic field. Inserting equations Egs.
— into Eq. the evolution equation for each distinct field is

0? 1 02 1 92

@Ep(z,t) - —_—p

€oc2 Ot2 P ( 2, ):GO?@PP (Zat)v (67)

omitting the complex conjugates. The left-hand side of Eq. describes the linear propagation
of one of the distinct fields (i.e. "pulses"), while the right hand side acts as a source term, where the
pth field couples to the other field via the nonlinear polarization PEL. The nonlinear polarization
term incorporates all nonlinear interaction effects that do not include free electric charges or charge
transfers, since the terms pree and Jgee. The specific shape of P;\IL for certain interaction such
as SHG will be discussed in the next section. We further expand each distinct field E,(z,t) and

D,(,l)(z, t) into their Fourier components

E,(z,t) = / B} (2,@p + w) e @t gy (68)
Dz(,l)(z7 t) = /7 D;(l) (2,0 4 w) e i@t gy (69)
The prime indicates the Fourier transformed fields and the frequencies w, stand for the central

frequencies of the fields. The Fourier-expanded fields in Eqgs. - can be written in terms
of the complex amplitudes E]’D(z,@p +w)=Ap(z,w) gthp(Wptw)z

Ey(z,t) = / Ap(z,w) etFr(@rtw)z g=il@ptwlt g, (70)
Dz(,l)(z,t) _ / EOni(@p T+ w)Ay(2,w) eikp (@ptw)z o—i(@p+w)t g 7 (71)
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where we use that D;,(l)(z,d;p + w) = en (@, + w) B/ (2,0p + w). The wavenumber is defined as
kp(0p+w) = n(wp+w) (wp+w)/c. Now plugging the expressions and into the r.h.s. of Eq.
and employing the slowly-varying envelope approximation \%;Ap(z, w)| < [kp(w) L A,(2,w)|
(SVEA) for both fields, we arrive at two (coupled) evolution equations for the complex electric

field amplitudes

1 92
6023t2P§L( t) - (72)

_ ) (e
21 / {azA (z, w)}kp(w) etkp(@)z=(@pFw)t) gy —
Equation acts as a starting point for further derivations for analytical equations describing
the evolution of the fields for different second-order nonlinear processes, such as SHG, DFG or
SFG. For each interaction the nonlinear polarization PE L(z, t) takes a specific form. We continue

this treatment specifically for SHG, as it is the main focus of this work.

4.3.3 Coupled wave equations for second-harmonic generation

The second-harmonic generation process can be regarded as a three-wave mixing process such
as SFG, where the the two mixing fields creating the third are fully degenerate. Therefore, two
electric fields E(z,t) = 1(Ei(z,t) + Ea(z,t)) (Eq. (64)) are involved in the process. For an
SHG process where the two (here degenerate) fundamental fields are polarized orthogonally to the
second-harmonic field, commonly referred to as type I phase-matching [I57], the polarizations can
be written as [26]

PNV (2, 1) =degdeg Ef(2,1) - Ea(z,t) (73)

PNY(2,t) =2e0deg E1(2,t) - By(2,t) . (74)

Inserting the Fourier decompositions of E; and Fs in Eq. into the r.h.s., then plugging
Eqgs. and into Eq. yields the evolution equations, one for the complex amplitudes
Aj of the fundamental and the other one for the amplitude As of the second-harmonic field. For
simplicity, we treat only the equation for A, for now, since the treatment is analogous for A;. The

equation for Ay then reads

21 [ ha(w) (52 An(z, ) G40 g - (75)

_ _ngff // (2@1 +o +w//)2 A1(Z,w/)A1 (z,w") ei[k1(w/)+k1(w”)]ze—i(2@1+w’+w”)t dw’ dw" 7
& — 00

(76)

where the time-derivatives 9%/9t? on PNY(z,t) were performed. Due to energy conservation, the
frequencies on the left hand side of the equation above must be the sum of the frequencies of the
fields on the r.h.s., i.e. Wy +w = w1 + W + w1 +w”. We also identify the center frequency as
ws = 21 and thus w”’ = w — w’ and dw” = dw’. Inserting these relations into the equation above

yields
22/k‘2 A2 (z w)) eik2(@)z=(@2tw)t) gy —

- 2
— _M //OO Al(z W/)141(2 W — wl) ei[kl(w’)—&-kl(w—w’)]ze—i(Z@l+w)t dw' dw (77)
C2 - ) ) )
which, by omitting the integrals [ dw on both sides yields the evolution equation for each single

frequency component w for the second-harmonic amplitudes Ay, as well as, - in an analogous
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treatment - the amplitudes A; of the fundamental field

0 201 +w)des [ —iAk(ww

Ly _ 2wt w)der [ 4 A 1y o ik(w W)z g

5 1(z,w) =1 (@) [m 1z, WAy (z,w+w')e dw (78)
0 (2 +w)deg [ i Ak (w,0’

=y _ Wt w)det [T AL (2w — w!) e AR gy

B Q(Zaw) ¢ HQ(UJ)C [m 1(Z7w ) 1(2’,0.) w )e dw ) (79)

where we used ky(w) = ny(w) (@, +w)/c. The term
Ak(w,w') = k(W) + k1 (w — w') — ka(w) (80)

is the material-dependent wavevector-mismatch. The phase-mismatch after propagation through

a material with length L is simply Ap = Ak - L and thus

Ap(w,w') = @1(w) + @1 (w — w') = p2(w) . (81)

Equations and determine the evolution of the fundamental and second-harmonic ampli-

tude in a nonlinear medium. Since the accumulated phase in a medium will play an important role,

we transform these equation into their electric field representations E,(z,w) = A,(z,w)e Fr(@)z,
Inserting this relation into Eqs. and yields
2(w de i
%El(z, w) = ik By (2, w) + ZW /m Ef(z,0)Ea(z,w + o) du’ (82)
_ P
%EQ(Z,W) = iko Ey(z,w) + z% /m Ei(z,0)Ey (2w — o) dw' . (83)

In the next section, the non-depleting pump approximation will be applied in order to arrive at an

analytical equation for the second-harmonic field evolution in the SHG-MPC.

4.3.4 Equation for SHG in MPCs in the non-depleting pump approximation

In this section, we develop a simplified analytical model for the SHG-MPC. In order to solve the
equation for the complex second-harmonic amplitude Eq. , we make the assumption of a non-

depleting fundamental pulse by setting the equation for amplitude of the fundamental field (Eq.
(78)) to

0
EAl(z,w) =0. (84)

Using this relation and inserting A; (z,w) = E1(z,w) e~ #1(“)? Eq. results in the non-depleting
evolution equation for the electric field of the fundamental beam

%El(z,w) =ik (w)F (z,w) , (85)

which can be immediately solved such that
Ei(z,w) = E1(z,w) eF1@)(z=20) (86)

where we choose zy = 0. Thus, the amplitude fundamental field is unchanged, i.e. non-depleting,
and the phase evolves depending on the linear response of the material the field propagates in. In
the SHG-MPC, two different types of material are present: the crystal in the center of the MPC
that is the nonlinear medium and the rest of the MPC, for example the gas and the mirrors, where

the propagation is purely linear. The contribution to the phase of the fundamental field from the



a0

1t pass 2" pass n'" pass
Crystal MPC Crystal MPC Crystal MPC
EOw) || Bl | | Ew || B | | E(w) Elw) | | El()
etk (@)L % eiﬁ seiki(@)L v eup?' weiki (@)L xel¥l

Figure 28: Schematical representation of the evolution of the non-depleting fundamental field F1 (w), as in

equations and .

passage through a distance z the crystal is denoted here by kj(w)z, while the contributions from
the linear part of the MPC are summarized in ¢}!. Thus, after propagation through the crystal
with length L, the fundamental field is

Ey(L,w) = By (0,w) 1) (87)

where we denote the field right at the exit of the crystal with a tilde. After subsequent propagation
through the MPC excluding the crystal, the field acquires the phase denoted by ¢ (w)

Ey\(L,w) = Ey(L,w)e™ = E1(0,w) ei(k1(@)Lter’ (@) | (88)
After n passes, we define the fundamental field after n passes through the MPC
B} (w) = By(w) i el @] (89)

with the initial fundamental field F(w) := E1(0,w) and ¢ (w) := ki (w)L+ @M (w). This describes
the evolution of the non-depleting fundamental field. After n passes through the MPC system, the
fundamental field simply acquired the accumulated linear phase of n 1 (w). Figure[28|schematically
shows the evolution of the non-depleting fundamental field. The fundamental field after n passes
through the SHG-MPC system is then given by

EM(z,w) = E}(w) e*1@? = B () eimer@)eiki(@)z (90)

The evolution of the second-harmonic field is governed by Eq. , which is a non-homogeneous,
first-order ordinary differential equation in z of the form %y(z) = a(2)y(z) + b(z). This type of

equation has the general solution

y(z) _ </ b(zl) e LO a(z'")dz ds’ —|—C> efzo a(z')dz . (91)
20

In Eq. , we associate the functions and coefficients by comparing it to Eq.
y(z) = Ex(z,w) , a(z) = ike(w), ¢ = F3(zp,w) (92)

b(z) = ic /_00 Ei(z,w")Ey(z,w — ') dw' | (93)
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where we set ¢ := % and the constant ¢ = FEs(20,w) is the initial second-harmonic field at

the entrance of the crystal. This results in the solution
Ey(z,w) = (/ ié/El(z’,w’)El(z',w — W)@ =20) gy dz’ 4 Ez(zo,w)> X
B
% eikz(w)(zfzo) ; (94)

In a similar treatment as for the fundamental field, the first pass through the nonlinear medium is
calculated by setting zp = 0 and z = L and F(0,w) = 0 as the initial condition

L
Ey(L,w) = ( / ic / Ei(2,0")E) (2w — ') e k@)= gy dz) ei(k2(@) L3’ () (95)
0
L . 7 .
- ( / ic / By (o) Er (w0 — ) 250405 4o d:) ete2() (96)
0
where again Ak(w,w’) = ki (w') + k1 (w — w') — kz(w) and @o(w) = ka(w)L + ¢3! (w) is the phase

the second-harmonic field accumulates in a single pass in the MPC. To simplify calculations, we

define the n-th pass integral as

L
=/ ié/E?(z,w')E{‘(z,w—w') e (@) i dz (97)
0
L . ’ . !’ . 7
:/ Z&/El (w/) ezmpl(w )El(w o wl) eznapl(wfw )ezAk(w,w )z do’ dz (98)
0
B (o) Br( ARl 1 einler (@) +er (=) g 99
_/1 =) — Ak(w,w’) “o (99)

where the integral over z from 0 to L was carried out in the last step and we used Eq. for
E}(z,w). With the above definition, the propagation through the MPC is divided into a nonlinear
part, where a field dE™ is added to the second-harmonic field E;l_l and a linear part, where
the linear phases are multiplied onto the resulting field By = (Ey~! + dE") - 1), Figure
illustrates the calculation scheme that is used here. For simplicity, we start with the very first pass
through the MPC and rewrite Eq. using the definition , which writes

E}(w) = dE'e'¥? | (100)
And then for the second pass
E2(w) = (dE? + dE'e'#2)e?2 | (101)
and for N passes
EY (w) = (dEN + (dEN" 4 (dENT2 4 ... )e'??)e'?2)e’#> | (102)

This recursive formula can be expressed explicitly in a sum

EN(w ZdEN (N-n)ez (103)
n=0

where dE° = 0. Inserting the definition for dE™ results in
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Figure 29: Schematic of the solution to the evolution equation (94)) of the second-harmonic electric field in
the non-depleting pump approximation. The solution of Eq. (94) is done consecutively by first calculating
the nonlinear part, adding dEY to the second-harmonic field and then multiplying the phase e*#? originating
from the linear interactions. In the lower part, the schematic evolution of the non-depleting fundamental
field is shown, which propagates linearly in this approximation and only acquires a phase of €'#1 per pass,

according to Eq. .

7.AkL -1 , , ]
BN _ By (W) B einlor (@) o1 (w—w')] Gi(N=n)e2(w) g,/ 104
2 / i Hw—w )Ak(w w ) ¢ “ (104)
Nea(e) [ e 1O g
~ 1 w / / 7 w)\" /
=ce #2 [mEl(w )El(w—W)an:%(e ? ) dw ) (105)

where we wrote the relative phase between fundamental and second-harmonic as Ap = 1 (w') +
1 (w—w') —pa(w) as in Eq. . The sum in the integral can be identified as the partial geometric
sum of the form ZZ:O st =12 “" . Applying this relation to Eq. 1} results in

eiAk(w,w/)L —-1 1= eiNAga(w,w/)

N _ =N w >
EN(w) = ceNezl >/_OO Ei(W)E(w— ) N ) R R ey du' . (106)

In order to further progress with the analytic equation and solve the integral over w’, it is now
necessary to linearize the phase terms inside the integral with respect to w and w’. Up to linear
order, the integral can still be solved analytically without any further approximations. As we will
show later, evaluating the integral while including higher-order phase expansions requires further
approximations. In the following the linearization of the phase terms in the integral in Eq.

are discussed.

4.3.5 Linearization of the phase-terms

The phase terms in equation are expanded up to their first order in w. The first term is the
crystal dispersion described by the relative wavenumber Ak(w,w’) = k1 (W) + k1 (w — ') — ko (w).
Here we expand each term individually around their central frequency w, with p = 1,2. Since we
defined kp(w) = kp(wp +w), where W, is the center frequency of fundamental (p = 1) or the second

harmonic (p = 2), the expansions are

ki =k ((Zil + w) ~ k‘go) + kgl)w (107)
ko = koo + w) ~ kY + kPw (108)
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and similarly for the phases accumulated outside of the crystal in the MPC
pr=e1@ +w) ~ el + ow (109)
P2 =@ +w) m ey + o, (110)
so that we can expand both the relative wavenumber Ak(w,w’) (Eq. .
Ak(w,w') =k (W) + k1 (w — W) — ko (') =
~ kY + KV kY + Vw0 - kY + kD
= 2k” — k¥ + (kY — k)
& Ak(w) := AE® + ARy (111)
and analogously the phase terms Ap(w,w’) (Eq. .

Ap(w) = Ap® + ApWy | (112)

where it shows that both terms are now independent of w’ and thus can be taken out if the integral

in Eq. (106).

4.3.6 Analytic SHG-MPC equation

Now inserting the linearized phase terms in Eqgs. (111f) and (112) into the formula Eq.

! /
) Ak(w) 1 _ ci(Ak(w)L+Ap(w)) dw'. (113)

oo IAR(W)L _ ] ] _ oi(Ak(w)L+Ap(w) N
—¢ / Ey()Ey c °
and taking the phase terms out of the integral, the evolution equation becomes

eiAk(w) -1 1= ezAcp(w

N =
E)(w)=¢ @) 1762A¢w)/ E1(W)E(w—w)dw' (114)

where one can immediately identify the convolution integral E;(w) % Eq(w f Ey(W)Ey(w—

w’) dw’, such that the above equation can be re-written into

eiAk(w)L -1 1-— eiAcp(w)N

EN(w)=¢ Ah@) 1 aaee [Er(w) * Er(w)] . (115)

We further turn Eq. 1) into an equation for the intensity by I} (w) = %\Eé\’ (w)]? and

|52|2 . €0c 7212(0-1) ‘&|2

I} (w) = |&2|*L? sinc®(Ak(w)L) - |By(w) * E1(w)]* - [@Y (Ap)[? (116)

) 1— eiALp(w) N
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Figure 30: The function |®~ (Ay)|? appearing in Eq. m plotted as a function of the relative phase Ay
between fundamental and SH per pass for different numbers of passes N.

Taking the absolute square, the factor |®~(A¢p)|? can be simplified to

sin? {%Acp(m)}

N 2 _
|<D (A(p” - sin2 {Ago(w)} )

(118)
which is the oscillating factor arising from the periodic passes through the MPC system, or a
quasi-waveguide in general, where the nonlinear medium is placed in the center of each pass, and
where outside of the crystal the propagation is purely linear.

The oscillating function |®Y(Ayp)|? represents the contribution of the multi-pass cavity (MPC)
geometry. This function depends explicitly on the number of passes N and the total accumulated
phase shift per pass Ap(w). Figure [30|illustrates how |®V (Ag)|? varies with both Ap(w) and N.
For the case of a single pass (N = 1), the function simplifies to |®!(Ap)|? =1, and equation

describes single-pass second harmonic generation
1) (w) = |&2]*L? sinc(Ak(w)L) - |Ey(w) * By (w)]? (119)

for a medium with length L. When N > 1, the function becomes modulated, exhibiting a main
maximum at Agpass = 27 - n, where n is an integer. Additionally, there are N — 2 minor maxima
and N — 1 minima within a 27 interval. The positions of these minima can be determined from the
numerator of |®V |2, which locates minima at Ay = 27/N - n with n = 1,.., N — 1. On the other
hand, the locations of the minor maxima cannot be easily derived analytically. Furthermore, the
height of the main maxima scales proportionally to N2. This quadratic dependence indicates that
when the medium is traversed IV times, the phase-matched second harmonic generation efficiency
increases quadratically with IV, leading to the same enhancement as in an N times longer crystal,

assuming phase-matching and negligible depletion of the fundamental field.

This characteristic behavior is observed in both the simulated spectrograms, such as Fig. and
the experimental spectrograms, such as Fig. [37]in Section recorded as functions of the ambient
gas pressure (p) and optical frequency w at a fixed crystal angle 6. It manifests as the modulation
patterns in the spectrograms, originating from the properties of |®V (A¢g)|?. Figure [31]illustrates
how these spectrograms can be decomposed into the spectral part |E; (w) * E; (w)|?, with Gaussian
pulses as E1(w) and the MPC part |V (Ap(p))|? as a function of the total accumulated relative

phase per pass Ap(p), tuned by the parameter p. Here we see that the resulting spectrogram
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Figure 31: Figure illustrating the origin of the features of the pressure spectrograms similar to the ex-
periments. Multiplying |E;(w) * E1(w)|? (upper left), which we chose here to be Gaussian shaped, with
| (Ap(p))|* (upper right) results in the typical shape of the spectrogram (lower plot), which plots the
second-harmonic spectral intensity I3 (w) (Eq. over pressure p.

fundamentally is comprised of these two contributions.

4.3.7 Comparison of the analytical model to experimental data

We compare the analytical model derived in the previous section to the experimental results in the
main manuscript. Since in the experiment, we use the mirrors to compensate for group delay (GD)
and furthermore the crystal angle § and the gas pressure p to fine-tune phase- and GD-matching,

the linearized phase-terms will be comprised of the contributions

Ap“(0,p) = Ap(0) + Apgs(p) + Ay (120)
——— —_——
Crystal Gas Mirror

where we follow the main manuscript and superscript the w dependency, since the relevant tuning
parameters are now 6 and p. For better overview, we define Ap¥®.(0) := Ak“.(0)L. Each relative

phase contribution now is comprised of a 0" order and 1% order in the following way

A (0) = ApD(0) + Al (0) w (121)
A% () = Al (p) + Al (p) w (122)

A% = ApQ + AV w . (123)
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Figure 32: Mirror data for the mirrors used in the experiments and simulations, as provided by the
manufacturer LAYERTEC GmbH. Reprinted and modified with permission from [6]

We approximate the #-dependencies of the crystal terms in the following linearized manner and

represent the phase in terms of the wavenumbers

AEY
AG0(0) = ( S B) + 2T (0 ) L (120)
\W—/ d9 —“pm
~ 0
Ap(0) = (AED (0 Lkﬁ)(e) 0—0 L 125
Per ( )_ ( cr ( pm) + do |9:9pm ( - pm)) cr - ( )

The first term in Eq. is the phase-mismatch introduced for a single pass through the crystal
in phase-matching angle 23.4°, which is naturally very close to zero. The second term in Eq.
describes the linear dependency of the phase-mismatch depending on the detuning angle
0. Similarly, the first term in Eq. is the GD-mismatch at phase-matching angle, while the
second term is the dependency of the GD-mismatch dependent on the detuning angle 6. The

dependency on the pressure in the gas terms can be caluclated by

P

Apgad(p) = Ak (Pam) Ler - = (126)
P

AL (p) = Ak (Patm) Lex - - (127)

In the gas terms, the dispersion, phase and GD, scale proportionally with the pressure p. Here we
set the reference to the atmospheric pressure of paym, = 1013 mbar.

Following the experiment described in the main manuscript, we use a L., = 95 pm BBO as the
crystal, Krypton as the gas and mirrors with GD compensation. The MPC is comprised of two
identical mirrors with ROC of R = 1m, N’ = 4 number of round-trips (N = 8 passes) and a length
of about Lyipc = 29.5 cm. We summarize the parameters of the equations - for BBO in
Table [1]and the parameters in Egs. — for krypton in Table |2 We also provide the mirror

phase coefficients in table We calculate similar spectrograms following the experimental data.

() AAED) ) dAkS
Aker’ (fpm) d0  10=0pm Afker (fpm) 49 10=0pm
~ 0 1.167 - 105 (degm) " | —9.15-10*fsm™! | 3.62 - 10° fs (degm)

Table 1: BBO coefficients. Table showing the coefficients for equations 1) - (125)). The reference value
for the crystal angle is chosen at the phase-matching angle for BBO at 1030 nm at 0pm = 23.4°. The values
are determined using the Sellmeier-equations from references [158] [159].

In the analytic traces, we use a crystal angle of § = 23.6°, a number of passes of N = 8 and an
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AR (Pavm) | AR (Patm) | ARYY (atm) | ARY) (patm)
—103.48m~1 | —87.64fsm ' | —55.17m! | —46.5fsm !

Table 2: Gas coefficients for Krypton and Air. Table showing the coefficients for equations (126]) - (127).
The reference value for the krypton pressure is chosen at 1 atmospheric pressure with patm = 1013 mbar.
The values are determined using the Sellmeier-equations from references [159, [160].

AR | gl
2.85m | 16.5 fs

Table 3: Table showing the relative phase and group-delay introduced by the mirrors (one reflection). Due
to the manufacturing tolerances provided by the manufacturer LAYERTEC GmbH of 15fs+5fs for the
group delay, we adjust the provided phase data for the mirrors in the simulation well within the tolerances
by about a factor of 1.1, resulting in 16.5fs. The mirror data is provided in Fig. @

Analytical: SH spectra vs pressure

Experiment: SH Spectra vs Pressure
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Figure 33: Comparison between the analytical model (left plot) and the measurements in the experiment
(right plot) for krypton as the ambient gas medium. The right plot consists of the data obtained in

Experiment A (Section Fig. [37). We use Eq. (116), Eqs. (12I)-(127), as well as the coefficients

from tables[I]- 3] The white lines indicate the positions where the relative zeroth-order phase per pass is
Appass = n 2w with n integer.

input pulse duration of 56 fs, matching the experimental conditions of experiment A. The results
for Experiment A (Appendix C, Section 3A or in Section in this chapter) are shown in Fig.
in comparison to the calculated results using Krypton as the ambient gas. Furthermore, the results
of the experiment in air with the same pulse parameters are shown in Fig. We see a very good
correspondence between the calculated spectrograms using Eq. and the experimental traces.
The positions of the maxima are well reproduced and the spectra exhibit similar tilts at different
pressures p. At the same time, the number of minor maxima between the major (phase-matched)
maxima is defined by the number of passes N — 2 = 6, which can be seen in both, the analytical
and the experimental case. This oscillation is intruduced by the factor Eq. , as explained
in the previous section. On the other hand, some differences can be identified as well. First, the
shapes of the spectra are different, which is due to the fact that we use Gaussian beams in the
analytical traces, while in the experiment, the input spectra are based on SPM-modulated pulses.
Further, the relative height of the efficiency peaks in Fig. [33]is different as well. This difference can
be explained by saturation effects in the actual experiment. In the analytic equation, saturation is
not included due to the non-depleting pump approximation. In the experiment on the other hand,
depletion of the pump pulse leads to a reduced conversion from fundamental to the SH, such that
the highest efficiency maximum increases slower than the other maxima after some passes, leading
to a smaller deviation between them. And lastly, we observe SPM to a certain small degree in the
experiment, which is not included in Eq. .
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Figure 34: Comparison between the analytical model (left plot) and the measurements in the experiment
(right plot) for air as the ambient gas medium. The right plot consists of the data obtained in Experiment

A (Section Fig. . We use Eq. (116)), Eqgs. (121)-(127]), as well as the coefficients from tables |1} -

The white lines indicate the positions where the relative zeroth-order phase per pass is Agpass = n 27w
with n integer.

4.3.8 Expansion of the relative phase up to second order

In order to obtain an even broader conversion bandwidth into the second-harmonic, it may become
necessary to compensate for higher-order relative phase-mismatches, such as the GDD, which
describes the second-order dispersion. The phase terms in equation are now expanded up
to their second order in w. The first term is the crystal dispersion described by the relative
wavenumber Ak(w,w’) = k(W) + ki1(w — w’) — ka2(w). Here we expand each term individually
around their central frequency w, with p =1,2. Since we defined k,(w) = k, (@, + w), where @, is

the center frequency of fundamental (p = 1) or the second harmonic (p = 2), the expansions are

now
ki = ky (@1 +w) ~ B 4 6Mw 4+ %1{%2 (128)
by = ko (@ + w) ~ kS + EPw + %kgw (129)
o1 = o+ )~ o + oD+ Sl (130
P2 = (@2 +w) ~ o + P w + %w(f)cf (131)

Now expanding the relative wave-vector mismatch up to second order:

Akg(w,w") = k(W) + k1 (w — w') — ko (w) = (132)
1
~ AR + AR w + (k§2>w’2 +ED (w—w)? - kf)wz) (133)
1 1
= AR 4+ AKY w4+ £ + §k§2)w2 — kP ww’ — §k§2)w2 (134)

second order term Ak(?) (w,w’)
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The second order term cannot be rearranged such that w’ is canceled from the equation. And

analogously for the linear phase term

1
A + AN w + P’ + 290(2) 2 — P’ 590%2)W2 . (135)

second order term Ap () (w,w’)

We summarize the second order terms into

AP (w,w') = AP (w,w") Ler + Ap® (w,w') (136)

= (K Lor + 0P)” + 2 (2 Ler + 027 (137)

— (B L+ ! — 3 (7 Ler + 7)? (139)

= B+ 50 s? — P — oge? (139)

where gpfgot is the total accumulated GDD inside the MPC in one pass for the fundamental and

905220t for the SHG. In order to compensate for the GDD, we introduce a second-order mirror

dispersion Agol(\/?l) onto the SHG pulse, such that
2 1 (2 2 1 (@ 2
sag,t)ot + Spg t)ot 2 905 t)otww - 7@& t)ot(“)2 - A(P( Jw? =0 (140)
(2)

Since there is no non-trivial solution to find the coefficient ¢, we make the approximation that
w = w'. Then from the equation (140) it follows immediately that

2 2
A ~ 0P — ot (141)

so the mirror GDD to be compensated is approximately the difference between the GDD accumu-
lated by the fundamental beam in one pass and the GDD of the SHG pulse. By employing the
approximation w = w’, we neglect the effects that arise from the dispersion of the fundamental
pulse, thus treating the second-order relative phase term inside the convolution integral as if the

convolution was a simple multiplication in order to still be able to find an analytical solution.

4.3.9 Gouy phase contribution

In this whole section we did not consider the Gouy phase as a contributing term for the relative
phases up to the first order. We here calculate the contribution of the relative Gouy phase to the
SHG process up to first order in the frequency w. We show that this contribution can in practice
be neglected as a phase-mismatch term inside the crystal for most application scenarios of the
SHG-MPC.

We start with the definition of the Gouy phase, which is

2
¥(z) = arctan <Z> , 2R = ™% ; (142)
ZR A

where wy is the beam waist radius in the focus. Since the crystal is typically short compared to the
Rayleigh length L., < zr, we can replace the arctan with the first-order Taylor expansion, which is
just arctan(z) ~ z. Furthermore, expressing the wavelength A\ = 2mw¢y/w’, where w’ = @ +w and @

is the center frequency and then applying the Taylor expansion on the term 1/(0+w) ~ 1/0—w/w?



60

up to first order, the Gouy phase writes

z 2c0z 1 2c0z (1 w
U(z,w)m — = 3 = ks < - 2) . (143)
2R, wy W+ w wy \w W

The relative Gouy phase can now be calculated using AU (z,w) = ¥y (z,w' )+ (z,w—w')—¥s(z,w)

(see Eq. (80)), yielding

AT(z,w) = ATO L ATDy, = 26702<

2

3w
2 Rl ) . (144)

o 4@2

For example, inserting the experimental parameters z = L¢,, wg = 400 pm, A = 1030 nm and
W1 = 2mco /A results in a zeroth-order relative Gouy phase of A¥(®) ~ 0.19 mrad, which is negligibly
small. For the first order, we obtain AW ~ —8.1075 fs of group-delay, which is negligible as well.
We therefore conclude that the Gouy phase mismatch contribution within the interaction length

of the crystal is small and can be neglected.

4.3.10 Numerical model (34+1)D

The simulation model used in this work is mainly described by the Unidirectional Pulse Propagation
Equation (UPPE) [69]

P(ky, ky,w, 2)

0, E(kg, ky,w, 2) = iK,(ke, ky,w) E(kg, ky,w, 2) +iQ (kg ky,w) 9%
0

; (145)

where K (ks ky,w) = \/kQ(kx,ky,w) — k2 — k2 and k(ks, ky,w) = in(kx,ky, ). The propa-
gation equation is treated in a non-field resolved manner, where the rapidly oscillating center
frequency terms @ are multiplied out by E(@ + w) = E(w)e™* The wavenumber dependent re-
fractive index is calculated self-consistently according to reference [I61], giving rise to spatial
propagation effects in non-isotropic media, for example and most notably the spatial walk-off
of the second harmonic in the crystal [I61]. The nonlinear propagation coupling is defined as
Qkz, ky,w) = WM, where we make an isotropic approximation K (kz, ky,w) = k(w) (but
only in the nonlinear part, the dependency is kept in the linear part). The nonlinear polarization
Pyje(x,y,t, 2) for ordinary (o) and extraordinary (e) field is as usual solved in time-domain and
takes into account second-order x(?) effects as well as self-phase modulation (SPM). The nonlinear

polarization for the second-order nonlinearities is defined as [161]
Pose(w,y,t,2) = PS) (2,9, ,2) + P (2, .1, 2) (146)
SHG process

p e S5 g E.E.+ E.E*+ E,E*+ E.E 147
O_Z eo+ee+ €6+ oe+ ellp ( )

SHG process
P<2>—@( B.E, +2E,E*+ E.E*+ E.E +EE*) (148)
e - 4 o~o oHe eto et’o oo ’

where we indicate the nonlinear processes that are responsible for the SHG generation in BBO

with type I phase-matching. The pre-factors (coupling parameters) are ,/. = 2o now/‘ie(f;), with
the deg as the medium and its orientation dependent second-order response. The additional factor
of 1/4 in the above equations arises from the convention used to calculate the intensity from the
electric field I = incoeo|E|?, as opposed to I = 2ncoeg|E|* used in reference [I61] and by other

authors [26]. For an explanation of these convention differences, refer to the preface of reference
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[162].
The effect of SPM as a third-order polarization is modeled as

P()S/ZM(J;’ Y, 1, Z) = (1 - fR) Yo/e |Eo/e(x7 Y, 1, Z)|2 Eo/e(xa Y, t, Z) ’ (149)
with v,/ = %Egconi/engyo/e. The factor fr denotes the Raman fraction, taking values 0 < fg <1
[77]. It represents the fraction between the instantaneous electronic response and the delayed
molecular response with fg = 0 when no delayed response is present. In order to model the
delayed Raman-response (stimulated Raman scattering, SRS) of a medium, the additional third

order, time-delayed polarization term is introduced

P()S/P(:S(xayvtaz) = fR ,)/O/E/ R(t—t/)|Eo/e($,y7t/7z)|2dt/ Eo/e(xa:%tvz) ) (150)
0

which is the single damped oscillator model described in [77]. The response function R(t) is

modeled as such using

C I?/44+ A7

R(t) =~

exp(—T't/2)sin (At) , (151)
with A as the characteristic frequency of the Raman-oscillator and 1/I" the characteristic damping
time [77]. This model is used in the numerical simulations in Chapter [2| to model the Raman-
response of Air, in Chapter [3] for the Raman-response of fused silica and in this chapter to include
the nonlinear interaction when air is used as the ambient gas medium for dispersion compensation
(which typically is comparatively small).

We use an in-house developed code for the numerical evaluation of Eq. , which is solved
using a Fourier split-step method. The linear part is solved in the k-number and frequency domain
and the nonlinear part is solved in real space and time domain using the Runge-Kutta 4 (RK4)
method.

4.3.11 ABCD-formalism-based (14+1)D model

In addition to the (34+1)D model including all spatio-temporal effects, we use a (14+1)D model,
where the spatial domain is modeled using the Gaussian ABCD matrix formalism, additionally
taking into account Kerr lensing [122]. This hybrid approach enables fast numerical calculations of
MPC post-compression as well as the SHG-MPC by summarizing the two spatial variables x and
y into a simple ABCD-matrix based calculation, while capturing the same nonlinear effects of the
temporal and spatial domain as the (3+1)D model. The temporal and spatial domain is modeled

by equation [I45] but without the spatial coordinates

P(w, 2)

0, E(w, z) = ik,(w) F(w, z) +iQ(w) 200

; (152)

where k. = Zn(w) and Q(w) = % Again, nonlinear polarization P, /.(t, z) for ordinary (o) and
2 21

extraordinary (e) field is as usual solved in time-domain and takes into account second-order x (%)

effects as well as self-phase modulation (SPM). The nonlinear polarization for the second-order

nonlinearities is defined as [161]

Poyelt,z) = POt 2) + POt 2) (153)
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SHG process
K./O /—/H
P® = Z( 9E.E° + E.E.+ E.E*+ E,EI + EE) (154)

SHG process

(2) Re * * *
P® = Z( BB, +2E,E*+ E.E+ E.E,+ EOEO) 7 (155)

where we indicate the nonlinear processes that are responsible for the SHG generation in BBO

with type I phase-matching. The pre-factors (coupling parameters) are again r,/. = 2¢o n“’/dc(i )

with the deg as the medium and its orientation dependent second-order response. SPM is modeled

using
P (t,2) = Yoje [ Bose(t, 2) Eose(t, 2) (156)

. _ 1.2, .2
with v,/ = 2€0C0M, /eN2,0/c-

Similar to the 3D case, the delayed Raman response for molecular gases and solids is modeled

using
PSS (2) = e [ R — ) By, )AL Byt 2) | (157)

with
R(t) = w exp(—TI't/2)sin (At) . (158)

Finally, the spatial effects are modeled using the ABCD transfer matrices for translation My =
(L™} and focusing My = (_{,; 7). Kerr lensing is accounted for by calculating the Kerr-focal

length fxerr by [122]

7'("(1)4

=047 —— 159
fKerr PpeaandZ ) ( )
where Ppeak is the peak power. Kerr lensing is then incorporated by altering one propagation step

of a distance dz as

Mdz = Mdz/2 : MfKerr : MdZ/2 . (160)

4.4 Experiment and Simulation: Second-Harmonic in MPCs

To demonstrate the broadband SHG-MPC, we performed two experiments at a central wavelength
of 1030 nm using pulses with different durations and spectral bandwidths. In the first case, re-
ferred to as Experiment A, we frequency-double 50 pnJ, 63 fs pulses with a Fourier-transform limit
(FTL) of approximately 56 fs. This experiment yields a conversion efficiency of 72 %. In the sec-
ond case, Experiment B, we convert 15.3fs pulses to the second-harmonic with an FTL of 10fs,
with a measured efficiency of 47 %. In Experiment B, the generated SH pulses are additionally
compressed with chirped mirrors to a duration of 13.8fs. In both cases, the fundamental pulses are
first post-compressed in a conventional self-phase modulation (SPM)-based MPC post-compression
stage. The experimental results are furthermore compared to the simulations based on the model
described in Section 3101

Figure [35] illustrates the experimental setups used in both experiments. After spectral broad-
ening and compression, the fundamental pulses are directed to the SHG-MPC chamber, where the
beam is mode-matched and guided into the SHG-MPC. Prior to coupling into the SHG-MPC, the
beam passes through the first harmonic separator (HS). The SHG-MPC is composed of two curved

mirrors with a radius of curvature (ROC) of R = 1m and is set to N = 4 round-trips (8 passes)
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Figure 35: Experimental setup for both the long pulse (Exp A) and the short pulse (Exp B) exper-
iment. Two different laser systems with similar parameters are used. After spectral broadening and
post-compression, the pulses are sent into the chamber, where mode-matching and SHG in the SHG-MPC
is carried out. Two harmonic separators are used to fully filter out the remaining fundamental light. In
Exp B, the SH pulses are compressed using a chirped mirror compressor. The spectrum, M? and power
is analyzed subsequently. FROG measurements are additionally carried out in experiment B (Exp B).
Reprinted with permission from [6].

with an MPC length of L = 295mm. The mirror coatings are specifically designed to compen-
sate for a group delay (GD) of approximately —15fs between 1030 nm and 515 nm, corresponding
to the relative GD accumulated over a single pass through the MPC at a reference pressure of
500 mbar of air. The nonlinear crystals are two Beta-Barium Borate (5-BaB20O4, BBO) crystals
with thicknesses of L., = 78 pm and L., = 95 um. Both are cut for the type I phase-matching angle
of Opm = 23.4° and have no substrate. In this MPC configuration, the beam is weakly focused,
resulting in rather small beam sizes of 385 pym beam radius on the mirrors and 340 pm waist radius
in the focus. The BBO crystal is mounted in a way that the actual incidence angle 6 can be ad-
justed according to 6 = 0y, == A, where Af denotes the detuning from the phase-matching angle.
After 8 passes through the SHG-MPC and the crystal, both the fundamental and SHG beams are
coupled out. The fundamental field is then filtered by two harmonic separators to ensure a pure
SHG output field.

Measurements are carried out using both air (Experiments A and B) and krypton (A only). To
generate spectrograms such as those shown in Fig. 27] the gas pressure in the chamber is scanned
from approximately 50 mbar up to 1 bar. By examining the tilt of the spectra at the maxima of the
spectrograms, we can determine whether the relative group delay (GD) is matched and adjust the
angle 6 so that the spectrum at one of the maxima appears vertical. To satisfy both phase- and
GD-matching conditions, the pressure is then tuned to this vertical maximum. The SHG beam
is subsequently analyzed using the diagnostics. In Experiment B the SHG pulse is additionally

compressed with a pair of chirped mirrors providing an average dispersion of —40 fs® per reflection.

A. Long Pulse Conversion

In Experiment A, we use post-compressed pulses with a pulse duration of 63 fs and an FTL of 56 fs.
The pulse energy is attenuated to 50 1J, and the repetition rate is set to 4kHz. Here, we use the
shorter BBO crystal with a thickness of L., = 78 pm. By simultaneously recording the spectrum

and output power while scanning the pressure in the chamber, we obtain spectrograms together
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with the measured conversion efficiency, as shown in Fig. 27 We use both air and Krypton as
the ambient gas medium in the SHG-MPC. While air is more practical since it is always available,

Krypton allows more phase-matching peaks to be resolved due to its stronger dispersion. Figure

a ) b ) .
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Figure 36: Measurement results of the long pulse experiment. (a) Spectrograms recorded as a function
of gas pressure (here: Krypton) and the corresponding measured efficiencies. here, the green dashed line
indicates the highest efficiency at around 315 mbar. (b) Measured input and output pulses in temporal and
spectral domain. In this experiment the SH pulses are not compressed, thus the FTL pulses are plotted.
The simulated spectrum is in very good agreement with the measurement. Reprinted with permission from
[6].

shows the experimental results for Krypton. In Fig. a), the pressure-scan spectrogram is
presented together with the corresponding measured efficiency. In Fig. b), the fundamental and
SH pulses at the highest efficiency are shown in both the temporal and spectral domains. Since the
SH pulses were not compressed in this case, the FTL pulse is plotted together with the measured
input fundamental pulse. In both gases, the bandwidth of the resulting SH pulses around 515 nm
supports an FTL of 31.5fs. We measure a maximum conversion efficiency of 72 % at a pressure of
p = 315mbar. The beam quality of the SH pulses is excellent, with M? = 1 on both axes. The
simulated spectrum in Fig. is in excellent agreement with the experimental data.

In the spectrogram shown in Fig. a), the dispersive properties of the SHG-MPC are clearly
observable. The four visible main peaks are separated by approximately 205 mbar, which corre-
sponds to a relative phase shift of 2 between the 1030 nm fundamental field and the 515 nm SHG
field for the given MPC length of about 29.5 cm. For pressures below 315 mbar, the spectra appear
tilted to the left, indicating an anomalous (negative) group-delay dispersion regime for a single
pass, in which the group velocity of the 1030 nm pulse is slower than that of the 515 nm pulse. On
the other hand, for pressures above 315 mbar, the spectra are tilted to the right, indicating a nor-
mal dispersive regime. At 315 mbar, where both group velocities are equal, the highest efficiency
of 72 % as well as the largest bandwidth among the main peaks is achieved. At this pressure, both
phase and group delay are matched. The resulting pulses at 315 mbar are shown in Fig. b).

The spectrogram also exhibits several minima and local minor maxima between the two main
efficiency maxima. Both are determined by the number of passes Npass, where the number of
minima is Npass — 1 and the number of minor maxima is Npass — 2. The efficiency minima occur
at points where A¢pass = 1 - 2 /Npass With n =1,..., Npaes — 1. A more detailed explanation can
be found in Supplementary Section 4.3

Based on the simulation model described in Section [£:3.10, we further conduct simulations
mimicking the experimental conditions. Figures [37] and [38] show the simulated spectrograms and
efficiencies for krypton and air, which are used as the ambient gases in the gas cell. Figures[37)and

present a comparison between experiment and simulation for a BBO crystal with a thickness
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Figure 37: Experimental (left) and simulated (right) spectrograms for experiment A (section 3A in the
main manuscript) using Krypton as the ambient gas for 63 fs, 50 nJ fundamental pulses. The data for the
input pulse is retrieved from FROG measurements. Reprinted with permission from [6].
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Figure 38: Experimental (left) and simulated (right) spectrograms for experiment A, but with air as the
ambient gas (not shown in the main manuscript) for 63 fs, 50 pnJ fundamental pulses as the input. The
data for the input pulse is retrieved from FROG measurements. Reprinted with permission from [6].

of 78 um. In both datasets, the input pulses have a central wavelength of 1030 nm, a duration of
63 fs, and an energy of 5011J. These pulses correspond to retrieved pulse profiles obtained from
FROG measurements (Fig. [36)(b), which are used as input for the simulations. The simulations
additionally include the wavelength-dependent phase and reflectivity characteristics of the mirrors,
provided by LAYERTECH GmbH (for the mirror data, see Appendix C). The BBO crystal angle
relative to the optical axis is set to # = 24°, and the gas pressure is varied between approximately
60 mbar and 900 mbar. In both cases, excellent agreement between simulation and experiment
is observed in the spectrograms as well as in the spectra. The measured second-harmonic (SH)
spectrum supports a Fourier-transform-limited (FTL) pulse duration of 31.5 fs, which is in exact
agreement with the value obtained from the simulated SH spectrum. We furthermore incorporate
an estimated anti-reflective (AR) coating loss of (1%) for both fields. The simulations yield a
maximum efficiency of 71 % for both gases, which is very close to the measured maximum efficiency

of (712%).

B. Short Pulse Conversion

In Experiment B, we use post-compressed pulses with a pulse duration of 15.4 fs, an FTL of 14.5fs,
and a pulse energy of 20nJ. The post-compressed laser system is the one developed by Siletti
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et al. [IT2]. The repetition rate of the system can be adjusted and is set to 5kHz. Here, we
use air as the dispersive medium in the SHG-MPC, which results in fewer phase-matched peaks
due to the lower dispersion of air compared to krypton. We further replace the crystal with a

slightly longer one of thickness L., = 95num. The results are shown in Fig. In the recorded
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Figure 39: Measurement results of the short pulse experiment (experiment B). (a) Spectrograms recorded
as a function of gas pressure (here: air) and the corresponding measured efficiencies. Here, the green
dashed line indicates the highest efficiency at around 490 mbar. (b) Measured input and output pulses in
temporal and spectral domain. The simulated spectrum agrees well with the experiment. Reprinted with
permission from [6].

spectrograms in Fig. B9 we observe a global maximum at around 490 mbar. We further observe
spectra that appear curved, effectively reducing the bandwidth and efficiency of the SHG process.
The curvature of the spectra results from higher-order relative phases, with the main contribution
arising from the relative group-delay dispersion (GDD) between the fundamental and SH fields.
The GDD, and higher-order terms, originate from both the phase characteristics of the mirror
coatings and the dispersion of the materials in the MPC. In the experiment, we could not account
for these contributions. The efficiency maxima exhibit a double-peak structure, which we are not
able to reproduce in the simulations (Fig. S3), while the overall shape of the spectra matches very
well with the experiments.

After setting the pressure to the maximum efficiency, we compress the pulse using a pair of
chirped mirrors. The pulses are characterized by frequency-resolved optical gating (FROG), from
which we retrieve a pulse duration of 13.8fs and a conversion efficiency of 47 %. This efficiency
is measured before the chirped-mirror compressor. The total compressor transmission amounts
to 93.4%, and could still be improved by using chirped mirrors with higher reflectivity. Here,
the bandwidth measured with the spectrometer supports a pulse duration of 10fs, whereas the
spectrum retrieved from the FROG measurement yields an FTL of 12.6fs. We attribute this
discrepancy to the limited bandwidth of the SHG crystal in the FROG setup, which reduces the
measured spectral width. Similarly to the spectrometer-measured FTL, the simulated FTL is also
10 fs, confirming the observation of a narrowed spectrum in the FROG measurement. When SPM
is suppressed in the simulations, the resulting FTL decreases to 11.5fs; again indicating that SPM
plays only a minor role in the generation process. The beam quality of the SH pulse is slightly
lower than for the longer pulse, with M? = 1.3 on both axes, compared to a fundamental input
beam quality of M? =1.2.

We again conduct simulations for the short pulse experiment. Figure[d0]shows the experimental
and simulated spectrograms for experiment B (see Section 3B of the main manuscript), using air
as the ambient gas medium and fundamental input pulses at 1030 nm with a duration of 15.4fs

and an energy of 2011J. These input pulses were characterized using FROG measurements (Fig.
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Figure 40: Experimental (left) and simulated (right) spectrograms for experiment B using air as the
ambient gas for 15.4fs, 20 pm input fundamental pulses. The data for the input pulse is retrieved from
FROG measurements. Reprinted with permission from [6].

and used as input for the simulations. In this simulation, the BBO crystal thickness was
increased to 95um and the 6 angle is set to 23.2°. The overall spectral shape, as well as the
positions of the spectral and efficiency maxima, are well reproduced. Furthermore, the measured
and simulated SH spectra show good agreement, with both supporting a FTL pulse duration of
10fs. As discussed in the main manuscript, the spectra retrieved from the FROG measurements
exhibit a reduced bandwidth. This narrowing can be attributed to the limited phase-matching
bandwidth of the BBO crystal used in the FROG setup. The narrowed retrieved FROG spectrum
is plotted in Fig. In this simulation we apply an estimated AR-coating loss of 2% for each
field, which results in a maximum conversion efficiency of about 53%, which is reasonably close
to the measured efficiency of 47%. The spectrograms show one noticeable differences between
experiment and simulation, namely the double peak structure of the efficiencies and spectra in Fig.

40a). This feature can be reproduced in simulations when a realistic MPC geometry with a round
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Figure 41: Simulated spectrograms and efficiencies including a 6 variation of about +0.4°, emulating the
realistic experimental conditions. The SHG-MPC configuration in this simulation follows the experimental
conditions of experiment B.

beam pattern is implemented into the simulation. In particular, a round beam pattern causes
a variation in the critical angle 6, changing the dispersion properties in each pass through the
SHG-MPC. According to simulations, e.g. in Fig. this can lead to additional, weaker efficiency
maxima to appear. However, for € variations < +0.5°, which is the situation in this experiment,

the efficiency and bandwidth do not reduce significantly compared to no 6 variations, according to
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the simulations. The topic of avoiding the 6 variation will be discussed in the next section.

4.5 Discussion

In the preceding sections, we introduced the concept of the second-harmonic multi-pass cell (SHG-
MPC), developed an analytical description of the underlying nonlinear interaction, and demon-
strated its performance experimentally and numerically for both long and ultrashort pulses. The
results show that the SHG-MPC enables simultaneous control over phase and group-delay match-
ing, thereby overcoming key limitations of conventional single-pass SHG schemes in terms of band-
width and conversion efficiency. In particular, the agreement between experiment and simulation
confirms the validity of the proposed model and highlights the role of the MPC geometry as a
flexible platform for dispersion management in second-order nonlinear frequency conversion. In
the following, we discuss the implications of these findings, the remaining limitations of the present
implementation, and possible directions for further improvement and extension of the SHG-MPC

concept.

4.5.1 Overview of previous SHG works

In the broader context of previous work on second-harmonic generation, we benchmark our exper-
imental results against earlier publications on SHG. Figure [I2] shows a collection of data found in
the literature on SHG, plotted over the Fourier-transform-limited (FTL) bandwidth and the effi-
ciency of the generation process [153] [155], [163HI8T]. In this overview plot, many of the published
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Figure 42: Overview of various works on second-harmonic generation (SHG), relating efficiency to the
fundamental (red dots) input and SHG output (green squares) bandwidths, here expressed as the full-width
half-maximum (FWHM) of the Fourier-transform limited (FTL) pulses. The green triangle indicates the
efficiency after compression of the SH pulse. The gray markers indicate flat-top or non-Gaussian beam
systems. {The FTL was calculated using the spectral bandwidth provided in the reference. *The pulse
duration was used, since the reference did not provide the FTL or bandwidth. © No FTL, bandwidth or
pulse duration of the SH pulse provided. Reprinted and modified with permission from [6].

results for SHG accumulate in the area marked in light blue. [7] The results from the SHG-MPC

"The outliers (marked in gray in the plots) are laser systems using non-Gaussian beams, such as e.g. flat-top
beams, for mostly high energy pulses around of exceeding Joule level, avoiding effects such as spatial walk-off and
even more important spatial hole-burning, where the fundamental beam is depleted locally where the intensity is
highest.
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Figure 43: Simulations of energy-scaled SHG-MPCs. Here we use the measured spectrum (FROG) of
the fundamental pulse, as it is used in Section (a) Upper plot: Simulated spectra and of three
different pulse energies (11J, 50 1nJ, 1 mJ) of the fundamental pulse, as well as the fundamental spectrum.
Lower plot: simulated evolution of the efficiency per pass. (b) Comparison of the MPC mode-sizes of
the fundamental beam (1030 nm). Here the MPC geometries are configured such that the maximum peak
intensity in the crystal is around 600 GW cm~2. The crystal length is kept at 100 pm for each simulation.
Reprinted with permission from [6].

appear outside of the blue area, indicating an improved bandwidth- and efficiency performance
compared to the other works. Furthermore, a main characteristic of MPC-generated SHG exhibits
high beam quality and pulse contrast, as we showed in the experiment. The good beam quality
can be explained by two main features of MPCs, the first being the re-entrance of the crystal from
opposite sides, effectively "flipping” and compensating the spatial beam walk-off. The second a
characteristic of nonlinear propagation in MPCs, where at each pass through the MPC the beam is
not fully re-imaged at the same spot, leading to a mixing of the spatial phase, especially when non-
linear effects are present [3I]. On the other hand, the high pulse quality can be simply explained
by the fine-tunability of the relative GD, avoiding temporal walk-off between the fundamental and
second harmonic pulse, which typically causes ca complicated temporal shape and spectral phase

of the resulting second-harmonic field [182].

4.5.2 Pulse energy-scaling of the SHG-MPC

An important aspect of any novel system in the field of ultrafast lasers is its pulse energy-scalability.
In Chapter [2] pulse energy scaling of MPC-based post-compression systems are discussed in detail.
Similarly, we discuss here the potential of pulse energy up- and down-scaling of the SHG-MPC, in
order to make it applicable to a wide range of laser systems. Thus, we discuss two scenarios, each
with three different pulse energies and provide simulations for validation. In the first scenario,
we choose the same input pulse shape as in experiment A in Section In Experiment A we
use long pulses with 63 fs pulse duration and a pulse energy of 50nJ. We numerically analyze
SHG for pulses with 11J, 50ppJ and 1mJ pulse energy. The important parameter that needs to
be kept constant is the peak intensity inside the crystal, which we determine to stay at about
Ipeak ~ 600 GW/cm?. In this case, typically a moderate amount of passes (typically 6-12) is
sufficient to reach saturation. Figure [£3] shows the three cases and the results of the simulations.
The spectra in Fig. a) are virtually invariant to this type of scaling, therefore reaching the same
bandwidth performance. In the efficiency plot in Fig. a), in all scenarios the same efficiency
of >70% is reached, including the 1% losses implemented in the simulation per pass and field.
The design of the MPC should always be done with respect to the mode-size in the center of the
MPC, where the crystal is typically located, such that the peak intensity of Ipeax ~ 600 GW /cm?
is roughly kept constant. Example mode-shapes are illustrated in Fig. b). Similar mode-sizes

can be achieved in various ways, for example by different geometries such as a convex-concave
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Figure 44: Simulated spectrogram traces and efficiencies for a 7fs Gaussian pulse input using a 100 pm
BBO crystal and air as the ambient gas. (a) GD compensated, but GDD uncompensated. (b) Both GD
and GDD compensated using formulas Eq. and Eq. (161). Reprinted with permission from [6].

MPC (cx-cv MPC) [47] as discussed in Section The cx-cv MPC is especially useful to go to
high energies, as the mode-size can be large, while the MPC can be tuned arbitrarily short [47].
In the second scenario, we analyze energy-scaling for a short pulse as described experiment B,

Section [4.4] We use the same input for the fundamental pulse as shown in Fig. 39

4.5.3 Pulse duration down-scaling and GDD compensation

So far, we focused on compensating both the relative phase and GD of the fundamental and
second-harmonic fields. While this is typically enough for pulses around 15fs pulse duration, as
we demonstrate in our experiments, pulses shorter than this can be strongly affected by higher-
order phase-mismatch. The next order in line is the second order phase (commonly referred to as
group-delay-dispersion, GDD), which can decrease the resulting bandwidth and efficiency of the
SHG process. The same way as the first-order relative phase-mismatch (GD) is compensated by
the mirrors according to Eq. , we write the relative GDD that is required to be compensated
per pass by the mirrors according to Eq. as

Ap m = (A2 (Bpm) + AP prer)) (161)

where A(pg) (Bpm) and Agoga)s (pret) is the accumulated GDD in the crystal and the gas respectively,
at phase-matching angle 6,,, and reference pressure prcs. Here, the GDD can only be compensated
approximately, since the intra-pulse dispersion of the fundamental pulse is neglected, as discussed
in Section [£:3.8] However, using this formula, we run simulations for a two-cycle 1030 nm, 7fs
input pulse and compare the case with and without GDD compensation. Here the simulations
are idealized, using Gaussian pulses and mirrors that compensate 15 fs of relative GD and about
12£s? of relative GDD. Figureshows the results of this calculation. In the GDD uncompensated
case, a clear curvature of the major maxima are observable, leading to a lowered efficiency and
bandwidth. On the other hand, the GDD compensated spectrograms exhibit a major maximum at
about 500 mbar of air which has almost no curvature except at the edges, resulting in an increased
efficiency and bandwidth. While such an optical coating, compensating for GD and GDD at the
same time may be challenging to manufacture, GDD compensation can significantly benefit the
SHG-MPC scheme for short pulse durations.
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Figure 45: Optimized MPC geometry for an SHG-MPC with a uniaxial crystal, e.g. BBO. The required
polarization of the fundamental (red) and SH beam (green) are indicated with arrows. Crosses indicate
a polarization vector that points into the plane of the document. (a) A round pattern, typically used in
standard MPC configurations versus a linear pattern. (b) View from top of and MPC with linear pattern.
From this perspective, the linear and round pattern look the same. (c) View from the side. The beam
pattern in a linear pattern looks like a line. Here the SH polarization is in the extraordinary direction.
Reprinted with permission from [6].
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4.5.4 Geometry considerations for uniaxial crystals

A challenge that can arise in MPCs is that the round beam-pattern geometry may introduce
relatively large incidence angles on the crystal, thereby altering the propagation direction of the
beams and, consequently, the dispersion relations in a non-isotropic crystal. This issue can be
avoided by applying two modifications. First, the beam geometry is switched to a linear pattern,
as shown in Fig. 45[a)-(c). Second, uniaxial crystals — for instance BBO — are used, with the beam
pattern oriented such that the angular variation occurs only along the ¢-axis, while the #-axis,
along which the extraordinary SH field propagates, remains unchanged for each pass. Here, the
angle # again refers to the angle of the k-vector to the optical axis z of the crystal and ¢ is the
angle relative to the xz plane [I83] [I84]. Figure [45| illustrates this type of setup. Figure [45(a)
shows how, similar to the case of the Bow-Tie MPC (Fig. [§) or CMPC (Fig. [J), the beam pattern
can simply be aligned into a line in the horizontal axis, while assuring that the fundamental field
is polarized in the horizontal plane as well. In this way, the beam propagation direction (E—vector)
only varies in the horizontal (x) axis. Looking from the top onto the SHG-MPC, the crystal is
oriented such that this angle variation happens in the ordinary zy-plane of the crystal, hence not
changing the dispersive properties of the fundamental and second-harmonic field. In the side view
in Fig. now one can see that the angle 6, which is a crucial tuning parameter in the SHG-
MPC scheme, can be freely tuned to homogeneously tune the relative phases of both fields, by
changing the extraordinary propagation axis, in which the second-harmonic field propagates. In
this way, all relevant parameters can be controlled precisely without any distorting effects arising

from variations in propagation angle.

4.5.5 Mode-matching of the second-harmonic

When operating any type of MPC, mode matching is a crucial prerequisite for achieving stable
and controlled performance as well as reproducible results [3I]. By using a suitable arrangement
of optical elements before coupling into the MPC, the beam caustic will reproduce itself at each
pass, if the beam is matched to the eigenmode of the cell. This also applies to the SHG-MPC,
where the fundamental beam is mode-matched before the MPC setup. It is however not directly
obvious that the generated second-harmonic beam is automatically mode-matched as well. Here we
perform simulations using the full (3+1)D model described in in order to resolve the spatial
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properties of the beam. We use the exact same simulations as we performed for the experiment B
(Section [4.4). We extract the 1/e? beam size at each propagation step using the python package
laserbeamsize by Scott Prahl [185]. Figure 46| shows the beam radius of both fundamental and
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Figure 46: Simulated 1/e® beam radii of the fundamental and second-harmonic beam, plotted along the
propagation length. The x-axis indicates the positions of the crystal interaction. Reprinted with permission
from [6].

second-harmonic within the full propagation in the MPC. It clearly shows that both beams are
reproducing very well at each pass. The second-harmonic beam caustic follows the fundamental
beam, and the beam size is about 1/ v/2 smaller than the fundamental beam size, which is the
typical behaviour for low-order, perturbative harmonic generation [26] [I86]. This can be explained
as follows: in the generation process, the generated harmonic field follows the spatial phase of the
fundamental, where in the picture of Gaussian beams, the harmonic possesses the same curvature
Rpn of the wavefronts as the fundamental beam [26]. Mode-matching occurs when Ry, matches
with the curvature of the MPC mirrors [I87]. With the radius of curvature of a Gaussian wavefront
Ron = 2(1 4 2%) and zg = mw/\ the Rayleigh length, setting

Ry, =Ry & z(1+ %) =z(1+4 %) =  ZR1 = ZR2 (162)
and with zrp, = wwgp /Ap, p = 1,2 for fundamental and second-harmonic respectively, it follows
with A\ = 2\y that wg, = ﬁwog, meaning that the waist of the second-harmonic is V2 times
smaller than the fundamental. Typically in standard single-pass SHG, this is approximately valid
for the regime of low conversion, where the fundamental beam does not deplete locally too much.
However, interestingly, in the SHG-MPC, our findings suggest that this is still valid for high
conversion efficiency. Therefore, the quasi-waveguide properties of MPCs, and specifically the
SHG-MPC lead to clean beams with high quality wavefronts, avoiding local depletion and hole-
burning in the fundamental beam.

Another implication of these findings is that the ABCD-formalism-based (1+1)D simulations as
described in Section are indeed a very good approximation to the (34+1)D problem, because
the spatial properties can be modeled as Gaussian throughout the whole propagation through the
MPC.

4.6 Conclusion

In this work, we demonstrated efficient second-harmonic generation in a multi-pass cell (MPC) and
showed that this geometry offers a versatile way to improve both the efficiency and bandwidth of
second-order nonlinear frequency conversion. By combining a thin nonlinear crystal with dispersive
propagation in the MPC, as well as GD-compensating mirrors, the relative phase and group delay

between the fundamental and second-harmonic fields can be tuned simultaneously, enabling efficient
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broadband conversion. We developed an analytical model for SHG in the MPC under the non-
depleting-pump approximation, which captures the main features of the process and explains the
observed pressure-dependent spectrograms. The model shows how the crystal phase-matching,
gas dispersion, and mirror dispersion together determine the conversion behavior, and it also
indicates how higher-order dispersion becomes relevant for few-cycle pulses. Experimentally, we
realized an SHG-MPC based on a free-standing BBO crystal and a symmetric two-mirror cavity.
For 63fs, 1030nm pulses, we achieved 72 % conversion efficiency and generated SH pulses with
31.5fs Fourier-transform-limited duration. For shorter 15.4 fs pulses, we obtained 47 % conversion
efficiency and SH pulses supporting durations down to 10fs. In both experiments, the SH output
exhibited excellent beam quality and good agreement with numerical simulations. We further
demonstrate numerically that the capabilities of the SHG-MPC can be further extended towards
few-cycle pulses, as well as pulse energies ranging from the microjoule- up to the millijoule range,
enabling the applicability of the SHG-MPC to a wide range of laser systems.

These results show that MPCs are a powerful platform for broadband and efficient second-order
nonlinear processes, and they may also be extended to other applications such as sum-frequency

generation and optical parametric amplification.
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5 Conclusion

Multi-pass cells (MPCs) have evolved from a specialized tool for spectral broadening into a broadly
applicable platform for nonlinear ultrafast optics. The central idea underlying all of the work pre-
sented in this thesis is that repeated free-space interaction with a nonlinear medium, combined
with precise control of the temporal/spectral phase and the nonlinear interaction, allows for tai-
loring light-matter interaction in ways that are difficult or impossible to realize in conventional
single-pass systems. Across the three main topics of this thesis — energy scaling of MPC-based
post-compression, post-compression of nanosecond pulses from Q-switched lasers, and broadband
second-harmonic generation in an MPC — the results demonstrate that MPCs are a highly versatile
technology for scalable nonlinear photonics.

A first major theme of this work was the question of how pulse energy in MPC-based post-
compression schemes can be increased while preserving compactness, efficiency and the beam- and
pulse quality of the output light. The analysis showed that energy scaling can be pursued along
several complementary routes: by increasing the physical size of the setup, by modifying the input
beam or pulse structure, or by altering the MPC geometry itself. In particular, the compact folded
MPC (CMPC) was developed as a practical solution that combines high energy acceptance with a
small footprint and stable operation. The CMPC demonstrates that changing the MPC geometry
and folding the propagation path of the beam can strongly reduce the required footprint of the setup
without sacrificing the desirable properties of standard MPC post-compression. Together with the
discussion of Laguerre-Gauss-mode scaling, divided-pulse scaling, the 4f-MPC, convex-concave
MPCs, and bow-tie MPCs, this chapter established a broader design landscape for energy-scalable
MPC techniques. The main conclusion is that there is no unique optimum approach; rather,
the suitable design depends on the target pulse energy, pulse duration, compression factor and
setup size restrictions. Since each technique imposes different trade-offs, a careful analysis of the
requirements should precede the decision for a certain approach.

The second major topic was the extension of MPC post-compression to a much longer-pulse
regime, namely nanosecond pulses from Q-switched lasers. This work showed that the MPC concept
can be transferred into a regime that is fundamentally different from conventional, mode-locked
ultrafast laser technology. In the nanosecond MPC (nMPC), spectral broadening via self-phase
modulation can be used to bridge the large temporal gap between compact and simple Q-switched
sources and mode-locked ultrafast lasers. The proof-of-principle experiment demonstrated post-
compression from the nanosecond to the picosecond regime with millijoule-level pulse energies,
confirming that MPC-based broadening is not limited to the femtosecond domain and to mode-
locked lasers. At the same time, the analysis identified the main challenges that must be addressed
to make the nMPC concept truly scalable: longitudinal-mode beating, stimulated Brillouin scat-
tering, stimulated Raman scattering, and quasi-phase-matched four-wave mixing. A central insight
of this part of the thesis is that these limitations are not fundamental obstacles, but problems that
can in principle be mitigated through improved cavity design, mode cleaning, monolithic all-bulk
implementations, and specifically designed mirror coatings. This makes the nMPC a promising
route toward compact, cost-efficient, and simple sources of picosecond and potentially even shorter
pulses.

The third major topic was the use of MPCs for second-harmonic generation. Here, the MPC is
no longer used primarily as a spectral broadening device, but as a tool to control phase and group
delay between the fundamental and the generated harmonic. The SHG-MPC concept demonstrated
that a thin nonlinear crystal can be placed inside a dispersive multi-pass environment such that
both phase matching and group-delay matching are simultaneously optimized. The discussion even
extends the phase-matching capabilities towards higher-order phase-mismatches, such as the GDD,

enabling even more broadband and efficient wavelength conversion. This enabled high conversion
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efficiency together with broad spectral support and excellent beam quality, overcoming the clas-
sic trade-off between efficiency and bandwidth encountered in conventional single-pass SHG. The
theoretical treatment developed in this thesis provides an analytical framework for understanding
the multi-pass enhancement of SHG and for interpreting the observed pressure-dependent spec-
trograms. The experimental results, together with the numerical simulations, confirm that MPCs
can be used not only for third-order nonlinear processes such as spectral broadening, but also for
highly efficient, phase-matching-dependent second-order frequency conversion. This broadens the
scope of MPC applications from post-compression systems of ultrafast lasers to platforms for non-
linear optical processes. Taken together, the results of this thesis show that MPCs offer a flexible
framework for nonlinear optical pulse manipulation.

In conclusion, this thesis demonstrates that multi-pass cells are a powerful and adaptable plat-
form for nonlinear ultrafast optics. By exploiting different cell geometries, phase- and amplitude
shaping abilities and controlled nonlinear propagation in a variety of materials, MPCs can be
engineered to meet very different scientific and technological requirements. The work presented
here establishes energy-scalable post-compression, nanosecond pulse shortening, and broadband
second-harmonic generation as three manifestations of the same underlying principle: that re-
peated nonlinear interaction in a free-space geometry can enable new ways of realizing nonlinear

optics, making MPCs an important tool for ultrafast science and technology.
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Combining high peak power and high average power has long been a key challenge of ultrafast laser technology,
crucial for applications such as laser-plasma acceleration and strong-field physics. A promising solution lies in
post-compressed ytterbium lasers, but scaling these to high pulse energies presents a major bottleneck. Post-com-
pression techniques, particularly Herriott-type multi-pass cells (MPCs), have enabled large peak power boosts at
high average powers but their pulse energy acceptance reaches practical limits defined by setup size and coating
damage threshold. In this work, we address this challenge and demonstrate, to our knowledge, a novel type of
compact, energy-scalable MPC (CMPC). By employing a novel MPC configuration and folding the beam path,
the CMPC introduces a new degree of freedom for downsizing the setup length, enabling compact setups even for
large pulse energies. We experimentally and numerically verify the CMPC approach, demonstrating post-com-
pression of 8 m] pulses from 1 ps down to 51 fs in atmospheric air using a cell roughly 45 cm in length at low
fluence values. Additionally, we discuss the potential for energy scaling up to 200 mJ with a setup size reaching
2.5 m. Our work presents a new approach to high-energy post-compression, with up-scaling potential far beyond
the demonstrated parameters. This opens new routes for achieving the high peak and average powers necessary for
demanding applications of ultrafast lasers.

Published by Chinese Laser Press under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work
must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
https://doi.org/10.1364/PRJ.540977
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1. INTRODUCTION

Ultrafast laser technology has experienced immense progress
within recent years. Ultrashort, high-peak-power lasers are used
in a vast range of applications, including attosecond science and
high-harmonic generation [1-4], laser-plasma acceleration
[5,6], or high-field science including laser-based nuclear fusion
[7]. However, developing a laser source that is simultaneously
average and peak power scalable remains a major challenge.
The invention of mode-locked solid-state laser technology, in
particular titanium-doped sapphire (Ti:Sa) lasers in combination
with chirped-pulse amplification (CPA), enabled ultrashort, few-
cycle pulses with unprecedented pulse energy [8-10]. Nowadays,
peak powers exceeding the terawatt regime are routinely em-
ployed [9]. While excelling in peak power performance, Ti:Sa

amplifiers are commonly constrained in average power to a

2327-9125/25/030761-11 Journal © 2025 Chinese Laser Press

few tens of watts, which can be attributed to their large quantum
defect [11]. As an alternative to laser amplification in active gain
media, optical parametric processes can be employed.
In particular optical parametric chirped-pulse amplifiers
(OPCPAs) offer broad bandwidths supporting few-cycle pulses
and simultaneously high average powers [10,12]. However,
OPCPA systems suffer from low pump-to-signal efficiencies typ-
ically around 10%-20% for pulses in the range of 10s of femto-
seconds (fs) [13]. Ulcrafast ytterbium (Yb)-based laser
architectures on the other hand provide excellent average power
scalability exceeding 10 kW [14], but pulse durations limited to
100s of femtoseconds up to about 1 picosecond (ps). Combining
Yb lasers with efficient post-compression methods supporting
large (>10) compression factors and high pulse energies can offer
an excellent solution to the power scaling challenge.
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In recent years, a number of post-compression techniques
have been developed, mostly relying on self-phase modulation
(SPM) as the nonlinear process for spectral broadening [15].
In particular, gas-based technologies provide excellent tools for
post-compression of high-power lasers. Example systems rely
on gas-filled hollow-core fibers (HCF) [16-18], cascaded focus
and compression (CASCADE) [19], white-light filaments [20],
as well as Herriott-type multi-pass cells (MPCs) [15,21-23]. In
HCFs, post-compression of 70 m] 220 fs pulses down to 30 fs
has been demonstrated in a 3 m long fiber [24]. Post-compres-
sion of very high pulse energies in the multiple Joule range has
been achieved via thin-film spectral broadening techniques.
However, typical compression factors lie in the range of only
two to five [25,26]. Similar to HCFs, MPCs enable large com-
pression factors reaching 10-20 or more while supporting a wide
range of pulse energies. In addition, MPCs support high average
powers [27] and outperform HCFs in system footprint especially
for large compression factors [15]. The maximum attainable en-
ergy acceptance in a standard, two-mirror MPC is directly pro-
portional to its size [15,28]. A record of 200 m] has been
achieved in a 10 m long MPC setup [29]. Further energy
up-scaling leads to MPC sizes that are impractical for standard
laboratory settings. The development of a highly efficient post-
compression method supporting large compression factors and
high pulse energies thus remains a key challenge.

We here introduce a new MPC type, the compact MPC
(CMPC), which possesses a weakly focused fundamental mode
as well as a linear beam pattern on the focusing mirrors. This
geometry allows us to fold the beams inside the MPC using two
additional planar mirrors, thus introducing a new energy scal-
ing parameter, the folding ratio I'. The CMPC in principle al-
lows for an arbitrary amount of folding and thus, very compact
setup sizes while sharing key properties of standard MPCs such
as high average power support, excellent beam quality, and ef-
ficiency. We experimentally demonstrate spectral broadening of
1030 nm, 8 mJ, 1 ps pulses in a CMPC in atmospheric air
using a setup with an effective length of around 45 cm. We
keep the maximum mirror fluence at a moderate level of
around 170 mJ/cm? and demonstrate compressibility of
1 ps input pulses down to 51 fs with an MPC throughput

reaching 89% while maintaining excellent spatio-temporal
pulse characteristics.

2. CONCEPT

Most MPCs demonstrated for post-compression to date rely on
two identical concave mirrors, resembling the most basic optical
cavity arrangement. However, more complex designs employing
a convex mirror and a concave mirror [30,31] or even multiple
additional mirrors can provide advantageous mode-forming
capabilities. MPCs with more than two mirrors have been pro-
posed in previous works focusing on energy scaling of MPCs
[31,32]. Other energy scaling methods that do not rely on mod-
ifications on the MPC geometry include divided pulse nonlinear
post-compression [33,34], or using higher-order Laguerre beams
to decrease the fluence on the mirrors [35]. These techniques can
be combined with geometrical scaling methods. With the
CMPC we demonstrate a new geometrical approach. The con-
cept of the CMPC is based on a weakly focused beam and fold-
ing of the beam path via multiple reflections on two additional,
planar mirrors in each pass through the cell, as shown in Fig. 1.
This provides an additional tuning parameter, namely, the fold-
ing ratio I, which reduces the length of the CMPC by
Leg ~ L/T. Figures 1(A) and 1(B) depict the principle of beam
folding and the effective size reduction of the cell together with
the configuration regimes for standard MPCs and the CMPC. In
Fig. 1(B) the original beam path is divided into three parts and
then folded such that the setup length reduces by approximately
a factor of three and thus I' = 3.

In general, the geometry of a symmetric Herriott-type
MPC—including a CMPC—is fully determined by three of
the following four parameters: radius-of-curvature (ROC) of
the mirrors R, the propagation length between the two focusing
mirrors L, the number of round-trips /V, and the configuration
parameter k. These parameters are related by [15]

L k
= 1 —cos<ﬁ>. (1)

Typically, £ is chosen to be integer and prime to the number of
round-trips /V, in order to ensure the re-entrant condition of
the MPC. Moreover, the parameter 4 determines the angular
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Fig. 1. MPC and CMPC schematic and configuration regimes. (A) Standard MPC mode. (B) CMPC mode without and with folding. In the
unfolded geometry the CMPC is typically longer than a comparable MPC, reducing to much shorter length L. after folding. (C) Typical
configuration regimes and corresponding fluence characteristics of MPC and CMPC within the stability range.
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advance of the beam on the MPC mirror, which is equivalent to
the Gouy phase per pass gbg) = nk/N [15]. The amount of
Gouy phase per pass determines the caustic of the beam in
the MPC. For a standard MPC, ¢(G1 ) approaches 7, which leads
to a large mode size w,, on the mirrors and a small waist wj in
the focus. In the CMPC, the beam propagates within the
Rayleigh-range, where the accumulated Gouy phase per pass
is ¢(Gl) < 7/2. This is the case when L/R < 1, where the beam
radius at the mirror w,, is comparable to the beam radius at
focus wy. The peak fluence of the beam follows a similar behav-
ior, with Fo/F,, <2 for L/R < 1 [Fig. 1(C)]. This weak fo-
cusing geometry with small fluence variations enables the
placement of additional optical components within the beam
path of the CMPC and thus folding of the beam. In addition, a
weakly focused mode eliminates pulse energy limitations arising
due to ionization in standard gas-filled MPCs. Figure 2 illus-
trates the CMPC scheme. In Fig. 2(A) the setup schematic of a
standard MPC with linear pattern alignment is shown. Here,
the strongly focused beams propagate directly between the two
focusing mirrors FM1 and FM2, without any optical compo-
nents in-between. In the CMPC [Fig. 2(B)], two additional
planar mirrors PM1 and PM2 are placed behind FM1 and
FM2. As scen in Fig. 2(B-ii), the beam propagates from
FM1 to PM2 and PM1, where it is folded multiple times before
reaching FM2. Here, the depicted folding ratio is I' = 9. The
total path length between FM1 and FM2 is the length deter-
mined by Eq. (1). However, the effective length is now reduced
by Lt =~ L/, which under the correct choice of R and I" can
become significantly shorter than that of a standard MPC with
similar pulse energy acceptance.

The pulse energy acceptance of a gas-filled MPC can be esti-
mated considering the mirror fluence and the focus intensity. The
beam waist radius in the focus and on the mirrors in an MPC can

be calculated using the equations w3 = (RA/2x) sin(x/kN)
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and w? = (RA/7n) tan(nk/2N), respectively, where 4 is the
wavelength of the laser [32]. The parameters L/R can be directly
mapped to k/N according to Eq. (1). Assuming a laser with
Gaussian pulses and pulse energy E, the maximum peak fluence
in the focus F, = 2E/ ﬂw%, as well as the peak fluence on the
mirror F,, = 2E /nw? can be calculated [32]. For a standard
MPC consisting of two identical focusing mirrors, the fluence
on these mirrors should not exceed the threshold fluence Fy,
yielding a maximum pulse energy of

Eype < RAZF ® tan(zk/2N). @
For simplicity, the second energy limitation that can arise at high
focus intensity due to ionization is omitted in this discussion as it
has little or no relevance for the CMPC. In a CMPC, where beam
folding is achieved by additional mirrors (Fig. 2) the beam can be
reflected at almost any point between the focusing mirrors includ-
ing the focus. Therefore, the condition for avoiding damage needs
to be Fy < Fy, and thus

ECMPC < Rﬂfth Sln(ﬂ'k/N) (3)

In addition, replacing R with L using Eq. (1) and writing L in
terms of L.y ~ L/T’, we obtain

AF T L
E < T ot
CMPC =4 tan(nk/2N)

Equations (2)—(4) illustrate the energy scaling possibilities of
MPCs. For standard MPCs [Eq. (2)], the energy scaling op-
tions are restricted to maximizing the ratio #/N — 1, increas-
ing the ROC of the mirrors R (which increases L proportionally
at constant £/N), or increasing the threshold fluence Fy,. In
the case of CMPCs, energy scaling can be achieved differently.
Since £/N is generally smaller, the energy acceptance for the
same set of parameters R and Fy, is typically reduced according
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Fig. 2. Schematics of standard MPC and CMPC. (A) Standard MPC geometry and beam pattern considering a linear beam pattern alignment
(EM1/2: focusing mirrors). View of the beam path from the front (i) and from the top (ii). (iii) Resulting patterns for circular/linear alignment on
FM1/2. (B) CMPC geometry and beam patterns. (i) Front view with additional planar mirrors (PM1/2) behind FM1/2. (ii) Top view onto the
CMPC with beam folding ratio I' = 9. The numbers (1-5) are indicating the order of reflections of the first pass. (iii) Beam patterns on the mirrors
FM1/2 and PM1/2. The black line follows the beam reflections 1-5 on the mirrors. (C) Photographs of experimental beam patterns with N = 11,

k=3, and I' = 25. POM: pick-off mirror.
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to Eq. (3). Thus, the first step of scaling is achieved by
adjusting R in Eq. (3) such that Ecypc = Evpe. This typi-
cally increases L, i.e., Loype > Lype. The second step is to
fold the beam by the factor I and decrease the length of
the system by exploiting Ly = L/T.

To illustrate the discussion with an example, we use a typical
set of parameters for a standard MPC with R =1 m and a
A = 1030 nm, 1 ps level laser. The threshold fluence for quar-
ter-wave-stack high-reflectance dielectric coatings can, e.g., be
setto Fy, = 0.17 J/cm? (corresponding to the linear fluence in
our experiment), leaving headroom to damage. With N = 15
round-trips and 4 = 14, we arrive at Eypc < 8.3 mJ and a
length of close to 2 m. To match the pulse energy acceptance
of the CMPC to the MPC, we first set # = 4, and increase the
ROC to R = 25 m and the length to Z = 8.27 m. Now fold-
ing the beam I = 25 times, we arrive at Ecypc < 8.1 mJ with
an effective length of L.g = 33 cm. A second example is illus-
trated in Fig. 3. Here we refer to the works reported by Pfaff
et al., where 200 m] pulses have been compressed in a 10 m
long MPC, with a fluence on the mirrors of approximately
0.5 J/cm? [29]. Figure 3 shows that the energy acceptance in-
creases with larger folding ratio and effective system length. At
10 m length, a folding ratio of I' = 25 supports an energy of
700 m] and at I' = 49, the accepted energy exceeds 1 J. At
these parameters, the CMPC with 1 ] energy acceptance
and I = 49 would require an ROC of R > 1 km with a focus-
ing mirror diameter of 60 ¢cm and a planar mirror size of
60 cm x 68 cm [see Egs. (A3)—(A5) in Appendix A]. In par-
ticular the large ROCs can become a limiting factor, as dis-
cussed in Section 4. Conversely, for a pulse energy of

10 J

1)1
x
©
€
Ly
100 mJ 1
10 mj 4, ! .
1m 10 m 100 m
Leff

Fig. 3. Energy scaling characteristics: calculated pulse energy accep-
tance £, as a function of effective length L. The solid black line
indicates a standard MPC as reported in Ref. [29] [Eq. (2)]. Each col-
ored solid line represents a CMPC with a folding ratio I' [Eq. (4)]. The
gray line indicates an effective length of 10 m. The dashed lines show
the corresponding pulse energies for selected values of I'. We set the
threshold fluence to Fy, = 0.5 J/cm?.

200 m], the CMPC size can be scaled down to about 3 m
or 1.5 m considering I' = 25 and I' = 49, respectively. As vis-
ible in Fig. 3, for I' = 1, the fully “unfolded” CMPC is gen-
erally longer than the standard MPC considering an identical
threshold fluence for both cases. This is due to the fact that the
CMPC operates in the L/R < 1 regime while the MPC oper-
ates at L/R~ 2.

A second limitation in MPCs, which we omitted in the
above discussion, typically arises due to the peak intensity of
the laser exceeding the ionization threshold of the gas in the
MPC [15]. Due to the loose focusing geometry of the
CMPC however, this problem is fully avoided here, as the limi-
tation due to the LIDT of the coating typically sets in much
carlier. For example, in the above discussed system with
k/N = 4/15 and R = 25 m, ionization of a gas with an ion-
ization threshold of 7, = 1 x 10" W/cm? would set in at
478 m] for 1 ps pulses [32].

3. EXPERIMENT

Our experimental setup displayed in Fig. 4 uses a commercial
innoslab Yb laser system (AMPHOS GmbH), delivering
1030 nm 1 ps pulses at a repetition rate of 1 kHz with a pulse
energy of >8 m]. After suitable mode-matching, the beam is
sent onto the pick-off mirror POM1 and into the CMPC
[Fig. 4(B)]. The CMPC consists of two concave 4 inch mirrors
with R =25 m and two planar folding mirrors with size
10 cm x 10 cm. The configuration is set to N = 11 round-
trips and 4 = 3, which corresponds, according to Eq. (1), to
an unfolded MPC length of L = 8.63 m. Following in-
coupling at the pick-off mirror POM1, the beam is sent onto
the planar folding mirror PM2 and is subsequently reflected by
PM1, with both mirrors being aligned in a V-shaped configu-
ration and separated by about 34 cm. The beam continues its
path as described in Fig. 2, forming the typical CMPC pattern.
A folding ratio of I" = 25 results in an effective CMPC length

A Input Pointing || B

N2 TFP

1030 nm 1ps 8.4 mJ s I
® :
Diagnostics Beam profile A 7
Frog| <y @ & ADIN
S
L--]
N 2 roer
DCM DCM
-200 fs? )
on = :
Compressor ounces MM-Telescope (}& MM-Monitor

Fig. 4. Experimental setup. The CMPC input beam is indicated in
red, and the output beam in orange. FM: focusing mirror. PM: planar
mirror. POM: pick-off mirror. M, : input/output mirror. MM: mode-
matching. DCM: double-chirped mirror. CCD: camera. zj: reference
point for stability measurements. TFP: thin-film polarizer. wdg:
wedge. (A) Beam input, telescope, and diagnostics used in the experi-
ment. (B) CMPC setup with vacuum chamber.
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of Ly = 34.5 cm. However, due to spatial constraints, the two
focusing mirrors FM1 and FM2 are placed a few centimeters
behind PM1 and PM2, making the total CMPC length slightly
larger, resulting in around 45 c¢m [see Fig. 4(B)]. After propa-
gating N = 11 round-trips (22 passes), the beam returns on
PM1 and is coupled out with a different angle in the vertical
direction. The total number of mirror reflections amounts
to 2NT = 550 and the total propagation length is roughly
190 m. We use ambient air at atmospheric pressure (1006 mbar)
as the nonlinear medium for spectral broadening. Nevertheless, a
chamber or housing is necessary to avoid beam fluctuations due
to turbulences in air.

After out-coupling, the spectrally broadened beam is separated
from the input beam with another pick-off mirror POM2
[Fig. 4(A)]. Here, we measure an output power of around
7.1 W and thus a total transmission of roughly 89%. This cor-
responds to a reflectance of the mirrors of at least 99.98% per
reflection, disregarding clipping losses. Subsequently, a wedge
is used for beam sampling, reflecting around 8%, corresponding
to roughly 570 mW. The transmission of the wedge is sent onto a
power meter. The wedge-reflected pulse is compressed using a
chirped-mirror compressor with 26 reflections corresponding
to about -5200 fs* of compensated second-order dispersion.

We analyze the compressed pulses using frequency-resolved
optical gating (FROG) and measure the spectrum. In addition,
the beam quality parameter M? is analyzed using the same
wedge reflection. We furthermore record input and output
near-field pointing using the input/output mirror (M) trans-
mission of both input and output beams. For direct comparison
of input and output, both cameras are placed in the exact same
distance 4 = 42 cm from a common reference point z;, lo-
cated at the vacuum chamber input window. The spectrum
and FROG results are shown in Fig. 5. The input pulse has
a pulse duration of about 1.1 ps with a Fourier-transform-limit
(FTL) of about 1 ps. After spectral broadening in the CMPC,
the output pulse FTL reaches 50 fs. Following compression, we
reach 51 fs [Fig. 5(A)]. We simulate the spectral broadening
process using the measured input pulse [Fig. 5(A)]. The
simulations are conducted using our in-house developed
(2 + 1)D radially symmetric simulation code based on Hankel-
transforms in the spatial dimension, which is described in
Appendix A [Egs. (A1) and (A2)]. The simulated output pulse
agrees very well with the measured output pulse, exhibiting
similar temporal characteristics after compression. In both mea-
surement and simulation, we observe a temporal pedestal likely
stemming from uncompressed spectral components in the
longer wavelength range. On the trailing edge, a post-pulse
appears at around 800 fs, which we attribute to a pulse-breakup
caused by the delayed response of the Raman-Kerr contribution
in air. The measured and simulated spectra [Fig. 5(B)] also
show similar characteristics as well as similar broadening, except
for the strength of the side lobes compared to the background
close to 1030 nm.

The molecular nature of air results in a broadened spectrum
that qualitatively deviates from a typical “SPM-like” spectrum,
obtained from atomic gases. We therefore conduct spectral
broadening measurements in Krypton as well, in order to
demonstrate typical SPM broadening and compare it with
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Fig. 5. Measured and simulated pulse characteristics after CMPC
spectral broadening and subsequent compression in 1 bar of air.
(A) Reconstructed input and output temporal pulse. (B) Measured
input spectrum and broadened spectrum. The inset shows the
measured broadened spectrum along with simulated spectrum.
(C) Measured FROG trace (FT). (D) Retrieved FROG trace
(FROG error = 0.73% on a 1024 x 1024 grid).

the simulations. Due to technical constraints originating from
mechanical instabilities of the vacuum chamber, the chamber
could only be operated at 1 bar pressure. We measure the
spectral broadening with 6.5 m] pulse energy and the results
are shown in Fig. 6, where we reach an FTL of approximately
120 fs.

The beam path inside the CMPC involves 550 reflections
and a long propagation path of about 190 m. The beam is par-
ticularly sensitive to displacements of the folding mirrors PM1
and PM2 (Fig. 4), where most of the reflections take place.
Thus, it is important to characterize the stability of the beam.
Figures 7(A) and 7(B) show the measured beam position sta-
bility for both input and output beams. We conduct the mea-
surements separately within a few minutes. The measurements
show only a very slight increase in the RMS beam position
deviation of approximately 5% in the output, compared to the
input. This demonstrates the spatial stability owing to the in-
put-to-output imaging property of the CMPC, also known
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Fig. 6. Spectral broadening of 6.5 m] pulses in 1 bar of Krypton.
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are shown. The inset shows the simulated spectrum along with the
measured output spectrum.
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Fig. 7. Beam position and spectral stability, measured in 1 bar of air.
(A), (B) Scatter-plots of the beam position of input (A) and output (B)
beams. Measurements are taken separately; the data span for each mea-
surement is 7.5 min and 4000 data points, with a few minutes between
measurements. In both measurements, the camera is placed at exactly
42 cm distance from the common reference point z, (Fig. 4). Circles
indicate deviations of 50, 100, and 150 pm from the mean value. The
measurements are in accordance with the medium-term beam position
stability measurements defined in EN ISO 11670:2003. (C) Measured
broadened spectrum recorded over 5 min with 10 points per minute at
full broadening (logarithmic scale). The RMS deviation of the FTL

amounts to 0.65%.

from standard MPC:s. In addition, we measure the spectral sta-
bility of the system over 5 min [Fig. 7(C)]. We measure RMS
fluctuations of the FTL of 0.33 fs, with a mean value of 50.9 fs,
resulting in a relative RMS deviation of 0.65%, indicating that
the spectral broadening is stable.

We further measure the beam quality parameter M? of the
input beam after the mode-matching telescope and the output

— .
< Research Article

beam. We observe a beam quality degradation from
M? = 1.36 at the input to 1.76 at the output at full power.
As this observation may indicate spatio-temporal coupling
(STC) effects, we decided to further investigate the spatio-spec-
tral pulse characteristics using spatially resolved Fourier-trans-
form spectrometry [36]. The STC measurements provide
information about the spatially dependent spectral homo-
geneity of the pulse V (x, y), which we calculate via the spectral
overlap integral as defined in Egs. (A6) and (A7) in
Appendix A. An average spectral overlap V. is then computed
by weighting the V(x,y) with the fluence F(x,y) obtained
from the same dataset and averaging over an area defined by
the measured 1/¢* diameter of the beam. In air (Fig. 12,
Appendix A), we measure V', = 90.6% at full power, confirm-
ing a slight degradation of the spatio-spectral homogeneity com-
pared to the input beam, which exhibits an almost perfect
homogeneity of V., & 99%. We further investigate more gen-
erally how the spatio-spectral homogeneity behaves in atomic
gases as a function of the input peak power P of the pulse, com-
pared to the critical power P of the gas. The measurement is
performed using Krypton as the nonlinear medium at 1 bar pres-
sure and the same CMPC configuration is used as described in
the beginning of this section. We carry out STC measurements
at four different pulse energies and thus four different values
for P/P, and measure an STC trace for each point. Figure 8
summarizes the STC measurement results. From the first mea-
surement point [Fig. 8(A)] at P/P.~ 0.4 to the third at
P/P.~ 0.6, we observe a linear decline from 98.3% to
90.5%. The fourth point at /P, = 0.65 exhibits a stronger
deterioration. We compare our results with simulations consid-
ering again the measured input pulse as input for the simulation.
Here we observe an onset of homogeneity reduction [Fig. 8(A)]
at approximately P/P. = 0.55 and an overall weaker deteriora-
tion compared to the measurements. However, the simulations
reproduce the measured behavior qualitatively including the on-
set of homogeneity degradation at around P/P, &~ 0.6 well. At
P/P, =~ 0.8, the simulations predict a beam collapse causing a
sharp decline of V,,,. The faster degradation of the spatio-spec-
tral homogeneity in the experimental data might be related to
imperfect input beam characteristics in the experiment and/or
possible spatial phase distortions arising due to many beam re-
flections on the CMPC mirrors.

For an example point at /P, = 0.6, the spatio-spectral dis-
tribution obtained via an STC scan is shown in Fig. 8(B). We
compare the results with a spectrally broadened pulse from a
standard gas-filled MPC with N = 17, k = 16,and R = 1 m
at similar spectral broadening characteristics. The correspond-
ing spatio-spectral distribution is shown in Fig. 8(C). Both
measurements indicate rather homogeneous spatio-spectral
characteristics and thus a similar spectral broadening perfor-
mance for both MPC types, with V., = 96.4% for the stan-
dard MPC and a slightly reduced V,, = 90.5% for the
CMPC. We can further compare our measured V', values to
another non-standard MPC, where a convex-concave MPC
arrangement was used for spectral broadening. In Ref. [31],
a value of V,, = 98% was achieved, albeit with a lower spec-
tral broadening factor corresponding to compression from 260
fs to 50 fs (spectral broadening factor of approximately five) and
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Fig. 8. Measured spatio-spectral beam characteristics. (A) Measured and simulated average spectral overlap V,, and simulated accumulated
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nonlinear phase ¢by; as a function of peak power P normalized to the critical power P.. (B) Example data set of a single measurement point,
indicated by a circle in (A). (i), (ii) Spectral distribution of the pulse over the spatial x-direction, integrated over the y-direction and vice versa.
(C) Corresponding STC traces for a standard MPC with similar broadening. w, and w, represent the 1/¢* beam radii.

in a solid medium. Another experiment using a convex-concave
MPC and a solid medium yielded V,,, = 90% [30], with a
spectrum that supports 133 fs, starting from 670 fs. In the latter
example, the bandwidth of the broadened spectrum is roughly
similar to our measurements in air, where we mea-
sure Vo = 90.6%.

4. DISCUSSION

The CMPC enables post-compression for high pulse energies at
compact setup length, tunable via the folding ratio I' [Eq. (3)]
while exhibiting excellent characteristics known from conven-
tional MPCs. These include support for large compression fac-
tors, excellent beam quality and pointing properties, as well as
high transmission efficiency. In principle, I' can be increased
to arbitrarily large values, enabling very compact systems.
There are, however, practical limitations. The mirror size, in par-
ticular the length (corresponding to the x-dimension in Fig. 2),
sets a limit on I' [a mirror dimension estimate is provided in
Egs. (A3)—(A5) in Appendix A]. Increasing I' also gives rise
to a larger amount of total reflections. This can lead to a de-
creased throughput and lower efficiency of the system. The large
number of reflections in a CMPC further restricts the mirror
coatings to low GDD and at the same time high reflectivity.
Typical coatings fulfilling these properties are quarter-wave-stack
coatings with bandwidths supporting pulse durations of around
30 fs at 1030 nm. Consequently, post-compression to few-cycles
cannot be achieved using the CMPC scheme. In our experiment
we measure a throughput of 89% at 550 reflections correspond-
ing to an average mirror reflectivity of >99.98%. Moreover, a
large number of reflections can cause wavefront distortions,
which we minimize by using mirrors with a high surface flatness
of 1/20. Another factor that can restrict energy scalability is the
radius-of-curvature of the mirror substrate. While mirrors with
an ROC of 2 km can be manufactured [37], large ROCs can
become more strongly affected by mirror distortions, such as
mechanical stress or thermal effects, which could potentially
limit the average power acceptance of the CMPC.

As discussed in Section 2 the CMPC scheme requires a re-
gime where the beam inside the cell is loosely focused in order

to enable beam folding on additional mirrors. This in turn fun-

damentally limits the amount of nonlinear phase qﬁgﬁ that can be
accumulated per pass to smaller values compared to a strongly
focused geometry. In gas-filled MPCs, the accumulated Gouy

phase per pass ¢§\R sets a theoretical limit on the nonlinear phase

I(\}i < (f)(Gl) [15], which is directly related to the MPC geometry
via ¢8) = nk/N. In standard MPCs with £/N — 1 this limit
approaches (/’)Sﬂ = 7, whereas in the CMPC typically £/ is

lower. In our experiment, the configuration is set to N = 11

and # = 3 and thus g{ < 0.277. Getting close to this limit,
the peak power approaches the critical power of the medium 2,
and spatio-temporal couplings can become more pronounced
leading to a sudden degradation of the spatio-spectral homo-
geneity. However, this effect is not necessarily a limiting factor

for spectral broadening in a CMPC. The generally smaller SR
in a CMPC can be compensated by simply employing more
passes through the cell, while keeping the ratio #/N approxi-
mately constant. For both MPC types, operation at 2 < P_ en-
sures that excellent spatio-spectral and thus spatio-temporal pulse
characteristics can be reached.

5. OUTLOOK AND CONCLUSION

In our proof-of-principle experiment we demonstrate post-
compression of 8 mJ pulses in a compact setup. However,
we can further scale up the energy by increasing the mirror sizes
as well as the radius-of-curvature R of the mirrors. As an out-
look for high-energy CMPC operation, we simulate the post-
compression of 200 m]J, 1 ps pulses at 1030 nm central wave-
length in a CMPC using 50 mbar of argon as the nonlinear
medium. We show that post-compression down to 80 fs can
be achieved, with a transmission of almost 80%. Figure 9 sum-
marizes the simulation results for this scenario, indicating ex-
cellent post-compression performance. Here, we assume a
mirror reflectivity of 99.98% and consider the influence of
the mirror on the spectral phase of the pulse. We include
the effects of all reflections on the mirrors in the simulations,
which amount to 2NT" = 1170. Using focusing mirrors with
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R = 300 m and folding mirrors of 35 c¢m x 35 c¢m, a folding
ratio of I = 39 is achievable, assuming a clear aperture of five
times the beam radius w,, (see Appendix A Section A.2). In this
case an effective length of the setup of 2.5 m can be reached.
The calculated fluence on the mirrors is kept at roughly of
0.5 J/cm?, including nonlinear self-focusing effects and non-
linear mode-matching taking into account Kerr lensing in the
cell [38]. The peak power is kept at P/P. < 0.6, where we still
measure V., > 90% [Fig. 8(A)], in order to avoid strong spa-
tio-spectral inhomogeneities and prospectively still achieve a
good beam quality.

In conclusion, we introduce a novel multi-pass cell scheme
enabling post-compression of high-energy laser pulses in a com-
pact setup. The CMPC enables tuning and down-scaling of the
setup size via beam folding using additional planar mirrors, us-
ing weakly focused cell modes. Instead of increasing the length
of the setup, the folding ratio I' acts as the energy scaling
parameter. We demonstrate post-compression in air from
1.1 ps down to 51 fs in a CMPC with an effective length
of 45 cm and a folding ratio I = 25, while keeping the fluence
comparable to a standard MPC supporting the same pulse en-
ergy but requiring around 2 m cell length. Further up-scaling
options promise post-compression of pulses with an energy of
100 m] and beyond in a table-top setup.

APPENDIX A

1. Nonlinear Pulse Propagation Model

The pulse propagation model used for simulations in this work
is presented here. We use single-atom gases as well as ambient
air, which mainly consists of molecular gases (N, and O,),
as the nonlinear media. In order to conduct simulations, we
thus need to take into account time-dependent nonlinear

third-order effects, which stem from coupling of the electric
field to the rotational states of the gas molecules [39,40].
The full equation for the propagation model used in this
work can be written in the frequency and spatial frequency
domains as

L(k’;jy’ “)_ ik, E (kg by @) + PNk by ), (A1)
where k, = /() - k% - /eyz, k(w) = n(w)w/cy with @ de-
noting the radial frequency, 4, and %, the spatial wave-
numbers, ¢, the speed of light in vacuum, and 7(®) the refractive
index. The second term PN in Eq. (A1) contains all the non-
linear effects used in the model. Here we include the Kerr effect
via the nonlinear refractive index 7, up to its first-order derivative,
as well as the single damped-oscillator model for the molecular
response as described in Refs. [40,41]. The gas-specific single
damped-oscillator model is described by the damping time I,
the frequency A, the Raman-Kerr nonlinear refractive index
7, and the Raman-Kerr fraction f7. In space and time domains,
the nonlinear polarization PN can be written as

zegcon(A) (A n dn
P = 0G5 4 )
0

LdE _dE*
(o £) )y

dr

I?/4 4+ A2
+fR ng f

x / B e(F/Zl‘A>f’|E(t')|2dt')>E, (A2)

Im (e—(F/Z—i/\)t

-0

where £ = E(x,y,1) is the electric field of the pulse, £* the
complex conjugate of E, g, the dielectric constant, 7(4) the re-
fractive index, and 7, the nonlinear refractive index. The first
derivative dn,/dw is determined using the scaling formula
described in Ref. [42] [Eq. (A7)]. Equation (A2) describes the
delayed molecular response of the medium. For the case of
1 bar of air, we use A = 12 THz, I' = 10 THz, f = 0.6,
which we extract from Ref. [40], as well as the Raman-Kerr non-
linear refractive index 75 = 42 x 1024 m? /W [43]. We further
use 7, = 8x 1024 m?/W [44] for air and 7, = 24 x
1024 m? /W for Krypton [45]. We solve Eq. (Al) using a ra-
dially symmetric (2 + 1)D split-step approach with £ = E(r, ¢)
and the spatial coordinate » = /(x? + y?), where in the spatial
domain, the Fourier-transforms are replaced by Hankel-trans-
forms. (In the simulations we use the “pyhank” package by
GitHub user etfrogers for Hankel-transforms.)

2. Calculation of CMPC Mirror Dimensions

We here provide some useful equations describing the required
minimum mirror dimensions for the CMPC. We consider a
pulse energy E, a threshold fluence Fy, as well as the
CMPC configuration with # and N. We determine the focus-
ing mirror radius-of-curvature R, the diameter of the focusing
mirrors D (which is the same as the height of the planar mir-
rors), and the width of the planar folding mirrors W. The cor-
responding dimensions are shown in Fig. 10. In order to
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calculate R, we use the equation for the fluence in the focus
Fo =4E/(AR sin(zk/N)) [32], set Fy < Fy,, and re-arrange
such that

4E 1
R>————.
AF 4 sin(zk/N)

To find out the width of the planar folding mirrors W, we need
to ensure that the beam at any reflection has a sufficient free
aperture. For this, we define a factor f, where fw,, is the
distance between the spot on the focusing mirror and the first
reflection on the folding mirror (Fig. 10), and w, =
((RA/7) - tan(k/2N))'/? [32] is the 1/¢* beam radius on

the focusing mirror. With some basic geometric considerations,

we arrive at
r 4E tan(zk/2N)
> =7
L 4'6\/ nFy sin(zk/N)’ (Ad)

defining the minimum width of the planar folding mirrors.
Here, T" is the folding ratio. We typically choose a value
p =5 for our size estimations. The height of the mirrors,
or equivalently, the minimal diameter of the focusing mirrors
D, can be calculated via

D> (2]\;3%1)/} /R tan(zk/2N). (A5)

(A3)

3. Spectral Homogeneity Calculation and
Experimental Data
The spatio-spectral homogeneity, expressed as the x- and
y-dependent spectral overlap V'(x,y) as it is used in Ref.
[29], is calculated using the overlap integral

(J LoW (A, x,y)dD)?

Vix,y) = TRWIA [ P0or )i x 100, (A6)
where 4 is the wavelength, 7 the spectral intensity, and 7, the
spectral intensity at (x,y) = (0,0). The averaged spectral
homogeneity is then calculated using the average of V(x,y)
weighted with the wavelength-integrated intensity F(x,y) =
f](/l, x,y)dA, yielding

— ffqu(x,y)F(x,y)d_xd},
avg f?}wF(x,}/)dXd)/ 5

where w is the 1/¢* beam radius in x- and y-directions,
respectively.

In Figs. 11-13 we display V(x,y) for the measurements
in Krypton and air in the CMPC, as well as the comparison

1% (A7)
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Fig. 11.  Spectral homogeneity V(x, y) [Eq. (AG)] for each V', data

point shown in Fig. 8 in the main text. The circles indicate the area of
integration for the calculation of Vg [Eq. (A7)].

V(x,y) for CMPC in air

Vavg = 90.6%

100%

Wy

y - axis
o
('n “qae) (AX)A

-wy

50%

-Wx 0 Wy
X - axis

Fig.12. Spectral homogeneity V (x, y) [Eq. (A6)] for spectral broad-
ening in air at 8 m]J. The circle indicates the area of integration for the
calculation of Vg [Eq. (A7)].
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measurement conducted in a standard MPC. Figure 11 shows
V(x,y) for each measurement point, which is displayed in
Fig. 8(A) in the main article. In Fig. 12, the spectral homo-
geneity is shown for the air measurements, carried out at
the same parameters as the main spectral broadening and post-
compression measurements shown in Fig. 5 in the main text
with 1 bar air and 8 m] pulse energy. Finally, Fig. 13 shows
V(x,y) for the comparison measurement in a standard MPC.
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Abstract

Q-switched lasers are compact, cost-effective, and highly pulse energy-scalable sources for
nanosecond-scale laser pulses. The technology has been developed for many decades and is widely
used in scientific, industrial and medical applications. However, their inherently narrow band-
width imposes a lower limit on pulse duration—typically in the few-hundred-picosecond range—
limiting the applicability of Q-switched technology in fields that require ultrafast laser pulses in
the few-picosecond or femtosecond regime. In contrast, mode-locked lasers can produce broad-
band, ultrafast (<1 ps) pulses, but are complex, expensive, and typically require a large foot-

print. To bridge the parameter gap between these two laser platforms—in terms of pulse dura-
tion and achievable peak power—we here propose a Herriott-type multi-pass cell (MPC) based
post-compression scheme for shortening the pulse durations of Q-switched lasers down to the
ultrafast, picosecond regime. We experimentally demonstrate post-compression of 0.5 ns, 1 mJ
pulses from a Q-switched laser to 24 ps using a compact glass-rod MPC for spectral broadening.
We verify this result numerically and show that compression down to a few picoseconds is possible
using the nanosecond MPC (nMPC). Through spectral filtering approaches, the nMPC suppresses
detrimental nonlinear processes such as stimulated Raman scattering, which have set severe limit-
ations for fiber-based post-compression of Q-switched lasers until today. Our results pave the way
to cost-efficient and compact ultrafast laser platforms based on Q-switched laser technology.

1. Introduction

The continuous development of lasers has had a profound impact on our society. In particular, laser
pulses with durations in the nano- (1ns = 10"7s) to femtosecond (1fs = 10~ '%s) range are routinely
employed for microsurgery [1, 2] optical gas sensing [3], high-precision surface and volume mater-

ial processing [4], or imaging of biological samples [5, 6]. Moreover, short-pulsed lasers are playing an
indispensable role in fundamental research with applications ranging from the ultrafast spectroscopy of
photo-induced electron dynamics in matter [7] via the manipulation of transient states in materials [8]
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to recent breakthroughs in nuclear spectroscopy [9, 10]. Depending on the laser parameters, in particu-
lar the required peak power and pulse duration, different pulsed laser technologies are used, employing
predominantly Q-switching or mode-locking schemes.

On the one hand, nanosecond pulses are typically generated using Q-switching methods [11-15].
Q-switched lasers can support high pulse energy (millijoule to joule), they are cost-efficient and can be
built as robust and compact modules. Their peak power, however, is limited, hindering their effective-
ness, for example, in material machining, dermatological treatment, or as driving light sources for non-
linear optical processes. On the other hand, shorter durations (pico- to femtoseconds) are the realm of
mode-locked lasers [14, 16—18]. Such light sources provide pulses that enable the analysis of ultrafast
phenomena at femtosecond time scales and furthermore support ultrahigh peak powers, which make
them ideal for machining applications, at the expense, however, of high complexity, large footprints
and much higher costs. In this context, the idea of compressing the duration of nano- to picosecond
or sub-picosecond laser pulses is particularly appealing, as it offers a route to bridge the gap—at least
in terms of pulse duration and achievable peak power—between Q-switching and mode-locking laser
technologies.

In the last four decades, post-compression methods, i.e. technologies employing nonlinear optical
processes to spectrally broaden and temporally compress the laser pulse, have tackled this challenge.
Self-phase modulation (SPM) in hollow-core capillaries/fibers [19-21], photonic crystal fibers [22—

24], or multi-pass cells (MPCs) [25-28] is used to compress mode-locked lasers even down to the
few-femtosecond range. However, the compression of Q-switched lasers has proven more challenging.
Compression methods exploiting stimulated Brillouin scattering (SBS) in bulk or liquid media or by
propagation in long (>100 m) optical fibers, enabled to compress nanosecond lasers into the picosecond
regime [29-33]. However, these efforts were limited in performance by phonon lifetime constraints or
competing nonlinear effects—for instance, stimulated Raman scattering (SRS) - as well as in energy
scalability, especially for the fiber based approaches. As a result, post-compressing Q-switched lasers to
the parameter space of mode-locked lasers at millijoule-class pulse energies has not been achieved until
now. Figure 1(a) illustrates this discussion, showing a representative set of post-compressed Q-switched
and mode-locked lasers. The figure visualizes the input laser parameters (larger shapes) and the post-
compressed output (smaller shapes), connected with dashed lines. The distribution of the displayed data
points underlines a major parameter gap between the two laser technologies.

Here, we introduce a novel technology based on a bulk-rod Herriot-type MPC, that opens a route to
compress lasers with few MW or sub-MW peak power into the pico- to femtosecond regime, approach-
ing GW power levels. We experimentally demonstrate the technique by compressing a 0.5ns pulse to
24 ps using a 10 cm-long fused silica (FS) rod as MPC nonlinear medium. Our simulations demon-
strate that the method can scale to compression factors exceeding 100. Spectral filtering thereby prevents
the rise of detrimental nonlinear processes including SRS and quasi-phase-matched four-wave-mixing
(QPM-FWM). Our approach opens a perspective towards low-cost, compact, high-peak-power laser sys-
tems for novel implementations in science and industry. This includes, for example, the generation of
high-flux extreme-ultraviolet (EUV) light, high-precision laser-driven material machining, or damage-
free tissue treatment in dermatology.

2. Concept

Compressing the temporal duration of laser pulses relies on the concept of spectral broadening.
Nonlinear optical processes such as SPM are employed for this purpose, being implemented in a vari-
ety of post-compression schemes [27]. Typically, a suitable regime of SPM implies the propagation of
laser pulses at high peak power (usually ranging from 10s of MW to the GW level) in nonlinear media
such as gases or thin solid-state plates. To the best of our knowledge, pulses with a peak power down

to about 8.7 MW have been post-compressed through SPM with an MPC [27]. In this framework, the
post-compression of Q-switched pulses with nanosecond duration presents a main challenge: a typ-

ical Q-switched laser with a pulse energy of 1 mJ and a duration of 1ns provides a peak power of only
1 MW, which prevents the post compression in conventional gas-filled or solid-state MPC designs. Long
propagation in solid-core fibers with high optical nonlinearity may appear as a good mitigation strategy
and has been employed to successfully post-compress nanosecond pulses in the nanojoule-energy regime
[32, 42]. A different method involves using compression along with amplification in a fiber-based sys-
tem. In this approach the compression, of short Q-switched laser pulses (100 ps) with an amplified
energy of 0.1 mJ, to 2.7 ps has been demonstrated in a two stage setup [43, 44]. However, Raman and/or
Brillouin scattering typically deteriorate the spectral broadening process, limiting energy-scalability espe-
cially for nanosecond pulses.
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Figure 1. Post compression methods covering the parameter space from nanoseconds to femtoseconds. (a) Parameter overview
of representative laser pulse post-compression works. Q-switched laser systems (green) have been post-compressed via SBS (dia-
monds), while gas-filled (triangles) or bulk (squares) MPCs are widely used for compressing mode-locked laser systems (blue)
[26, 29, 30, 34—41]. Our work (purple) bridges the gap between these two laser regimes via post-compression of Q-switched lasers
in a Herriott-type, bulk-rod MPC. The experimental output data point takes into account the output pulse duration measured
at reduced energy, scaled to the full energy transmitted through the MPC. (b) Illustration of the proposed nanosecond MPC
concept.

In order to overcome the above-mentioned limitations, we introduce a new type of MPC made com-
pletely out of glass such as FS. The monolithic MPC is equipped with high-reflectivity coated, curved
surfaces acting as cavity mirrors (figure 1(b)). This type of MPC, dubbed nanosecond MPC (nMPC),
presents unique advantages for long (nanosecond to hundreds of picoseconds) driving pulses. First, it
provides both large nonlinear coefficients as well as long nonlinear interaction lengths while keeping the
overall footprint of the setup compact. Second, while input pulses with pico- or femtosecond duration
would suffer from the high dispersion in the bulk material, nanosecond pulses are insensitive to disper-
sion due to their narrow bandwidth. Third, the laser-induced damage threshold (LIDT) of the optical
coating of the curved surfaces is much higher for nanosecond lasers than for shorter pulses, with val-
ues in the range of 10s of Jem™2 [45, 46]. Consequently, MPC configurations with small beam sizes on
the mirrors can be realized, thus allowing for many round trips and large spectral broadening factors.
Fourth, the optical coatings can act as a spectral filter at each round trip, suppressing competing nonlin-
ear optical processes such as Raman scattering and four-wave mixing that otherwise would strongly limit
the pulse compressibility (further details in the discussion).

Based on this concept, simulations with an input pulse energy of 1 m]J, an input pulse duration of
0.5ns of a Gaussian laser pulse and 150 round-trips (N = 150,k = 91), are carried out to demonstrate
the potential of the nMPC. The simulation is performed using a symmetric split-step Fourier algorithm
to solve the Unidirectional Pulse Propagation equation in (241) dimensions, assuming radial symmetry
[47]. We consider a FS glass block with curved surfaces of R=10cm, length L =25.43 cm and an MPC
configuration parameter k=91 [27]. The in/out coupling can be achieved through a small uncoated spot
in one cell surface. By using a diameter of 3 inch (7.62 cm) for the curved surfaces, the necessary 150
reflections can be fit onto the curved surfaces. As an alternative route, a more dense round-trip pattern
can be employed, overcoming geometric limitations of a simple circular pattern [48]. Figure 2 shows the
results of the simulation. The spectral bandwidth of the input AX;ogp = 6 pm increases by a factor of
220 to A)jogs = 1.32 nm, supporting a pulse duration of 2.2 ps (figure 2(a)). Following second-order
phase compensation (103 ps~!), a compressed pulse with a duration of 3.1 ps is obtained, showing very
good compressibility. This results in a temporal compression by a factor of 161 and a final peak power
of 82 MW (figure 2(b)). We note that large compression factors typically lead to the emergence of pedes-
tals and limit the energy content in the main pulse, as shown in figure 2(b). However, strategies exist to
mitigate this effect and optimize the pulse contrast, see the discussion section for more details.

Due to the inherent property of input-to-output beam imaging in MPCs [27], fluctuations in the
input beam pointing are not amplified inside the nMPC, even for a large number of round trips (here
N =150) and the resulting long propagation distances. MPCs have been demonstrated to exhibit high
stability even with a large number of reflections and long propagation distances [49]. Additionally, the
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Figure 2. Simulated post-compression using the nMPC concept. (a) Input and output spectra demonstrating a high compression
rate in the proposed full-bulk nMPC. (b) Corresponding compressed pulse, where the phase is compensated using GDD only.

all-bulk geometry mitigates the effects of ambient airflow as well as mechanical instability of the optical
mounts, further increasing the stability of the system.

In the all-bulk scheme, the main sources of loss are the coated end facets of the bulk material and
the absorption in the medium. With modern manufacturing methods, these losses can be kept very low,
allowing the realization of such an MPC with an efficiency >90 %. Considering commercially available
transmission gratings with efficiencies of >98% the total transmission of the setup can be in the order
of 90 %. Alternatively, slightly less efficient but very compact compression can be achieved using a dis-
persive volume Bragg grating. The efficiency in the required parameter regime is >90% [50]. This allows
for a total post-compression efficiency of >80% while maintaining a very small footprint.

The nMPC can potentially be further scaled to higher pulse energies and longer pulses, within lim-
itations imposed mainly by SBS and the critical power of the material. While SBS imposes limits on the
pulse duration and intensity, critical self-focusing can lead to beam collapse when the critical power of
the material is exceeded. In the current nMPC configuration, the input pulse energy can be scaled up
to 10 m] when using a 4 ns long pulse, where the peak power is roughly half the critical power of FS
(Peritrs =5MW) and the SBS limit is still not exceeded (see figure S4).

3. Experimental demonstration

We experimentally demonstrate the nMPC concept using a simplified setup which is schematically depic-
ted in figure 3(a)). We employ a commercial Q-switched diode-pumped Nd:YAG laser (MPL2310, QS
Lasers), emitting at 1064 nm. The passive Q-switching is achieved by a Cr:YAG crystal, resulting in the
generation of pulses with a duration full-width at half maximum (FWHM) of 0.4 ns. With an ultracom-
pact footprint (10 x17 cm), the laser features a pulse energy of 2 m]J at a repetition rate of 100 Hz. The
laser cavity is operated in single-mode emission upon thermal stabilization, yielding only (<0.1%) of
energy in adjacent longitudinal modes. The single-mode contrast is further enhanced by using an Etalon
filter with a free spectral range of 230 pm and a finesse of 41, resulting in an additional reduction of
24 dB for the adjacent modes, leading to a mode contrast of < 0.001%. The effect of multi-mode opera-
tion on the performance of the nMPC is discussed in detail in the supplemental (section S2).

For the sake of simplicity of this first test setup, we decomposed the monolithic bulk-rod nMPC into
a set of two cavity mirrors, a large glass block, and an in-coupling scraper mirror. We use a 10 cm long
block of anti-reflection coated, UV-ES as nonlinear medium, placed in the center between two concave
mirrors with a radius of curvature of 0.1 m (figure 3(b)). The input beam is mode-matched to the MPC
by a 3-lens telescope and is coupled into the cell by the scraper mirror with a width of 4 mm. The laser
pulse undergoes 62 passes in the nMPC. Specifically, the MPC is configured with N = 31 and k = 24,
where N defines the number of round trips and k specifies the chosen configuration which fulfills the
re-entrance condition [27]. In this configuration, the linearly mode-matched MPC mode corresponds
to a fluence of 0.3Jcm~2 on the cell mirrors and a peak intensity of 1-10'°W cm~? at the focus. LIDT
measurements have been conducted on the glass block, showing laser-induced damage inside the bulk
for a driving peak intensity of 2-10!1°W cm~2. The in-coupled pulses have an energy of 0.94 mJ and a
duration of 0.47 ns (FWHM), measured with an in-house developed second-order autocorrelator. The
MPC transmission efficiency is measured to be 83%. This value is in good agreement with the calculated
efficiency of 86%, considering the reflectivity of the cell mirrors and the FS bulk surfaces as specified
by the manufacturer. The beam spatial quality is measured before and after the nMPC, showing a slight
degradation of the mean M-square from 1.31 to 1.45 (see figure S1).
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Figure 3. Experimental setup and results. (a) Schematic experimental setup including in particular an MPC using a 10 cm FS

rod as a nonlinear medium. (b) Spectral broadening characteristics obtained via numerical (241)D simulation mimicking the
experimental conditions. (c) Autocorrelation (AC) of the MPC input and compressor output pulse, along with the AC of the
GDD-compensated simulated output. The pulse durations 7 are obtained by fitting a Gaussian (input) and a Lorentzian (output)
to the experimental data, taking the corresponding deconvolution factors into account.

Figure 3(b) shows the simulated SPM-driven spectral broadening occurring in the nMPC for the cur-
rent experimental parameters. Starting from an input bandwidth of around 6 pm, an output bandwidth
of 155 pm is obtained through SPM, corresponding to a transform-limited duration of 20 ps (FWHM).
The spectral phase of the simulation output is compensated via GDD compensation (—1370 ps~2), res-
ulting in a pulse duration close to the Fourier-limited value and an energy content of 60% in the main
pulse. Experimentally, spectral broadening is monitored using an Echelle spectrometer with a resolu-
tion of 35 pm at 1064 nm. Although this instrument is sufficient to show a signature of SPM, it is not
able to resolve the broadened spectrum. For this reason, only the simulated spectra are reported in
figure 3(b), while the experimental characterization of the input and output pulses was performed in
the time domain. Following spectral broadening in the nMPC, the output beam is collimated and sent
to a transmission-grating compressor, where the pulse is compressed in the time domain [27]. The com-
pressor consists of two gratings with a line density of 1740 1mm ™!, resulting in a total chirp of approx.
—1100ps—? and a limited efficiency of = 12%). We note that this compressor was used simply for
availability reasons to demonstrate compressibility, disregarding efficiency. The used gratings can easily
be replaced by tailored transmission gratings or by a chirped volume Bragg grating (CVBG). A CVBG
can provide the required chirp while offering high efficiency ~90%, supporting high pulse energies and
average powers exceeding 1 mJ and 250 W in a single compact optical element measuring a few centi-
meters in length [50].

The duration of the compressed pulses is measured to be 24 ps (FWHM), which is close to the sim-
ulated transform limit of 20 ps (figure 3(c)). The compression ratio, based on the measured input dur-
ation of 0.47 ns (FWHM), is approximately 20. This result demonstrates the effective compressibility of
single-mode g-switched lasers in SPM-driven MPCs.

4. Discussion

Our proof-of-principle experiment demonstrates the nMPC concept and shows the first MPC-based
compression of nanosecond-class laser pulses. The compressed pulses which can be obtained in

our experiment using an improved compressor setup match the driving peak power range of post-
compression setups already demonstrated in literature [26]. In addition, compression factor up-scaling to
reach shorter output pulses in a single stage using our scheme appears feasible (see figure 2). Combining
an nMPC with a conventional compression method thus holds promise to fully bridge the gap between
nanosecond and femtosecond pulse durations, opening up a new class of femtosecond lasers.

5
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Figure 4. Simulated nMPC post-compression using a parabolic temporal pulse shape. (a) Spectral broadening of a temporally
parabolic shaped pulse in comparison to a Gaussian pulse (identical to the data displayed in figure 2). (b) Corresponding GDD-
compensated pulses, along with the energy fraction contained in the main pulse.

Taking into account future parameter scaling approaches, it is important to discuss the accessible
parameter space supported by an nMPC. In this context, it is critical to consider that multiple detri-
mental processes can be triggered upon extreme spectral broadening in bulk media, and their contribu-
tion depends on the bandwidth of the input pulse. In this framework, we identify five major phenom-
ena: temporal quality of post-compressed pulses, longitudinal mode beating of Q-switched lasers [51],
SBS [52-54], SRS [54], and degenerate QPM-FWM [55]. We discuss the impact of these processes for
post-compression in an nMPC along with suitable mitigation strategies.

The degradation of the temporal quality for high post compression factors in a single stage is a
well-known challenge [56]. This effect is also seen in our simulations: it leads to a low energy content
in the main pulse of only 28% for a compression factor of 161 by considering a Gaussian input pulse
shape (figure 2). This effect results from the strongly modulated spectral shape and phase of an SPM
broadened Gaussian pulse [57]. However, the temporal characteristics for large compression factors can
be improved by separation into multiple stages, enhanced frequency chirping or nonlinear polarization
ellipse rotation [57-59].

Another option is shaping the temporal intensity profile of the input pulse into a parabolic shape,
which can lead to a high-contrast SPM-post-compressed pulse [60]. In the femtosecond regime, this
is commonly realized by means of a spatial mask in the Fourier plane [61, 62]. In contrast, operating
in the nanosecond regime makes it possible to employ direct temporal pulse-form shaping technology,
which is readily available at sub-ns levels with ps resolution [63, 64].

Figure 4 shows this approach in a (2+1)D simulation with an input pulse energy of E, = 0.5m]J, 225
round trips through the MPC and a B-integral per pass of By, = 0.27. The number of round trips N
has been chosen to match the Fourier transform limit of the broadened spectrum displayed in figure 2
for direct comparison. All parameters not specified above are kept as in figure 2. The parabolic input
pulse generates a much smoother output spectrum, increasing the energy content of the main pulse by
a factor of 2. Our simulations indicate that a further improved energy content in the main pulse can be
achieved for decreasing B, compensated by an increased N.

The next challenge for Q-switched laser pulse compression is longitudinal mode beating, which can
occur due to additional longitudinal modes emitted from the laser itself, a typical phenomenon for Q-
switched lasers [65]. The resulting modulation of the temporal profile of the pulse occurring due to tem-
poral mode interference can distort the phase of the SPM-broadened spectrum, degrading the compress-
ibility of the pulse, as observed in our experiments (see section S2). Our numerical simulations reveal
that an additional mode with an energy fraction of only 10~ of the main pulse can already have severe
effects on the output spectrum. Thus, mode cleaning before coupling into the nMPC becomes necessary.

Another challenge is SBS, which arises from the nonlinear interaction of an incoming light wave
(pump) with the acoustic modes of the medium via electrostriction, generating a periodic modulation
of the material density. For pulse energies exceeding a material-dependent threshold intensity, the laser
pulse releases energy into a backward-propagating Stokes wave, which is frequency-shifted by a few GHz
relative to the incoming wave [52-54]. SBS thus represents a potential loss channel for an nMPC. The
SBS frequency shift is a material-dependent property. For ES this shift is equivalent to 16.3 GHz [66].
Following the formalism of transient Brillouin scattering (7 <100 ns) in fibers [67], it can be shown
that the effective intensity for the nMPC example reported above is two orders of magnitude lower than
the threshold intensity required for SBS, ie. I, /I = 0.013 (see figure S4). For the same intens-
ity, the SBS threshold is instead surpassed when the input pulse duration is increased to 7~5ns. In
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Figure 5. Impact and suppression of SRS in nMPC post-compression. (a) and (c) Illustration of the nMPC with (c) and without
(a) spectral SRS filter. The transmitted Stokes components are pictorially indicated with arrows. (b) and (d) Corresponding sim-
ulated temporal pulse shapes following spectral broadening in the nMPC. Without filter, the pulse transfers energy to the Stokes
field, leading to a distorted temporal pulse shape (b). This effect can be suppressed (d) using a suitable MPC mirror design, acting
as spectral filter suppressing the Stokes pulse.

this case, SBS can be suppressed by reducing the peak power at the expense of the single-pass spectral
broadening.

In addition to SBS, SRS can severely limit spectral broadening. SRS is an inelastic, stimulated scat-
tering process in which photons are downshifted in energy by an amount determined by the vibrational
modes of the medium [54]. In FS, the Stokes wave is frequency-down-shifted by about 13.6 THz [68].
Similar to SBS, the magnitude of SRS becomes important after exceeding a certain intensity threshold.
Due to the large frequency shift, dispersion between the original pump pulse and the Stokes pulse can
influence the dynamics of SRS [54]. SRS has been the major limiting factor of spectral broadening in
fibers [69]. Although large broadening factors up to 80 have been demonstrated in fibers [32, 42], SRS
limits the possible pulse energies to far below 1 pJ. While in our proof-of-principle experiment we did
not observe any significant SRS onset, in the case of the upscaled simulation reported in figure 2, SRS
becomes prominent (see equation (S6) in section S5). However, within the nMPC scheme the SRS con-
tribution can be suppressed by using suitable MPC mirror coatings, acting as spectral filters for the
Stokes pulse at each reflection.

Using FS as nonlinear material, the Stokes pulse of a laser pulse centered at 1064 nm appears at
around 1112 nm and thus far outside the spectral range covered by the SPM-broadened spectrum, mak-
ing spectral filtering possible. Figure 5 shows two simulated spectral broadening scenarios in an nMPC
using 500 ps, 1 m] pulses. Attenuating the Stokes field by only 30% per mirror reflection completely sup-
presses SRS and results in clean, compressible pulses (figures 5(c) and (d)).

Another limiting nonlinear effect is QPM-FWM, which can occur in MPCs with large broadening
factors [55]. Similar to SRS, this effect can severely limit spectral broadening due to the generation of
spectral side-bands, introducing strong modulations on the pulse in the temporal domain. We analyze
this effect numerically and estimate its impact for nMPC post-compression (section S5), identifying a
simple mitigation strategy. The location of the spectral side-bands depends on the dispersion properties
of the nMPC, including the nonlinear medium and the mirrors, as well as on the MPC configuration.
For the considered example case with the laser pulse centered at 1064 nm, the first QPM-FWM peaks
appear at 1047 nm and 1082 nm. Similar to SRS, suitable optical coatings can be used to filter out both
QPM-FWM induced spectral side-bands at each reflection and fully suppress their effect (see figure S7).

In the presented experiment, the moderate broadening factor of 20 resulted in the absence of the
majority of the aforementioned detrimental effects, including SRS and QPM-FWM. However, our sim-
ulations reveal the importance of SRS and QPM-FWM suppression via spectral filtering for large spec-
tral broadening factors (figures S5 and S7), indicating the importance of suitable mitigation strategies.
We note that the (2+1)D simulation results presented in figures 2 and 4 do not include the effect of
SRS and QFM-FWM for computational reasons. However, we also performed (141)D simulations with
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the same parameters, while also considering SRS and QFM-FWM (see figure S7). In particular, we show
that the use of suitable optical coatings effectively filters out and suppresses the contribution of SRS and
QFM-FWM even for large compression factors, while maintaining a very high reflectivity (>99.98%)
around the center wavelength of the laser.

5. Conclusion and outlook

We introduced a novel approach to compress Q-switched laser pulses using an nMPC, which uses a long
glass rod as the nonlinear medium, as well as spectral filtering concepts to suppress detrimental nonlin-
ear effects. Our approach enables efficient spectral broadening of low peak-power sources and extremely
high compression factors, while also overcoming key limitations observed in fiber-based spectral broad-
ening, such as SRS. Our proof-of-concept experiment demonstrates the compression of a 0.5 ns long
pulse to a duration of 24 ps, with numerically validated scalability down to 3 ps. When combined with a
second post-compression stage, the nMPC provides a bridge between nanosecond Q-switched lasers and
femtosecond pulses. Our results open perspectives towards low-cost, high-peak-power ultrafast sources.
Ultimately, the nMPC technology is promising to support a range of advanced applications, includ-

ing the generation of high-flux EUV light for material characterization and ultrafast laser spectroscopy
research, high-precision laser-driven material machining for industrial manufacturing, and damage-free
tissue treatment in dermatology.
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S1 Characterising the beam quality

Maintaining the beam quality is an important characteristic of an MPC. In our experiment, the
beam quality is measured before and after the nMPC, showing a slight degradation of the mean M?
from 1.31 to 1.45 (Fig. S1). This is potentially caused by the beam passing through the surface of
the F'S bulk with an angle at each pass. This problem could potentially be mitigated by the proposed
all-bulk MPC, which would eliminate the need for surface passes. We observed an improving output
beam quality with increasing power.
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(a) — M2y=1.10 (b) — M2y=135 — MZy=125

N VZ

0.0 NN LR LA B LANLALIN LA BN B LANLELA AL B B

60 80 100 120 140 60 30 100 120 80 100 120

Position (mm) Position (mm) Position (mm)

Beam diameter (mm)

Figure S1: Spatial beam quality characterization. Beam quality measurement of MPC input
(a), output (b) and output without Etalon at 1.35mJ input energy (c). The panels include the
corresponding beam profiles at the focus position (insets).

S2 Influence of additional longitudinal laser modes in post-compression schemes

Unlike mode-locked lasers, Q-switched lasers typically emit non-phase-locked secondary longitudinal
modes (LM). These modes can distort the SPM process as secondary modes cause distortions of the
temporal pulse envelope. This can be critical even if only a very small fraction of the energy is
emitted in weak additional modes. For the passively Q-switched laser used in our experiment, the
manufacturer specifies the single LM operation as having an energy part of less than 0.1% in different
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LMs. In our simulation, we observed good agreement with the experimental results for a single
second mode that contained 0.01% of the pulse energy.

= = Input -SM = = Input -LM (Ap=0) = = Input -LM (Ap=m)
Output - SM Output - LM (Ap = 0) Output - LM (Ap = 7)
2 100 {(a) ) A [0
-2
z 10 ! I| 2z 05
n —4 n
§ 10 '| [ §
5 106 T T T L1 I T T = 0.0 T T T 1
1064.1 1064.2 1064.3 1064.4 1064.1 1064.2 1064.3 1064.4
Wavelength (nm) Wavelength (nm)
c x10° &
2 o @ - 5 10 -
5 27 \ T ¥y s _
: 1/ 7\ B
2 14 / \\ = 5
A ni/ = ]
o NN vt le
& — — 2 I . T . I .
—500 O 500 —100 0 100 @~ 1064.1 1064.2 1064.3 1064.4

Time (ps) Time (ps) Wavelength (nm)

Figure S2: Simulation results visualizing the influence of a secondary longitudinal mode
on the compressibility of the MPC output. (a) Input spectrum with a secondary longitudinal
mode (LM) with 0.01% of the energy (b) Spectral broadening performance for single longitudinal
mode operation (SM) and for secondary LM operation. The broadening is shown for two different
relative phases Ay between the LMs. (c,d) Temporal Intensity profile, with oscillations caused by
interference with the second LM. (e) From SPM generated spectral phase, which has to be compensated
for compression.

Figure S2(a) shows an example of a single secondary LM separated by 50 pm. Although the
interference modulates the temporal pulse envelope by only a few percent (Fig. S2(c, d)), our
simulations reveal that the broadened spectra are distorted with a strong dependence on the
respective inter-mode phase (Fig. S2(b)), compared to the single-mode case. Figure S2(d) displays
the spectral phase of the three cases, where only the single-mode operation indicates a spectral phase
that fits a parabola closely, thus enabling compression by GDD compensation.
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Figure S3: Influence of secondary LM’s on compressibility of the MPC output. (a) Remaining
spectral phase after GDD compensation. (b) Corresponding compressed output pulses.

Figure S3(a) shows the spectral phase after GDD compensation. It is evident that the outer
spectral components, in particular, hinder successful pulse compression. The corresponding
compressed pulses are displayed in Figure S3(b), where temporal break-up is observed in cases where
a weak second mode is present. This demonstrates that, to achieve high compression factors and a
well-defined output pulse, the system must operate in a single mode. In this work, single-mode
operation is ensured by using a Fabry-Pérot etalon. In our experiment, the effect discussed here was
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observed, and it prevented compression close to the Fourier transform limit (FTL) in the absence of
the etalon.

S3 Estimation of Stimulated Brillouin Scattering (SBS)

While SBS can be used as the main nonlinear process for pulse compression of long pulses - typically
10ns or longer down to below 1ns [1, 2] - it is detrimental for spectral broadening through SPM. For
pulses that are longer than the phonon lifetime of the material 7 > Tg (for fused silica Tp ~ 5ns),
the SBS threshold peak intensity Ii;, can be calculated using the steady-state SBS gain coefficient gp
and the threshold parameter © [3]. This material-dependent quantities and the interaction length L
define the single-pass peak intensity threshold as [4]:

e 0
g L  gB-zr
Here L = zr denotes the interaction length, zg the Rayleigh length and v, the group velocity of the
pulse. For the transient Brillouin scattering regime, i.e., when the pulse duration is shorter than the
phonon lifetime, the temporal interaction decreases, thus increasing the threshold intensity. In this

regime, SBS can be modeled using numerical methods that have been developed for optical fibers.
Here, the threshold peak intensity scales with pulse duration as [4]:

I ;T3> 2zR/vg, (S1)

20 (TB@

T

+ 1) , T <2L/v,. (S2)

In order to quantify this intensity threshold for the nMPC, we define an effective intensity I.g of a
single pass through the nMPC, that would produce the same nonlinearity, i.e., the same B-integral,
as propagation in a fiber with the corresponding constant mode size:

27
Bpass = Tn2LMPCIcﬁF (83)

Considering the basic geometry of an MPC filled with a nonlinear medium, the B-integral can be
written as [5]:

Bpass =A4m )\Q*N (84)

Using equations S3 and S4, we obtain the effective intensity:

_ 7wPn ﬁ
~ ALmpc N

Here, P denotes the pulse peak power and n the refractive index. The MPC configuration is defined
by the cell length Lypc, the number of round trips N, and by the re-entrance condition defined by
the integer k. For a given set of material parameters, the SBS threshold intensity can be calculated
in terms of interaction length (eq. S1) and pulse duration (eq. S2). This threshold can then be
compared to the effective Intensity in the MPC using equation S5.

Figure S4 shows the impact of SBS in a fused silica nMPC for input pulse durations from 0.1 ns
to 100ns. For parameters that lay under the curves in Figure S4, the contribution of SBS is
negligible, as in the case of our experimental demonstration. For the same MPC configuration as
used in the experiment, a sufficient single-pass B-integral of at least > 0.17 could be achieved with an
input laser pulse duration of up to 6 ns. For longer pulse durations, a large number of passes would
be needed to compensate for the low single-pass B-integral. Alternatively, the SBS component needs
to be attenuated after each pass.

Log (S5)
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Figure S4: SBS threshold in an nMPC. The dependence of the Brillouin threshold intensity is
plotted as a function of the input pulse duration (eq. S2). For long pulses, the threshold is dominated
by the interaction length (eq. S1). Our experimental parameters are far below the SBS threshold
(eq. S5). The following parameters were used: gg = 5cm/GW, T = 5us, npg = 1.45, © = 22 and
ng = 2.19-1071%cm?/W [4, 6-8].

S4 Simulation of Stimulated Raman scattering (SRS)
The threshold intensity above which SRS becomes significant depends on the pulse duration and
material-dependent parameters. It can be heuristically defined as [6]:

SRS 32

I3 = Twon (S6)
Here, gr is the Raman gain parameter, which is approximately gr = 1- 10713 m/W for 1 pm
wavelength in fused silica [6]. Lw = 7/Jvg, — vg'| is the so-called walk-off length, after which the
pump and Stokes pulses temporally walk off, thus limiting further Raman gain with vgy,, vgs defining
the group velocities of the pump and the generated Stokes pulse, respectively. In the case of
nanosecond pulses, Ly is long and ISRS small, thus defining a severe constraint for the achievable
SPM spectral broadening. However, as shown in the main manuscript and in Fig. S5, suitably nMPC
mirrors can act as a spectral filter introducing a loss for the Stokes wave. A moderate SRS
attenuation of 30% per pass is already sufficient to fully suppress the overall SRS contribution.
Considering the THz-level frequency shift of the SRS Stoke wave, the production of such optical
coatings is fully feasible [9].
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Figure S5: Impact of SRS in an nMPC for different Stokes losses. (a) Simulated peak power
enhancement I = Pk / Py after spectral broadening of 1mJ, 0.5 ns pulses in an all-bulk fused silica
nMPC with N = 150, k = 91, R = 0.1m. Ppeax is calculated by applying the optimized GDD to
the output pulses. Py denotes the input peak power. The figure displays II for different values of loss
applied per pass to the stokes pulse. (b) Uncompressed pulses and Stokes fields for different Stokes
losses corresponding to the data displayed in (a). The displayed data correspond to different number
of passes in the nMPC, as indicated with circles in (a).
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Below, we describe the numerical model used for the SRS simulation. For computational cost
reasons, we use a (1+1)D model that takes temporal effects into account, while the spatial dimension
is modeled using the ray-transfer matrix formalism. For the nonlinear propagation including SRS, we
follow the same approach as described in ref. [10] (egs. (10) and (11)), defining the two coupled
equations for pump and Stokes fields. We modify the equations slightly, omitting the last term in
both equations, which describes spontaneous Raman scattering. Further, we include the full linear
dispersion. The two coupled equations read as:

s Dy = i (1~ )y (Jup? + 2husf?) +
+ipfrg [ bt 1) gt + ()]
+ivpfre [ Rl = () expliftn(e — ¢t
ous . )
oo HiDus = ivs(1 = fr)us (fus]* + 20upl?) +
+ it | it — 1) [Jus() + lup ()]
+ iy [ halt = us)us) expl-in(e — lat

where wu;, i = p, s (pump and Stokes, respectively) are the fields in the temporal domain, normalized
such that the power P;(t) = |u;|?. The dispersion operator D includes all dispersion orders,
incorporated by solving the left-hand side of the equations in the frequency domain and using
refractive index data of fused silica [11]. Further, 7; is the nonlinear coupling parameter which is
proportional to the nonlinear refractive index ng, defined in ref. [10]. We use ng = 2.19 - 10720 m?/W
[12] for the nonlinear refractive index of fused silica. Finally, fr = 0.18 is the Raman fraction of fused
silica [10], and hg(t) is the delayed response function of the SRS interaction in the temporal domain.

To determine hg(t), we use the data for the response function in the frequency domain hp(w)
provided in ref. [10, 13] and fit a simplified model f;(w) = a - w - exp [—(b - w)®¥] with the fitting
parameters a, b to the imaginary part. We calculate the real part using the Kramers-Kronig
relationship, while ensuring normalization f:;o fn(t)dt =1 [10]. Figure S6 shows the response
functions in the temporal and frequency domains.
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Figure S6: Raman gain of fused silica. The data for the delayed response function of the SRS
interaction in frequency domain hgr(w) are taken from ref. [10]. The fitted functions fj(w) in the
frequency domain and f,(¢) in the time domain are used in the simulations.

The Stokes field is initialized with a random noise following a Gaussian distribution using the
one-photon-per-mode method [6]. We solve the model using a coupled Runge-Kutta-4 split-step
algorithm on a 2'® = 262144 temporal /spectral grid with a temporal window of [—1.27,1.27] ns and a
step size dz = 0.00246 m.
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S5 Quasi-Phase-Matched Four-Wave-Mixing (QPM-FWM) simulations
Quasi-Phase-Matched Four-Wave-Mixing (QPM-FWM) can occur at large spectral broadening
factors in MPCs, as discussed in ref. [14]. Following ref. [14], we performed (1+1)D simulations to
quantify the possible contribution of QPM-FWM in a nMPC. A 0.5ns, 1 mJ pulse is propagated in a
full-bulk fused silica nMPC, with R = 10cm, N = 150, & = 91, resulting in 2N = 300 passes. Figure
S7(a)-(c) shows the impact of QPM-FWM on the broadened spectrum after 1, 100, and 270 passes
through the nMPC. Spectral side bands appear at specific wavelengths, which are determined by the
dispersion landscape of the nMPC. More specifically, QPM-FWM occurs at wavelengths for which
the phase-matching condition A¢ = (2k1 — ko — k3)Lypce = n27 (n integer) applies after one pass,
where k(w;) = k; is the wave-number, i = 1 denotes the fundamental wavelength and ¢ = 2,3 the
FWM components [14].
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Figure S7: Impact of QPM-FWM in an nMPC. The QPM-FWM contribution is simulated after
(a) 1, (b) 100, and (c) 270 passes without using a spectral filter. (d) Plot of the broadened spectrum
applying a spectral filter after each pass. In each of the Figures (a)-(d), the spectrum is plotted in
linear scale (upper plot) and logarithmic scale (lower plot, zoomed view of upper plot).The spectral
phase is plotted after subtracting the GDD, optimized for the highest peak power. The gray line in
(d), lower panel visualizes the spectral filter.

Figure S7(c) clearly shows a large energy transfer to the FWM spectral components and a
distortion of the main spectrum. Furthermore, the phase exhibits discontinuities which cannot be
compensated via simple removal of group-delay-dispersion (GDD), resulting in an incompressible
pulse in the time domain. To suppress both SRS and QPM-FWM, we apply a spectral filter at each
reflection at the nMPC mirror in the simulation. Figure S7(d) shows that the contributions of
QPM-FWM and SRS are fully suppressed by the spectral filter, resulting in a clean and compressible
SPM-broadened spectrum. The spectral filter consists of two dielectric multi-layer mirror coatings,
one with a central wavelength offset to the longer and one to the shorter side of the spectrum. The
effective filter per round-trip in the nMPC is shown in Fig. S7(d). After GDD removal, the phase is
smooth without discontinuities.
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Abstract

Second-harmonic generation (SHG) is a widely used nonlinear optical process which has been optimized
for high frequency conversion efficiency, broad bandwidths as well as optimum spatial and temporal quality
of the generated light. However, limitations of the generation efficiency arise due to temporal dispersion and
pulse walk-off effects introduced by the nonlinear crystal. To circumvent these limitations, quasi-waveguide
schemes, in particular multi-pass cells (MPCs), can be employed, providing flexible phase-tuning capa-
bilities. In this work, we demonstrate for the first time broadband and efficient SHG in an MPC. SHG
efficiencies of 72 % (for 63 fs, 50 nJ pulses) and 47 % (for 15fs, 20 nJ pulses) are obtained by simultaneously
matching the relative phase and group-delay between the fundamental and second-harmonic fields over
multiple passes through the MPC. Our work sets a new record for efficient Gaussian-beam, ultra-short
pulse SHG and provides a general route to address efficiency-bandwidth limitations of nonlinear optical

processes.

1 Introduction

Second-harmonic generation (SHG) was first ob-
served in 1961 [1], shortly after the invention of
the laser [2], and has since become a cornerstone
of nonlinear optics. Today, SHG is indispensable
for producing tunable mid-infrared, visible and ul-
traviolet radiation [3—13], for ultrafast pulse charac-
terization [14, 15], and for a variety of imaging and
frequency-comb applications [16-19]. Efficient y(?
conversion hinges on (i) a strong second-order nonlin-
earity—typically provided by non-centrosymmetric
crystals—and (ii) fulfillment of the phase-matching
condition [20,21]. While many x(® processes (SFG,
DFG, optical rectification, OPA) share these require-
ments [22, 23], achieving simultaneous phase and
group-delay (GD) matching in broadband, few-cycle
regimes remains challenging. Phase-matching can

be achieved by various techniques, including type I,
type II, noncritical birefringent phase-matching as
well as quasi-phase-matching (QPM) [22]. Free-space
QPM has also been demonstrated using multi-pass
cells [24-26]. However, in the above examples, phase-
matching can typically only be achieved for a certain
spectral bandwidth, typically determined by the crys-
tal length. This leads to efficiency and bandwidth
limits of the frequency-converted pulse [22]. To over-
come this challenge, in particular for SHG, methods
such as adiabatic frequency conversion [27, 28] and
prism-based phase-and group delay matching [29, 30]
have been developed. More recent works propose
micro-structured fiberbased phase-and GD matching
[31]. While constituting promising approaches for ef-
ficient SHG, these methods either rely on single- or
few-pass free-space geometries or wave-guides, where
tunability of the relative phase between SHG and
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Figure 1: Overview of various works on second-harmonic generation (SHG), relating efficiency to the fun-
damental (red dots) input and SHG output (green squares) bandwidths, here expressed as the full-width
half-maximum (FWHM) of the Fourier-transform limited (FTL) pulses. The green triangle indicates the
efficiency after compression of the SH pulse. The gray markers indicate flat-top or non-Gaussian beam sys-
tems. The blue arrows indicate the estimated efficiency improvement over the state of the art. {The FTL
was calculated using the spectral bandwidth provided in the reference. *The pulse duration was assumed as
the FTL, since the reference did not provide the FTL or bandwidth. °No FTL, bandwidth or pulse duration

of the SH pulse provided.

fundamental fields remains constrained, leaving the
challenge to compromise between efficiency and band-
width.

Here, we address this challenge by implementing
SHG inside a Herriott-type multi-pass cell (MPC),
enabling phase and group-delay compensation. A
x@ nonlinear crystal is placed in the center of
our second-harmonic multi-pass cell (SHG-MPC),
enabling SHG for every pass through the MPC.
The SHG-MPC operates in a pressure-tunable gas
cell filled with air or krypton. Group-delay (GD)
compensating mirrors provide —15fs relative GD
per reflection between the fundamental and second-
harmonic field. Fine tuning of phase and group delay
is achieved by adjusting the gas pressure and crystal
angle (6), enabling efficient, broadband SHG, ulti-
mately limited by higher-order dispersion.

To demonstrate the SHG-MPC concept, we investi-
gate two experimental regimes. Using 1030 nm, 63 fs,
50pnJ fundamental pulses and a 78 pm [-BaBoOy
(BBO) crystal, we achieve an SHG efficiency of 72%.
With shorter 1030 nm, 15 fs, 20 nJ driving pulses and
a 95 um BBO crystal, we obtain 47% SHG efficiency,
with 44% retained after compression. In both cases,

the generated second-harmonic output exhibits excel-
lent pulse and beam quality. Our results demonstrate
that MPCs are versatile tools for efficiently driving
and tailoring SHG and potentially other second-order
nonlinear processes.

Figure 1 provides an overview over selected SHG
works, comparing the bandwidth of the input and
output pulses with the achieved conversion efficien-
cies. For most works, a single-pass generation scheme
is used. The trade-off between bandwidth and effi-
ciency is clearly visible, highlighted by the blue back-
ground to guide the eye. Compared with the works in
Fig. 1, the SHG-MPC results obtained in this work
show a notable increase in efficiency. For the two
experimental regimes investigated here, the achieved
efficiencies exceed the current state of the art by es-
timated factors of 1.6 and 2.2, respectively.

2 Concept: Second-harmonic-
generation in multi-pass cells

The SHG-MPC is characterized by its flexible phase-
and amplitude tuning capabilities. This flexibility
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Figure 2: Tlustration of the SHG-MPC concept and simulated spectrograms. (a) In a thick crystal, SHG
can achieve high conversion efficiency, but the spectral bandwidth is limited by the narrow phase-matching
bandwidth. (b) A thin crystal provides a much broader phase-matching bandwidth, but the reduced interac-
tion length lowers the conversion efficiency. (c) Top view of the SHG-MPC, which combines high efficiency
and broad bandwidth by appropriately compensating the phase and group-delay (GD) mismatch after each
pass through a thin crystal. (d,e) Simulated idealized spectrograms of the spectrally resolved SH pulse as
a function of gas pressure for two crystal angles. (d) Relative GD uncompensated. (e) Relative GD com-
pensated. The simulation parameters match the experiment, except that ideal Gaussian beams are used as
the fundamental input. The input pulse has a wavelength of 1030 nm, a duration of 30fs, and an energy of
251J. The MPC parameters are R = 1 m (radius of curvature), N = 4 round trips (2N = 8 passes) through
a 100 pm-thick BBO crystal, and a cavity length of L = 29.5cm. A relative GD of —15fs is compensated
at each mirror reflection, delaying the fundamental pulse. The simulations are performed using the model

described in Supplementary Section S1. The optimal phase-matching angle is 0, = 23.8°.

stems from the fact that the MPC acts as a quasi-
waveguide in which the properties of the pulses can be
adjusted at each pass though the cell using appropri-
ate optical elements. In particular, the cavity mirrors
can be used to tune the phase and to compensate for
the dispersion accumulated in the nonlinear crystal.
In addition, two extra tuning parameters are intro-
duced to precisely control the relative phase between
the second-harmonic (SH) field and the fundamen-
tal field. These parameters are (i) the gas pressure
p in the vacuum chamber in which the SHG-MPC is
set up and the critical angle 6 relative to the opti-
cal axis of the (uniaxial) crystal. Figure 2 illustrates
the SHG-MPC concept in comparison to single-pass
SHG approaches. In Fig. 2(a), a long crystal is used,
which narrows the spectral bandwidth of the SHG
output but enables highly efficient SHG. In contrast,
Fig. 2(b) shows that a thin crystal can convert the
full bandwidth, but typically yields low conversion ef-
ficiencies due to the reduced interaction length. Fig.
2(c) illustrates the SHG-MPC in which both broad

bandwidths and high conversion efficiencies can be
achieved by tuning the the relative phases between
the SH and fundamental fields.

In the SHG-MPC concept, we focus on the precise
tuning of the relative phase (phase-matching) and
the relative group-delay (GD-matching) between the
SH and the fundamental fields. In a nonlinear, bire-
fringent crystal exhibiting a X(z)-nonlinearity, phase-
matching is typically achieved by propagating the
fields in different axes with different dispersion rela-
tions k;(w). Here, fundamental and second harmonic
fields and the corresponding crystal axes are denoted
with ¢ = 1,2, respectively. We define the define the
"zeroth”-order wavenumber-mismatch as

ARO = 2k (@) — k(@) =

:@(m(@l) - 7712(@2)) ’
Co

(1)

where w; is the central frequency of the respective
field, n; the refractive index and ¢y the speed of
light in vacuum. For a given material length L, the



zeroth-order phase-mismatch is A¢(® = Ak(©) . L. In
SHG, phase-matching is usually referred to the case
when AK(® = 0. In this work, we focus on type
I phase-matching, where the fundamental field i = 1
is polarized orthogonally to the second-harmonic field
1 = 2. When phase matching is achieved, high conver-
sion efficiencies are typically obtained for relatively
narrowband pulses. However, for ultrashort pulses,
higher order phase-mismatch terms can become rele-
vant, with the next order being the group-delay (GD)
mismatch. The GD wavenumber-mismatch between
the fundamental and second-harmonic field can be
written as

(2)

where the accumulated GD in the medium is Ap(!) =
AkM . L. In general, when Ak = 0, typically
AkM = 0, i.e. when the phase is matched, the
GD is not necessarily matched simultaneously. In
the temporal domain, a GD mismatch results in a
temporal walk-off of the fundamental and second-
harmonic pulses. In the frequency domain, a GD
mismatch appears as a linearly varying spectral phase
mismatch, causing different frequency components of
the pulses to walk off temporally during propaga-
tion. This leads to a narrowing of the acceptance
bandwidth of the conversion process for long crystals.
Multi-pass cells provide the possibility of tuning the
relative phase Ay of the two fields after each pass
through the crystal, including the zeroth-order phase
and the GD, overcoming the acceptance bandwidth
limit compared to a single-pass generation scheme.
Assuming that the crystal is positioned in the cen-
ter and both sides of the MPC are symmetric, the
relative accumulated phase per pass amounts to

AR = kD (@1) — kD (@2) |

A@pass(w; 9; p) =

= A@cr(w;o) + AWgas(W;p) + Agpm(w) (3)
——
Gas

Crystal Mirror

where we indicate the dependencies of each term on
the two tuning parameters in the experiment, which
are gas pressure p and the “critical” crystal angle 6
relative to the optical axis of the (uniaxial) crystal, as
shown in Fig. 2(c). The term Ape(w;6) denotes the
relative dispersion induced by propagation through
the crystal depending on the angle 6 of the wavevector
k to the optical axis, Apgas(w;p) is the dispersion of
the ambient gas depending on pressure p and Ap, (w)
the phase induced by the mirror. Note that we do
not include the relative Gouy-phase contribution, as
this is typically negligibly small within the interaction
length in the crystal [44].

Equation (3) contains all contributions to the
phase-mismatch between fundamental and second-
harmonic field. If we consider the zeroth and first
order only, Eq. (3) can be expressed as the sum of the
phase-mismatch Ap(®) = 2@50) - (péo) and the GD-
mismatch Ap(t) = @51) — wgl) of each dispersive ele-
ment in the SHG-MPC. The phase- and group-delay
terms of the gas and crystal are obtained from their
respective Sellmeier equations, while the contribu-
tions from the optics are taken from the coating spec-
ifications of the mirrors (see Supplement Fig. S6).

Phase-matching occurs when the following condition
is fulfilled:

AP0 (0,p) =

= A0 (0) + A (p) +Ap® = 27n, (4)

gas

where n is an integer. At the same time, for the first-
order phase terms, the condition

AL (0, p) =

|
= ApP(0) + Apllp) + Al =0 (5)

needs to be fulfilled to ensure GD matching. The
amount of GD that is then required to be compen-
sated by the mirrors can be determined by

Apl) — (A¢g1>(9pm) + Asogﬁs(pmf)) . (6)

where 6, is the phase-matching angle (23.4° for
BBO) and p,er the reference pressure of the gas that
can be arbitrarily set. In our experiments, we choose
Pret = 500 mbar of air, in order to enable a large phase
tuning range above and below the GD matching point
within the gas pressure tuning range supported by
the setup of 0-1 bar. A high conversion efficiency is
then achieved by passing through the crystal multiple
times.

Figures 2(d,e) show simulated spectrograms and
conversion efficiencies of the generated SH signal in
a thin BBO crystal as a function of pressure p. In
this example, the mirror phase is chosen such that
the phase and GD conditions in Egs. (4) and (5)
are simultaneously fulfilled at p,pe = 500 mbar and
Oopt = 23.8°. Several main maxima of the SHG
signal occur at pressures, where zeroth-order phase-
matching condition defined in Eq. (4) is fulfilled.
However, phase matching alone is not sufficient for
efficient broadband SHG: the relative GD between
the fundamental and SH pulses must also be compen-
sated. If the crystal angle 6 is not chosen appropri-
ately, as illustrated in Fig. 2(d), the GD condition of
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Figure 3: Experimental setup for both the long pulse (Exp A) and the short pulse (Exp B) experiments. Two
different laser systems with similar parameters are used. After spectral broadening and post-compression,
the pulses are sent into the chamber, where mode-matching and SHG in the SHG-MPC is carried out. Two
harmonic separators are used to fully filter out the remaining fundamental light. In Exp B, the SH pulses
are compressed using a chirped mirror compressor. The spectrum, M2 and power is analyzed subsequently.
Frequency-resolved optical gating (FROG) measurements are additionally carried out in Exp B.

Eq. (5) is not fulfilled at the phase-matching pressure.
In this case, pressure tuning can maximize the phase
matching, but the fundamental and SH pulses remain
temporally mismatched, limiting the bandwidth and
conversion efficiency. By adjusting the crystal an-
gle to Oope, the GD condition is shifted to coincide
with the phase-matching condition at popt—500 mbar,
as shown in Fig. 2(e). At this point, both phase and
GD matching are achieved simultaneously, resulting
in broadband and efficient SHG.

Figures 2(d) and (e) furthermore illustrate the dis-
persion behavior of the SHG-MPC. The three dom-
inant maxima in Fig. 2(e) are separated by ap-
proximately 390 mbar, corresponding to a relative
phase shift of 27 between the 1030 nm fundamen-
tal and the 515nm SHG field over an MPC length
of about 29.5cm in air. Below 500 mbar, the spec-
tra are tilted toward shorter wavelengths, indicat-
ing anomalous dispersion, whereas above this pres-
sure the tilt reverses, corresponding to normal dis-
persion. Around 500 mbar, where the group veloci-
ties are matched, both the conversion efficiency and
the generated bandwidth reach their maximum val-
ues, indicating simultaneous phase and group-delay
matching. Additional weaker maxima and minima
arise between the main peaks. The number of these
minor peaks is determined by the number of passes

through the MPC. A more detailed analytical treat-
ment is provided in reference [44].

3 Experiment and Results

For the experimental demonstration of the broadband
SHG-MPC we conduct two experiments with two dif-
ferent pulse durations and bandwidths at 1030 nm
wavelength. In the first experiment (referred to as
experiment A), we perform SHG of 50 1J, 63 fs pulses
with a Fourier-transform limit (FTL) of about 56 fs.
Here we reach a conversion efficiency of 72%. In
the second experiment (referred to as experiment
B), we perform SHG using 15.4fs pulses, yielding
an FTL of 10fs with an efficiency of 47%. In ex-
periment B we additionally compress the pulses us-
ing chirped mirrors down to 13.8fs. In both ex-
periments, the fundamental pulses are first post-
compressed using a self-phase modulation (SPM) -
based MPC post-compression system. In experiment
B, the post-compressed laser system developed in
reference [45] is used. For the experimental valida-
tion of broadband SHG-MPC we investigate two dis-
tinct parameter sets at a wavelength of 1030 nm. Ex-
periment A employs 50 nJ, 63 fs fundamental pulses
(Fourier-transform limit 56fs) as the input to the
SHG-MPC. Experiment B uses 20 pnJ, 15.4fs funda-



mental pulses (Fourier-transform limit 14.5fs), with
the generated second-harmonic light subsequently
compressed. In both configurations the fundamen-
tal pulses are first post-compressed in a conventional
self-phase-modulation (SPM) multi-pass cell (MPC)
[45].

Figure 3 displays the common experimental layout
for both configurations. After spectral broadening
and compression, the fundamental pulses are directed
into the SHG-MPC chamber, that can be filled with
the selected gas at pressures ranging from 0 to 1 bar.
Inside this chamber, the beam is mode-matched and
guided to the SHG-MPC. Before coupling into the
SHG-MPC, the beam passes through a first harmonic
separator (HS). The SHG-MPC consists of two con-
cave mirrors with a radius-of-curvature (ROC) of
R = 1m and is configured to N = 4 round-trips
(8 passes) with a configuration parameter of k = 1
[46]. This corresponds to an MPC length of about
L = 29.5cm. The mirror coatings are specifically de-
signed to compensate a group-delay (GD) of about
—151fs between 1030 nm and 515 nm, which is the rel-
ative GD accumulated over a single pass through the
MPC including dispersion in the SHG crystal at a ref-
erence pressure of 500 mbar of air. As nonlinear crys-
tals two Beta-Barium Borate (8-BaB204, BBO) crys-
tals with thicknesses of L., = 78 pm and L., = 95 pm
are used, both cut to the type I phase-matching an-
gle of Opm = 23.4° used without substrate. The
thinner BBO crystal is employed in experiment A,
whereas the thicker crystal is used in experiment B,
as this configuration experimentally yielded the op-
timum results. The crystal is placed in the center
of the SHG-MPC. In this MPC configuration, the
beam is weakly focused and the 1/e? beam sizes are
rather small with 385 um beam radius at the MPC
mirrors and 340 pm waist radius in the focus. The
BBO crystal is mounted such that the incidence an-
gle 6 can be adjusted, i.e. 6 = O, + Af, where Af
is the detuning from the phase-matching angle. Af-
ter 8 passes through the SHG-MPC and the crystal,
both fundamental and SHG beams are coupled out.
The fundamental field is filtered using two harmonic
separators in order to obtain a pure SHG beam.

We conduct measurements using both air (Experi-
ment A and B) and Krypton (A). In order to record
spectrograms as, for example, in Fig. 2(e), we scan
the gas pressure of the chamber from about 50 mbar
to 1bar. In these spectrograms, the SHG signal
appears as multiple spectrally dependent maxima.
While a signal maximum at a fixed wavelength re-
veals phase-matching between fundamental and SHG
fields, the spectral tilt of these maxima is a direct in-
dicator for GD matching. By tuning the crystal an-

gle 0 such that the spectrum in one of the maxima
appears vertical, GD matching can be achieved. In
order to match both phase- and GD, we tune the pres-
sure to the vertical maximum. Afterwards, the SHG
beam is characterized using various beam and pulse
diagnostics. In experiment B, we further compress
the SHG pulse using a pair of chirped mirrors with
an average group-delay dispersion (GDD) of —40 fs?
per reflection.

A. Long Pulse Conversion

In Experiment A we use post-compressed pulses with
63 fs pulse duration and an FTL of 56fs. We atten-
uate the pulse energy to 50 pJ. The repetition rate
is set to 4kHz. Here, we use the short BBO with
L., = 78um thickness. By recording the spectrum
and the output power simultaneously and scanning
the pressure in the chamber, we obtain similar spec-
trograms as shown in Fig. 2(e). We use both air
and Krypton as gas media in the SHG-MPC cham-
ber. While air is a more practical gas to use, Krypton
provides larger dispersion, resulting in four phase-
matching maxima within our fixed pressure tuning
range.

Figure 4 shows the experimental results for Kryp-
ton. In Fig. 4(a), the spectrogram is shown together
with the corresponding measured SHG efficiency. In
Fig. 4(b-c) the fundamental and SH pulses at the
largest efficiency are plotted in temporal and spec-
tral domain. Since the SH pulses are not compressed
here, the FTL pulse is plotted along with the mea-
sured input fundamental pulse. The bandwidth of the
resulting SH pulses around 515 nm support an FTL of
31.5fs. We measure a maximum conversion efficiency
of 72% at a pressure of p = 315 mbar in krypton. The
efficiency n = P/ Pout is determined using the input
power P, at the position right before coupling into
the SHG-MPC and the output power Py, right after
the vacuum chamber, both indicated in Fig. 3. We
measure the beam quality of the SH beam using a
commercial M? device (DataRay WinCamD-IR-BB)
after out-coupling of the vacuum chamber revealing
an excellent beam quality of M? < 1.1 of the out-
put SH beam. The simulated spectrum in Fig. 4,
as well as the simulated spectrograms (Fig. S1 in
the supplement) are in excellent agreement. Here we
use the measured fundamental input pulses as the in-
put and simulate the experimental conditions, using
the (34+1)D nonlinear pulse propagation model de-
scribed in the supplement section S1. The resulting
FTL of the simulated pulse is 31.5fs in agreement
with the experimentally obtained spectrum. We fur-
ther simulate the same experiment excluding effects
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Figure 4: Experimental results of experiment A. (a)
Spectrograms containing the spectrally-resolved SHG
signal recorded as a function of gas pressure (here:
Krypton) and the corresponding measured efficien-
cies displayed in the line-out plot. The green dashed
line indicates the highest efficiency reached after GD
matching at around 315mbar. (b) Measured input
and output pulses in the temporal domain. In this
experiment the SH pulses are not compressed, thus
the FTL pulses are shown. The insets show the beam
profile of the SH beam in the near-field (NF) and far-
field (FF). (¢) Input and output spectrum. The sim-
ulated spectrum is in very good agreement with the
measurement.

of SPM in order to investigate its influence on the
generation process. Here, the simulations show that
the maximum efficiency does not change, while the
output FTL duration increases to 37 fs. We therefore
conclude that the nonlinear dynamics in this experi-
ment are dominated by SHG, whereas SPM has a sec-
ondary influence, decreasing the Fourier-transform-
limited pulse duration by about 15%.

B. Short Pulse Conversion

In Experiment B we use post-compressed pulses with
15.4fs pulse duration, an FTL of 14.5fs and a pulse
energy of 20nJ. The post-compressed laser system
was described earlier by Siletti et al. [45]. The rep-
etition rate of the system is set to 5kHz. Here, we
use air as the dispersive medium in the SHG-MPC,
resulting in fewer phase-matched maxima due to the
lower dispersion of air compared to Krypton. We
further change the crystal to the longer one with
Loy = 95nm. The experimental results are shown
in Fig. 5. In the recorded spectrograms (Fig. 5(a)),
we observe a global maximum at around 490 mbar.
The signal maxima appear curved, effectively reduc-
ing the bandwidth and efficiency of the SHG process
at a fixed gas pressure. The curvature results from
higher-order relative phase terms between fundamen-
tal and SH fields, with the main contribution arising
from a relative group-delay dispersion (GDD). The
GDD (and higher phase orders) result from both, the
phase characteristics of the mirror coatings and the
dispersion of the materials in the MPC, where the
latter is responsible for the major part of the GDD
mismatch. While the MPC mirrors are designed for
GD matching, higher order phase terms are not com-
pensated. The spectra in Fig. 5 exhibit modulations
that can be attributed to both the modulation of the
post-compressed input spectrum as well as the phase
introduced by the mirrors. The efficiency maxima
exhibit a double-peak structure, which we are able
to reproduce in our simulations by implementing the
angle variation of the critical § angle, introduced by
the MPC beam geometry (supplement Fig. S3). Ac-
cording to our simulations, this effects does not sig-
nificantly reduce the SHG conversion efficiency, but
can introduce a second peak as seen in the experi-
mental spectrograms as seen in Fig. 5(a). In section
I, we discuss how to eliminate the angular variation
of the critical angle 6 in the SHG-MPC. After set-
ting the gas pressure to the efficiency maximum (in-
dicated in Fig. 5(a)), we compress the pulse using
a pair of chirped mirrors with an average GDD of
—401s? per reflection and a total of 12 reflections,
yielding about —480fs*> of compensated GDD. We
characterize the SH pulses using frequency-resolved
optical gating (FROG) device, where we retrieve a
pulse duration of 13.8 fs and a conversion efficiency of
47 %. This efficiency is measured before the chirped
mirror compressor. The total compressor transmis-
sion amounts to 93.4% , which can still be optimized
by employing higher reflectivity chirped mirrors. The
bandwidth measured with a spectrometer supports
a pulse duration of 10fs, while the retrieved spec-
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Figure 5: Experimental results of experiment B. (a)
Spectrograms recorded as a function of gas pressure
(here: air) and the corresponding measured efficien-
cies. The green dashed line indicates the highest ef-
ficiency at around 490 mbar. (b) Measured input
and output pulses in the temporal domain. The in-
sets show the beam profile of the SH beam in the
near-field (NF) and far-field (FF). (c) Measured in-
put and SH output spectra, as well as the simulated
SH spectrum. The simulated spectrum is in excellent
agreement with the experiment.

trum from the FROG measurement reveals an FTL
of 12.6 fs. We attribute this discrepancy to the lim-
ited phase-matching bandwidth of the SHG crystal
in the FROG setup. The simulated FTL duration of
10fs, in agreement with the spectrometer-based es-
timate, further supports this interpretation. When
SPM is suppressed in the simulations, the resulting
FTL duration increases to 11.5 fs, showing again that
SPM only plays a minor role in the SHG MPC. We
measure a very good beam quality of M2 = 1.18+0.12

for the SH output, compared to about M? = 1.16 for
the fundamental input beam.

4 Discussion and Outlook

The SHG-MPC enables efficient nonlinear frequency-
doubling of broadband pulses by exploiting the phase-
tuning capabilities of MPCs. Instead of passing
through a relatively thick nonlinear medium once,
the propagation is split into many passes, where in-
between each pass, the free propagation of the pulses
and reflection at the MPC mirror is used to com-
pensate the accumulated phase in the nonlinear crys-
tal. In this way, the SHG-MPC enables to over-
come the efficiency-bandwidth limit of single-pass
SHG schemes.

A challenge that may arise is due to the typically
round beam pattern geometry of the MPC, which
can lead to considerable angles variations at the SHG
crystal, changing the propagation axis of the beams
and thus the dispersion relations in a non-isotropic
crystal. This issue, however, can be circumvented
by two measures. First, the beam geometry can be
changed to a linear pattern, as shown in Fig. 6(a)-(c).
Second, uniaxial crystals — for example BBO — can
be used, with the beam pattern aligned such that the
angles vary only along the ¢-axis, while the f-axis,
along which the extraordinary SH field propagates,
remains constant for each pass. The angle 6 again
refers to the angle of the k-vector to the optical axis
z of the crystal and ¢ is the angle relative to the xz
plane [47,48]. In this way, extraordinary propagation
of the SH field takes place at a defined #-angle, lead-
ing to unchanged dispersion properties in the crystal
at each pass. In the experiments, the MPC config-
uration is chosen such that the angular variation is
small (< £0.5°) by making the beam pattern on the
mirrors as compact as possible, while still maintain-
ing efficient in/out-coupling. While a double-peak in
the efficiency (Fig. 5) appears — due to the remain-
ing angle variations in the #-direction — the efficiency
does not significantly reduce. However, for different
configurations, where the angles can be large, e.g.
in tight-focusing geometries, the linear pattern ap-
proach should be implemented.

Another interesting aspect to discuss is mode-
matching of the second harmonic in the SHG-MPC.
In general, the input beam sent into an MPC needs
to be matched to the transversal mode defined by
the cell. In the context of the SHG-MPC, the ques-
tion arises whether the generated SH field satisfies the
mode-matching conditions as well. In our (3+1)D
simulations, taking into account all relevant spatio-
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Figure 6: Optimized geometry and corresponding beam properties for an SHG-MPC employing a uniaxial
crystal (e.g., BBO). The polarizations of the fundamental (red) and SH (green) beams are indicated by
arrows, with the SH polarized along the extraordinary axis. Crosses denote polarization vectors pointing
into the plane of the figure. (a) Comparison of a conventional round beam pattern, typically used in standard
MPC configurations, with the proposed linear pattern. (b) Top view of the MPC with the linear pattern.
From this perspective, the linear and round patterns appear identical. (c) Side view of the MPC, where
the linear pattern appears like a single beam at a fixed angle 6. (d) Simulated beam-radius evolution of
the fundamental and SH beams throughout the SHG-MPC using the parameters of Experiment A. (e-g)
Simulations of energy-scaled SHG-MPCs using the measured fundamental spectrum from Fig. 3 as the
simulation input. (e) Simulated MPC output spectra for three input pulse energies (1 nJ, 50 pJ, and 1mJ),
together with the input spectrum. (f) Corresponding evolution of the SHG conversion efficiency per pass.
(g) Comparison of the fundamental (1030nm) MPC beam radii for the three pulse energies. The MPC
geometries are chosen such that the maximum peak intensity in the crystal is approximately 600 GW cm ™2,

while the crystal thickness is fixed at 100 pm in all cases.

temporal pulse propagation effects (see supplemen-
tary section S1), we show that the SH automatically
fulfills the mode-matching condition, if the funda-
mental beam is mode-matched to the MPC. Figure
6(d) shows the simulated beam radius over all eight
passes in the SHG-MPC. Here we simulate the sce-
nario of experiment A (section 3A) and show that
the SH mode follows the fundamental mode and is
very well mode-matched. As expected for SHG in
the low conversion limit, the mode radius of the SH
beam is reduced by a factor V2 relative to the fun-
damental mode, enabling to satisfy mode-matching
for the SHG field in the nearly linear regime, where
Kerr lensing is negligible [46]. The abrupt increases
of the radius of the fundamental beam observed in
Fig. 6(d) arise from the conversion process. As SHG
depletes the central portion of the fundamental beam,
the remaining intensity distribution broadens, result-
ing in an increased effective beam radius. Another
relevant aspect to explore is energy-scaling of the
SHG-MPC. In our experiments, we use pulses with
moderate pulse energies of a few 10s of nJ. However,

the pulse energy is not limited to this range, but can
be scaled to either lower or higher pulse energies. For
lower (higher) pulse energies, the MPC can be config-
ured to tighter (looser) focusing geometries in order
to reach suitable intensities inside the crystal. Energy
up-scaling can be done in a compact way by using
convex-concave (cx-cv) MPCs [19] or by scaling up
the radius-of-curvature (ROC) and the MPC length,
where the mode-size scales as a square-root with the
ROC [50], optionally combined with beam path fold-
ing in order to decrease the MPC length [51]. The im-
portant parameter for scaling is the peak intensity of
the fundamental field in the nonlinear crystal, which
we try to keep around 600 GW/cm?. Fig. 6(e) dis-
plays simulated MPC output spectra for low (1pnJ),
moderate (50 nJ) and high energy (1mJ), revealing
very similar characteristics. For the 50nJ case, we
consider the same SHG-MPC configuration and in-
put pulse as used in experiment A. The high energy
case uses an up-scaled version of this configuration
by increasing the mirror ROC to R = 4.5m and an
MPC length to about 1.3 m, where we keep the num-
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Figure 7: Simulated spectrogram traces and efficien-
cies for a 7fs Gaussian pulse input using a 100 um
BBO crystal and air as dispersive gas. (a) GD com-
pensated with remaining GDD. (b) Both GD and
GDD compensated using formulas Eq. (6) and Eq.
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ber of round-trips at N = 4 and & = 1. In the low
energy case, we consider R = 50 mm, N = 6 round-
trips and k = 5, resulting in an MPC length of about
10cm and strongly focusing geometry. Figure 6(f)
shows the efficiency per pass. The number of passes
is chosen to reach saturation of the efficiency. Figure
6(g) displays the eigenmode structure of each MPC
in the focal region. We calculate efficiencies of j 70%
for all three configurations, using the same experi-
mentally measured input temporal profiles as in our
experiment (experiment A, section 3) with 63 fs input
pulse duration and an FTL of 56 fs.

In addition to energy up-scaling, an interesting
development direction for the SHG-MPC is pulse
duration down-scaling. The main challenge arises
from higher-order phase-mismatch introduced by the
dispersion of the crystal, gas and the MPC mir-
rors. For very short pulses, higher order relative

10

phases terms such as the second-order phase (group-
delay-dispersion, GDD) and third order (third-order-
dispersion, TOD) can limit the bandwidth and the
SHG conversion efficiency. Similar to GD, the GDD
can be matched approximately by setting the second-
order mirror dispersion to

A%(r%) ~ = (ASDE:%)(apm) + Asz)é?s(pmf)) ,(7)

where Agog)(Gpm) and Agoéi)s(pref) is the accumu-
lated GDD in the crystal and the gas respectively,
at phase-matching angle 6, and reference pressure
Pret- Figure 7 shows simulated spectrograms for a
two-cycle, 7fs input pulse centered at 1030 nm wave-
length. In this simulation, the MPC configuration
and dispersion properties are similar to experiment B,
however, here we use an idealized mirror dispersion,
which compensates the relative GD by —15fs (Fig.
7(a) and (b)) and in addition the relative GDD by
about —12fs% in 7(b). In Fig. 7(a) the higher-order
phase-mismatch can be identified by the curvature
of the signal maxima in the spectrograms. Although
the GD is matched, the full bandwidth cannot be
supported, resulting in a reduced bandwidth and ef-
ficiency. In contrast, the spectrogram in Fig. 7(b)
the case with matched GDD is shown. Under ideal
conditions, even for a 7fs input pulse, the resulting
efficiency can reach up to 80% with a resulting band-
width of the SHG pulse of 5.7fs FTL. The capabili-
ties of matching first- and second order phases while
supporting the necessary bandwidth depend on the
available mirror coatings.

5 Conclusion

In this work we experimentally demonstrate efficient
second-harmonic generation of broadband pulses in
a multi-pass cell. We show that by using the phase-
tuning capabilities of MPCs, the SHG-MPC can in-
crease the efficiency of the SHG process for broad-
band pulses. In the experiment, we use a thin free-
standing BBO crystal placed in the center of a sym-
metric MPC consisting of two mirrors with GD-
compensating optical coatings inside a vacuum cham-
ber. By optimizing two key parameters, the pressure
of the gas in the chamber and the critical angle 6
of the crystal, we demonstrated conversion of 50 jJ,
1030 nm, 63 fs (56 fs FTL) to the SH with 31.5fs FTL
with an efficiency of 72%, exhibiting excellent beam
quality. In a second experiment, we demonstrate
SHG for shorter pulses, where we use 20 1J, 1030 nm,
15.4fs (14.6fs FTL) fundamental pulses, converting
them into 10fs FTL pulses with an efficiency of 47%



(44% after compression), which we compress down to
13.8fs at an M? = 1.18. Comparing the bandwidth
and resulting efficiency to existing works, we show in
Fig. 1 that our results outperform common SHG tech-
niques, pushing current efficiency-bandwidth records.
The efficiency and bandwidth limits of our method
are mainly defined by the achievable mirror disper-
sion characteristics. This combination of high con-
version efficiency and broad bandwidth is particu-
larly relevant for applications requiring energetic few-
cycle visible or near-visible pulses, such as attosec-
ond science, where efficient second-harmonic genera-
tion can help access shorter driving wavelengths and
thereby increase the efficiency of high-harmonic gen-
eration [52]. Our results further indicate that MPCs
open new degrees of freedom to tailor second-order
nonlinear processes, including not only SHG but also,
for example, sum-frequency generation and optical-
parametric amplification [53,54], enabling new routes
to push the parameter limits of these processes.
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Supplementary Material

S1 SHG-MPC simulation model
S1.1  (3+1)D model

The simulation model used in this work is based on the Unidirectional Pulse Propagation Equation (UPPE)
/53]

P(kx, ky7waz)

0. E(k'zv kyv”v Z) = iKz(k'xv kva) E(kaﬂa kvav Z) + iQ(kz»kva) %
0

(S1)

where K, (ky, ky,w) = \/kQ(kl., ky,w) — k2 — k2 and k(ks, k,,w) = L%n(kz, ky,w), with the spatial frequen-

cies k, and ky, the frequency w and the permittivity of free space gy ~ 8.854,187,819 - 102 F/m. The
propagation equation is solved in a non-field resolved manner, where the rapidly oscillating center frequency
terms @ are multiplied out by F(@ + w) = E(w)e**. The wavenumber-dependent refractive index is calcu-
lated self-consistently according to reference [56], giving rise to spatial propagation effects in non-isotropic
media, for example and most notably the spatial walk-off of the second harmonic in the crystal [56]. The
nonlinear propagation coupling is defined as Q(kz, ky,w) = ijyw),
proximation K (ks,ky,w) ~ k(w) in the nonlinear part only. The nonlinear polarization P, /(z,y,t,z) for
ordinary (o) and extraordinary (e) field is solved in the time-domain and takes into account second-order x (2
effects as well as self-phase modulation (SPM). The nonlinear polarization for the second- and third-order
nonlinearities is defined as [56]:

where we make an isotropic ap-

Pose(,9,1,2) = P (w,y,1,2) + PS) (@, .1, 2) (S2)
SHG process
p<2)_@( OF.E* +EE+EE*+EE*+EE) (S3)
o = 4 el elve ele oHe e—~o
SHG process
PO =" (BB, +2BE+ BB+ E.E,+ E,E;) (S4)
e T 7 olvo ole e~o e~o 0o |

where we indicate the nonlinear processes that are responsible for the SHG generation in BBO with type I
phase-matching. The pre-factors (coupling parameters) are £,/ = 250%, with the deg as the medium
and its orientation dependent second-order response [56]. The additional factor of 1/4 in the above equations
arises from the convention used to calculate the intensity from the electric field I = %TLC()E()|E |2, as opposed
to I = 2ncoeo| E|? used in reference [56] and by other authors [22]. For an explanation of these convention
differences, we refer to the preface of reference [57].

Finally, the third-order polarization (SPM) is defined as
3
P(E/())('Z.? Y, t, Z) = Yo/e |E0/e('ra Y, t, Z)‘2 Eo/e(xv Y, 1, Z) ’ (85)

with 7,/e = %Egconi/engp/e.

We use an in-house developed code for the numerical evaluation of Equation (S1), which is solved using
a Fourier split-step method. The linear part is solved in reciprocal space and frequency domain and the
nonlinear part is solved in real space and time domain using the Runge-Kutta 4 (RK4) method.

S1.2 (1+41)D model

In addition to the (3+1)D model including all spatio-temporal effects, we use a (14+1)D model, where the
spatial domain is modeled using the Gaussian ABCD matrix formalism, additionally taking into account
Kerr lensing [58]. This hybrid approach enables fast numerical calculations of MPC post-compresison as
well as the SHG-MPC by summarizing the two spatial variables z and y into a simple ABCD-matrix based
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calculation, while capturing the same nonlinear effects of the temporal and spatial domain as the (3+1)D
model. The temporal and spatial domain is modeled by equation S1, but without the spatial coordinates

P(w,2)

0, E(w,z) = ik, (w) E(w, 2z) +iQ(w) 92y

(S6)

where k, = ;”—Dn(w) and Q(w) = E%JZ— Again, nonlinear polarization P,/ (, z) for ordinary (o) and extraordi-
ofz

nary (e) field is as usually solved in the time-domain and takes into account second-order x@ effects as well
as self-phase modulation (SPM). The nonlinear polarization for the second- and third-order nonlinearities is
defined as [56]:

Poyelt,2) = P)(t,2) + POt 2) (S7)

SHG process
p<2>_&( SEL +EE+EE*+EE*+EE) (S8)
o —4 el elle eHe oHe €~o

SHG process
(2) Re * * *
P =— E.E, +2E,FE.+ E.E,+ E.E,+ EE)|, S9
e 4 e o o

where we indicate the nonlinear processes that are responsible for the SHG generation in BBO with type

I phase-matching. The pre-factors (coupling parameters) are again k,/. = 2c¢ n“/de(f;), with the deg as the

medium and its orientation dependent second-order response [56]. SPM is modeled using

3
Pé/g(t,z) = Yo/e |Eo/e(tvz)‘2E0/9(t’z) ) (810)
with v,/ = %ﬁgconi/enzwe-

Finally, the spatial effects are modeled using the ABCD transfer matrices for translation My, = ((1) L{”) and
focusing My = (_11/ ¥ (1)) Kerr lensing is accounted for by calculating the Kerr-focal length fierr as [58]:

,w4

Ferr = 0.47——

_ S11
Poeaxnodz (S11)

where Ppeax is the peak power. Kerr lensing is then incorporated by modeling one propagation step of a
distance dz as

Mg, = Mg./o My, - Mg./2 - (512)

S2 Simulation of experiments

In this section, we show a collection of numerical results modeling our experimental results. All simulations
use the same MPC geometry, consisting of two mirrors with a radius of curvature (ROC) of R=1m, N =4
round-trips, and a configuration parameter k = 1, resulting in an MPC length of Lypc = 29.5cm. For the
simulations, we use the (34+1)D model described in section S1.

Figures S1 and S2 present a comparison between experiment and simulation for experiment A con-
sidering a BBO crystal with a thickness of 78 pm. In both datasets, the input pulses have a central
wavelength of 1030 nm, a duration of 63fs, and an energy of 50 uJ. These pulses correspond to retrieved
pulse profiles obtained from FROG measurements (Fig. S4), which are used as input for the simulations.
The simulations additionally include the wavelength-dependent phase and reflectivity characteristics of the
mirrors, as provided by LAYERTECH GmbH (Fig. S6). The BBO crystal angle relative to the optical axis
is set to § = 24°, and the gas pressure is varied between approximately 60 mbar and 900 mbar. In both cases,
excellent agreement between simulation and experiment is observed in the spectrograms as well as in the
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spectra. Furthermore, the measured second-harmonic (SH) spectrum supports a Fourier transform-limited
(FTL) pulse duration of 31.5fs, which is in exact agreement with the value obtained from the simulated SH
spectrum. We furthermore incorporate an estimated anti-reflective (AR) coating loss of 1% for each field,
fundamental and SH, which yields a maximum efficiency of 71% for both gases, which is very close to the
measured maximum efficiency of 72%.

Figure S3 shows the experimental and simulated spectrograms for experiment B (see Section 3B of
the main manuscript), using air as the ambient gas medium and fundamental input pulses at 1030 nm with a
duration of 15.4 fs and an energy of 20 pJ. These input pulses were characterized using FROG measurements
(Fig. SH) and used as input for the simulations. In this simulation, the BBO crystal thickness was increased
to 95 num and the € angle is set to 23.2°. Furthermore, the measured and simulated SH spectra show good
agreement, with both supporting a FTL pulse duration of 10fs. The secondary maxima are reproduced as
well, when the angular variation in the critical 6 direction resulting from the MPC geometry is accounted
for. As discussed in the main manuscript, the spectra retrieved from the FROG measurements exhibit a
reduced bandwidth. This narrowing can be attributed to the limited phase-matching bandwidth of the
BBO crystal used in the FROG setup (Fig. S5). In this simulation we apply an estimated AR-coating loss
of 2% for each field, which results in a maximum conversion efficiency of about 53%, which is reasonably
close to the measured efficiency of 47%.

Simuation of Experiment A

Experiment A
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Figure S1: Experimental (left) and simulated (right) spectrograms for experiment A (section 3A in the main
manuscript) using Krypton as the ambient gas for 63 fs, 50 1J fundamental pulses. The data for the input
pulse is retrieved from FROG measurements.
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Simulation of experiment A (air)

Experiment A (air)
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Figure S2: Experimental (left) and simulated (right) spectrograms for experiment A, but with air as the
ambient gas (not shown in the main manuscript) for 63 fs, 50 pJ fundamental pulses as the input. The data
for the input pulse is retrieved from FROG measurements.
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Figure S3: Experimental (left) and simulated (right) spectrograms for experiment B using air as the ambient
gas for 15.4fs, 20nJ input fundamental pulses. The data for the input pulse is retrieved from FROG
measurements.
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Figure S4: Fundamental and SH pulses from experiment and simulation (Experiment A). The upper plot
shows the time domain pulses, the measured fundamental pulse and the compressed simulated SH pulse.
In this experiment we did not compress the SH pulses, thus we do not show a compressed measured SH
pulse. The lower plot shows the measured input spectrum (red), the measured SH spectrum (green) and the
simulated SH spectrum (green, dotted).
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(red), the measured SH spectrum (green) and the simulated SH spectrum (green, dotted).
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Figure S6: Mirror data for the mirrors used in the experiments and simulations, as provided by the manu-
facturer LAYERTEC GmbH.
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S3 Second-harmonic beam quality measurements
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Figure S7: M? measurement of the output Ssecond-harmonic beam in experiment A (long pulse).
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Figure S8: M? measurements of the output second-harmonic beam in experiment B (short pulse).
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