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Abstract

Ultraviolet (UV) light plays a crucial role across various scientific fields such
as biochemistry, material science and nanotechnology. Producing and using
UV pulses with sub-5 fs durations is extremely demanding, but offers new
possibilities for studying electron dynamics in light-induced biochemical re-
actions.
This thesis presents a tuneable ultrafast UV source operating at high repe-
tition rates (up to 50 kHz), designed to be the key component of a table-top
few-femtosecond UV-pump and IR-probe beamline to perform time-resolved
spectroscopy measurements. Firstly, pulse post-compression of 150 fs pulses
with a pulse energy of 250 µJ, provided by an ytterbium (Yb)-based fibre laser
system, down to 20 fs with 90% throughput is achieved via a conventional
single-stage multi-pass cell (MPC) filled with 1.4 bar krypton gas. Limited
by the narrow bandwidth of the cell mirrors, dispersion-engineered cell mir-
rors are utilised for the direct control of dispersion inside the MPC to en-
hance nonlinear spectral broadening based on self-phase modulation (SPM).
Through this approach, pulse compression down to 15 fs within a compact
single-stage MPC is demonstrated, maintaining an overall throughput of
> 90% . Additionally, the average power and repetition rate scalability up to
50 W and 200 kHz, respectively, of this method is proven while preserving
the spectral broadening characteristics of the output beam.
These short pulses are subsequently used to drive resonant dispersive wave
(RDW) emission via a 1.7 meter long hollow-core fibre, filled with argon gas
in a negative pressure gradient. A tuneability range of the RDW from 270 nm
to 530 nm at 1 and 10 kHz repetition rate is demonstrated, with a transform
limited UV pulse of about 3 fs and microjoule level pulse energy at the short-
est wavelength. It is also shown that at 50 kHz repetition rate the tuneability
range is limited to 370 nm due to the onset of filamentation at higher gas pres-
sures. Moreover, the overall design of the UV-pump and IR-probe beamline
is presented, which will benefit statistically demanding experiments.
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Zusammenfassung

Ultraviolettes (UV) Licht spielt eine entscheidende Rolle in verschiedenen
wissenschaftlichen Bereichen wie der Biochemie, den Materialwissenschaften
und der Nanotechnologie. Die Erzeugung und Nutzung von UV-Pulsen mit
sub-5 fs Dauer ist äußerst anspruchsvoll, bietet jedoch neue Möglichkeiten
zur Untersuchung der Elektronendynamik in lichtinduzierten biochemischen
Reaktionen.
Diese Arbeit präsentiert eine abstimmbare, ultraschnelle UV-Quelle, die bei
hohen Wiederholraten (bis zu 50 kHz) arbeitet und als Schlüsselkomponente
einer kompakten UV-Pump und IR-Probe Strahlführung für zeitaufgelöste
spektroskopische Messungen entwickelt wurde. Zunächst wird eine Pul-
skompression von 150 fs langen Pulsen mit einer Pulsenergie von 250 µJ, die
von einem auf Ytterbium (Yb) basierenden Faserlasersystem bereitgestellt
werden, auf 20 fs mit einem Durchsatz von 90% mittels einer einzelnen herkömm-
lichen Multi-Pass-Zelle (MPC) demonstriert, die mit 1.4 bar Krypton gefüllt
ist. Da die Bandbreite der Zellspiegel begrenzt ist, werden dispersionsop-
timierte Zellspiegel verwendet, um die Dispersion innerhalb der MPC di-
rekt zu steuern und die nichtlineare spektrale Verbreiterung basierend auf
Selbstphasenmodulation (SPM) zu verstärken. Durch diesen Ansatz wird
eine Pulskompression auf 15 fs in einer einzelnen kompakten MPC erre-
icht, wobei ein Gesamtdurchsatz von > 90% beibehalten wird. Zusätzlich
wird die Skalierbarkeit der durchschnittlichen Leistung und Wiederholrate
auf bis zu 50 W und 200 kHz nachgewiesen, während die spektralen Eigen-
schaften der Ausgangsstrahlen erhalten bleiben. Diese kurzen Pulse wer-
den anschließend verwendet, um mittels einer 1.7 Meter langen Hohlkern-
faser, welche mit Argongas in einem negativen Druckgradienten gefüllt ist,
die resonante Dispersionswellen-Emission (RDW) anzutreiben. Ein Abstim-
mungsbereich der RDW von 270 nm bis 530 nm bei einer Wiederholrate
von 1 und 10 kHz wird demonstriert, mit einem Fourier-begrenzten UV-
Puls von etwa 3 fs und einer Pulsenergie im Mikrojoule-Bereich. Es wird
auch gezeigt, dass bei einer Wiederholrate von 50 kHz der Abstimmungs-
bereich aufgrund der Filamentierung bei höheren Gasdrücken auf 370 nm
begrenzt ist. Darüber hinaus wird das Gesamtdesign der UV-Pump und
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IR-Probe Strahlführung vorgestellt, das statistisch anspruchsvollen Experi-
menten zugutekommen wird.
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Chapter 1

Introduction

The capability to observe and control ultrafast processes at the molecular
level has been the driving force behind advancements in spectroscopy and
photochemistry. Time-resolved spectroscopic techniques offer essential in-
sights into the dynamic behaviour of matter, allowing to capture transient
states and unravel reaction mechanisms with exceptional temporal preci-
sion. In femtochemistry, tracking rapid events like the evolution of molecular
structures or the even faster motion of electron density necessitates pump-
probe schemes with few-femtosecond to attosecond time resolution [1, 2].
Most commonly, state-of-the-art sources provide radiation in the extreme
ultraviolet (XUV) or vacuum ultraviolet (VUV) regime, allowing access to
core-level electronic transitions. The high-energy photons, however, can eas-
ily damage or ionise biological specimens or delicate organic materials. In-
stead, broadband ultraviolet (UV) radiation enables the study of electronic
processes in neutral molecules [3] since their photon energy is typically lower
than the ionisation threshold of most molecules.

In recent years, significant advancements have been made in the devel-
opment of laser systems to drive these pump-probe experiments. Gener-
ally, titanium-sapphire (Ti:Sa)-based sources are used due to their large gain
bandwidth [4], allowing for pulse durations in the few-cycle femtosecond
regime [5]. Nevertheless, these systems encounter fundamental constraints
in reaching high pulse energy and peak power due to thermal issues, limit-
ing them to sub-µJ pulse energy and sub-10 W average power. While am-
plification techniques can boost the pulse energy to several joules and main-
tain short pulse durations, these systems still experience thermal constraints,
which limit their repetition rates. An alternative approach is provided by
Ytterbium (Yb)-based laser systems, which have demonstrated scalability to
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kilowatt (kW) power levels while maintaining high repetition rates and de-
livering exceptional beam quality and stability [6]. Consequently, these sys-
tems are powerful tools for applications that require high average powers
and provide a solution to enhance the signal-to-noise ratio (SNR) of exper-
iments driven by lasers. Temporal pulse constraints are, however, imposed
by the amplifier gain bandwidth and gain-narrowing effects [7, 8], restricting
pulse durations to only hundreds of femtoseconds. This limitation can be
addressed by means of nonlinear pulse post-compression techniques, which
involve self-phase modulation (SPM)-based spectral broadening followed by
removal of accumulated chirp. This requires a medium with cubic nonlinear-
ity, which can be either solid-state or gaseous.

A very well-established and widely used pulse compression method is
the use of gas-filled hollow-core fibres (HCFs), first introduced by Nisoli et
al. in 1996 [9], which have since shown remarkable achievements. The fur-
ther development of this technique for Yb-based systems has led to the gen-
eration of few-cycle pulses with energies reaching far into the millijoule (mJ)
regime [10, 11]. On the downside, fibre-based pulse compression schemes
are highly alignment-sensitive and prone to significant pointing instabilities.
As a viable alternative to the more traditional hollow-core fibre methods,
solid-state or gas-based multi-pass cells (MPCs) offer high efficiency, excel-
lent energy scaling potential, reduced sensitivity to beam pointing issues,
and more compact setups [12, 13]. To achieve few-cycle pulse durations with
millijoule-level pulse energies at high repetition rates, recent methods often
employ meter-long multi-pass cells arranged in a cascaded configuration,
which suffer from significant losses in the second stage due to the use of
metallic mirrors to cover sufficient spectral bandwidth [14].

Technological advancements in pulse compression methods are essential
for producing broadband UV light, as these pulses act as driving source for
third-order processes in nonlinear media. An efficient scheme for generat-
ing few-femtosecond UV pulses is offered by third harmonic generation in
a high-pressure gas cell, driven by 5 fs infrared (IR) pulses. This approach
yields sub-2 fs UV pulses spanning from 210 nm to 340 nm with 150 nJ pulse
energy [15]. An alternative method to increase UV pulse energy to the milli-
joule regime is provided by solitonic waves and their dynamics as they prop-
agate through a hollow-core fibre filled with a nonlinear gaseous medium,
resulting in resonant dispersive wave (RDW) emission [16]. A remarkable
advantage of this method is its capability to spectrally tune the RDW centre
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wavelength by simply adjusting the gas pressure and the driving pulse en-
ergy, while maintaining UV pulse durations in the few-cycle regime. Since
the wavelength tuning is so far limited to the VUV at about 110 nm, other
mechanisms, such as high-order harmonic generation (HHG) [17], need to
be used for targeting radiation in the XUV spectral region.

The work presented in this thesis aims at developing a table-top tune-
able UV-pump and IR-probe beamline with few-femtosecond time resolution
by utilising and combining novel techniques for the compression of infrared
pulses and the generation of UV light. This thesis will discuss a method
for enhancing SPM-based spectral broadening in a gas-based multi-pass cell
compressor, demonstrating its effectiveness in generating tuneable UV light
in the few-cycle regime through resonant dispersive wave emission in gas-
filled hollow-core fibres. In particular, the scalability in average power and
repetition rate of the overall setup will be explored.

The thesis outline is organised as follows:

• Chapter 2 introduces basic physical concepts which are relevant for the
understanding of the work performed in this thesis. The focus is par-
ticularly set on third-order nonlinear effects, including self-phase mod-
ulation.

• In Chapter 3, the design principles and applications of multi-pass cell
compressors are introduced, following a brief comparison of pulse post-
compression techniques. The chapter then presents the initial spectral
broadening performance of a custom-designed and fully implemented
gas-based MPC system.

• Chapter 4 introduces a method based on dispersion control to enhance
the spectral broadening performance of the gas-based multi-pass cell
technology, paving the way for pulse compression reaching the few-
cycle regime within a single-stage MPC. Additionally, average power
and repetition rate scaling of this MPC configuration will be demon-
strated.
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• Chapter 5 is dedicated to the generation of tuneable few-femtosecond
UV pulses, which are generated via resonant dispersive wave emis-
sion through an argon-filled hollow-core fibre. In particular, it will be
shown that the HCF is driven by the short pulses achieved via post-
compression after spectral broadening through a dispersion-controlled
MPC. The scalability in average power and repetition rate of the fibre
setup will also be demonstrated. Moreover, an outlook on the UV-
pump and IR-probe beamline will be presented and discussed.

• Chapter 6 presents a summary and concluding remarks of the work
presented in this thesis.
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Chapter 2

Fundamentals of Nonlinear Optics

Ultrafast optics is the product of nonlinear effects which arise when intense
light beams interact with nonlinear media. A variety of interesting phenom-
ena emerge; however, in this chapter the focus is set on those phenomena
which are most relevant to this work, specifically third-order effects. Hence,
a theoretical description is provided to fully comprehend the experimental
findings discussed in the upcoming chapters. Very good insight and detailed
explanations of nonlinear optics and its phenomena can be found in, for ex-
ample, [18, 19, 20], which have been extensively utilised for the writing of
this chapter.

2.1 Nonlinear optics in MPCs

The propagation of ultrashort pulses in nonlinear dispersive media can be
described by means of the Maxwell equations. They are well known and
described in detail, for example, in [19, 21]. Starting by treating light as
an electromagnetic wave with an electric field vector E, the simplified wave
equation for an isotropic, nonmagnetic, source-free medium reads

r2E =
1
c2

∂2E
∂t2 +

1
e0c2

∂2P
∂t2 (2.1)

where c is the speed of light, e0 represents the vacuum permittivity and P
symbolizes the electric polarization. From this equation, the polarization can
be expressed by the applied field strength, since new components of the elec-
tromagnetic field can originate from time-dependent P. Specifically, due to
the nonlinear response of a material, when interacting with a high-intensity
pulse, the polarization vector can be expanded into higher-order responses
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as
P = e0c(1)E + e0c(2)E2 + e0c(3)E3 + ...| {z }

PNL

(2.2)

with cn>1, n 2 N being the nonlinear susceptibilities, i.e., the higher-order
nonlinear response of the medium. For simplicity, we consider linearly po-
larised light and neglect the tensor nature of c.

In the following subsections, third-order nonlinear effects will be dis-
cussed, as they are the main contributors to this work.

2.1.1 Dispersion

Before moving on to the description of the nonlinear effect dominating in the
MPC compressor, it is crucial to grasp how dispersion affects the laser pulse
during propagation, so as to be controlled in an experimental setting. In this
regard, the complex representation of the electric field in Fourier space is
written as

Ẽ(w) = EA(w) · e
ij(w) (2.3)

with EA(w) being the electric field amplitude at frequency w and j(w) the
spectral phase. This indicates a dependency of the phase on the frequency,
i.e., the absolute phase changes across different spectral frequencies. The
spectral phase can also be defined in form of the Taylor series expansion
around the central frequency w0 as

j(w) =
•

Â
m=0

(w � w0)
m

m!

✓
∂m

∂wm
j(w)

◆

w=w0

=
•

Â
m=0

(w � w0)
m

m!
Dm (2.4)

for m 2 N. Hence, a clear dependency of the phase on the dispersion coeffi-
cients Dm is established. Latter can be mathematically evaluated via the m-th
partial derivative of the phase with respect to the spectral frequency around
w0, resulting in an apparent correlation to the refractive index n(w), i.e.

Dm =

✓
∂m

∂wm
j(w)

◆

w=w0

j=k·x
= x

✓
∂m

k(w)
∂wm

◆

w=w0

=
x

c

✓
∂m(w · n(w))

∂wm

◆

w=w0
(2.5)
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where k(w) = w
c
· n(w) is the frequency dependent wave number. Since a

precise mathematical expression describing k is not alwas given, it is helpful
to expand it into the Taylor series

k(w) = k0 + k1(w � w0) +
1
2

k2(w � w0)
2 +

1
6

k3(w � w0)
3 + ... (2.6)

Each dispersion coefficient affects the pulse differently during propagation,
as explained in the following:

• D0 describes the carrier phase shift with respect to the envelope. Here,
the pulse experiences a linear spectral phase during propagation, and
the phase velocity (i.e. propagation velocity of the wavefront) vp =

w0
k(w0)

= 1
k0

can be derived.

• D1 is associated with the amplitude’s propagation time through a medium
with length or thickness x, i.e., the shift of the envelope, also called
group delay (GD), which leads to the estimation of the group velocity
vg = dw

dk
= 1

k1
.

• D2 describes the pulse propagation with a quadratic spectral phase
leading to temporal pulse broadening, i.e., the group delay dispersion
(GDD). The acquired group delay is linear, meaning the temporal part
of the pulse changes linearly with respect to the frequency (quadratic
spectral phase). As a result, while the spectral profile of the pulse stays
the same, its temporal profile is altered, leading to a temporal broaden-
ing of the initially Fourier transform limited (FTL) pulse and a decrease
in peak power. This effect is commonly referred to as chirp. For D2 > 0
(positive GDD) the term normal dispersion is generally used, whereas
D2 < 0 (negative GDD) is referred to as anomalous dispersion.

• D3 is the third-order dispersion (TOD) and acquires a quadratic group
delay during propagation (cubic spectral phase). It allows for the gen-
eration of pre- and post-pulses at the edges of the pulse’s temporal pro-
file.

• Dm�4 are higher order dispersions. Usually they contribute only weakly
to the pulse in post-compression techniques like MPCs, and can hence
be neglected.
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Dispersion is typically introduced transmissively by common optical ma-
terials and needs to be compensated for. In some cases, however, it may be
favourable to introduce a certain amount of dispersion. Therefore, it is cru-
cial to control the dispersion of materials, especially when targeting short
pulses down to the few- femtosecond cycle regime. As the refractive index
of the material changes according to the frequency/wavelength of the prop-
agating light (i.e., the propagation velocity of the individual frequencies or
wavelengths differs from each other while passing through a medium), a
good solution for the estimation of the material dispersion is provided by
the Sellmeier equation [22]

n(l) =

s
1 + Â

i

Ail2

l2 � l2
i

, i 2 N (2.7)

where l is the wavelength in µm units and Ai are the Sellmeier coefficients
related to the resonances occurring at li. This is valid for the case where
frequencies are far away from the absorption resonance. A list of coefficients
and dispersion values for various materials can be found, for example, in
[23].

2.1.2 Third-order nonlinear effects

For materials exhibiting inversion symmetry, such as the noble gases used
in this work, the second-order susceptibility c2 vanishes and therefore hin-
ders second-order nonlinear effects [18]. Instead, third-order nonlinear ef-
fects dominate, reducing the nonlinear polarization response described by
2.2 to

PNL = e0c(3)E3 . (2.8)

Two phenomena arise from eq. 2.8: 1) the interaction of three photons
of an applied field with frequency w with a nonlinear medium generates a
new photon at three times the frequency 3w of the input photons, also called
third harmonic generation (THG). For input frequencies that differ from each
other, the term four-wave mixing (FWM) is preferably used. 2) The intensity
of a propagating monochromatic wave changes the refractive index of the
nonlinear medium (Kerr effect), hence giving rise to self-phase modulation
(SPM) and other associated effects such as self-steepening and self-focusing.
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In the following, we will focus on the latter nonlinear effects (i.e., Kerr
effect and SPM), as they are the predominant phenomena in the experiments
performed within the framework of this thesis.

Optical Kerr effect

The optical Kerr effect refers to the variation in refractive index of a medium
which is caused by the light intensity, and is characterised by the relation [18,
24]

n = n0 + 2n̄2

D
E2

E

= n0 + n2 I(t)
(2.9)

where n0 symbolises the linear or weak-field refractive index, n̄2 is the second-
order index of refraction outlining the rate at which the refractive index in-
creases with intensity, and I is the input pulse intensity. The latter can be
both time and space dependent, which will impose the same dependency on
the refractive index, leading to a modulation of the phase in the first scenario
and to lensing behaviour in the second scenario.

The nonlinear refractive index is related to the susceptibility via the effec-
tive susceptibility ceff = c(1) + 3e0c(3)|E|2, leading to n

2 = 1 + ceff. Conse-
quently, the linear and nonlinear refractive indices are connected to the linear
and nonlinear susceptibilities through the following equations:

n0 =
q

1 + c(1) (2.10a)

n̄2 =
3c(3)

4n0
(2.10b)

n2 =
3

4n2
0e0c

c(3) (2.10c)

Refractive index values n2 for various noble gases at atmospheric pressures
can be found, e.g., in [25].
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Self-Phase Modulation

From previous observations, we concluded that phase modulations in the
pulse occur when the refractive index is time-dependent. This effect is known
as Self-Phase Modulation (SPM) and is of significant relevance for this the-
sis, as the temporal phase of the input pulse is affected, which consequently
leads to spectral broadening. A mathematical description of SPM is achieved
by first considering a pulse propagating along z-direction with an electric
field given by

E(z, t) = A(z, t)ei(k0z�w0t) + c.c. (2.11)

with the envelope A(z, t) and with regard to the material properties described
by the refractive index in eq. 2.9 for I(t) = 2n0e0c|A(z, t)|2. This is valid only
under the premise that the medium response to the optical intensity is in-
stantaneous, the medium length is small enough to avoid reshaping of the
pulse, and the slowly varying envelope approximation (SVEA) can be ap-
plied [18]. The phase variation affected by the medium on the propagating
pulse is characterised by

fNL(t) = �n2w0L

c
I(t) (2.12)

after propagation z = L. Hence, the time-dependent change in phase results
in a broader transmitted pulse spectrum compared to the initial one. In this
regard, it is convenient to introduce the instantaneous frequency

w(t) = w0 + dw(t) (2.13)

with the change in instantaneous frequency given by dw(t) = d

dt
fNL(t). A

visual representation of this effect is depicted in figure 2.1. An overall os-
cillatory modulation in the broadened spectrum is visible due to spectral in-
terference of spectral components generated at different times, arising from
the change in instantaneous frequency. Moreover, the two edges of the ini-
tial pulse contribute in opposite directions to the spectral broadening, i.e. the
leading edge causes red shifting of the spectrum (red line figure 2.1), whereas
the trailing edge causes blue shifting (blue line 2.1). Another feature of SPM
broadened spectra is described by the green line in figure 2.1, where at the
maximum intensity (peak) of the pulse and at its minima no instantaneous
frequency shift takes place and contributes mainly to the centre wavelength
of the spectrum [26]. A good quantification of the phase shift acquired due
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to nonlinear effects during propagation is expressed in the form of the B-
integral

B =
w0
c

Z
L

0
n2(z)I(z)dz

l=2pc/w0=
2p

l
n2 I0Le f f (2.14)

with the central wavelength in vacuum l, the input pulse peak intensity Io,
and the effective length of the nonlinear interaction Le f f [26].

FIGURE 2.1: Kerr-effect induced self-phase modulation with
(a) initial pulse shape, (b) instantaneous frequency shift and (c)
SPM-based spectrally broadened pulse for B-integral = 9p (ini-

tial pulse spectrum in the shaded area) [26].
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Self-action effects

Other phenomena arising from the intensity-dependent nonlinear refractive
index are so-called self-action effects, which affect the laser pulse in different
ways. In the following, a brief description of these effects will be given.

Self-steepening. When the nonlinear refractive index changes the group
velocity proportionally to the intensity of the pulse, the effect known as Self-
steepening arises. This phenomenon manifests itself in the from of a dis-
torted temporal pulse shape. To be precise, the pulse slows down due to high
refractive index at its highest energy point (at its peak), whereas towards the
low intensity edges of the pulse the velocity is unchanged. This translates
to a shift of the peak towards the trailing edge of the pulse, steepening the
trailing slope while flattening out the leading edge of the pulse. Hence, in
frequency domain SPM-based spectral broadening is generated asymmetri-
cally with larger broadening on the high-frequency part. A prerequisit for
the onset of self-steepening is that the pulses need to be short enough (<100
fs).

Self-focusing. Despite the temporal and spectral effects introduced by
the intensity dependent nonlinear refractive index, it can also modify the
spatial beam profile of a laser pulse, leading to Kerr-lensing in the material.
This phenomenon is called self-focusing. Upon propagation through a Kerr
medium, the centre part of the pulse exhibits a different velocity than at its
edges. This results in a position-dependent phase shift where at high inten-
sities the phase is the slowest, and consequently creates a concave curvature
of the wavefront, letting the beam self-focus. This process gets continuously
stronger until a defocusing/diffraction process counteracts or the material is
damaged. For pulses with very high peak power the lensing effect increases
until the beam collapses. Therefore, an important threshold is set by the crit-
ical power described as

Pcr = a
l2

4pn0n2
(2.15)

where a is a constant which needs to be calculated numerically [27]. Hence,
self-focusing sets in when the input pulse power P exceeds the critical power
(P > Pcr).
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Chapter 3

Multi-pass Cell compressor

There are a variety of techniques to perform laser pulse compression, such as
bulk-based methods or via waveguides. In recent years, gas-filled or solid-
state-based multi-pass cells have emerged as a promising alternative method,
characterised by their high transmission efficiency, energy scaling compati-
bility, low susceptibility to beam pointing, and relatively compact and cost-
efficient setups [12, 13].

In this chapter, a general description of the multi-pass cell concept, tak-
ing into account its key parameters and supported by a guide on how to
experimentally implement such a compression setup, is provided in the first
part. Afterwards, results based on a conventional Herriott-type single-stage
MPC, utilising a gaseous medium for nonlinear spectral broadening, are in-
troduced and explained.

3.1 Pulse post-compression

Pulse compression has been extensively used for shortening the time dura-
tion of laser pulses down to the few-cycle regime, and usually requires light
sources already operating on the picosecond (ps) or femtosecond time scale.
Often referred to as nonlinear pulse post-compression, the method is based
on firstly broadening the pulses spectrally and then compressing them tem-
porally. These steps are essential, as the gain bandwidth of common laser
systems is quite narrow, hence requiring spectral broadening to achieve even
further temporal compression. A clearer way to relate the frequency and time
domains is through the time-bandwidth product (TBP), as described below:

TBP  Dt · Dn (3.1)
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where Dt is the pulse duration, Dn represents the spectral bandwidth at full
width at half maximum (FWHM), and TBP is a constant determined by the
pulse shape, e.g. Gaussian pulses have a TBP of approximately 0.441. When
the product of pulse duration and spectral bandwidth is equal to the TBP,
the pulses are said to be Fourier-transform limited, i.e., compression to the
shortest possible time duration has been achieved. Consequently, the spectra
need to be broad enough and unchirped (i.e., having a flat phase throughout
the spectrum) in order to generate few-cycle pulses.

FIGURE 3.1: Sketch of SPM-based pulse post-compression prin-
ciple, illustrating the evolution of the pulse in (a) frequency
domain and (b) time domain with its corresponding temporal

phase (black solid line).

A visual explanation of nonlinear post-compression is sketched in figure
3.1, where initially the interaction between an intense pulse and a nonlin-
ear medium gives rise to new spectral components as a consequence of a
modulated phase. This broadening process is usually based on self-phase
modulation which is triggered by the optical Kerr effect, as described in
2.1.2. As new frequencies are generated, in temporal domain the pulse gets
longer due to phase-modulations (positive chirp). According to the rela-
tion 3.1, the transform-limited pulse duration is much shorter, which can be
achieved with adequate chirp management to bring all the frequencies in
phase. Hence, after spectral broadening follows a compression part for the
chirp removal by means of materials which introduce chromatic dispersion,
such as prism pair, gratings and (dielectric) chirped mirrors [28, 29], just to
name a few. In practice, the compressor needs to be designed according to
the experimentally acquired nonlinear phase and may include a combination
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of various optical elements. Over the years, various techniques have been in-
troduced and explored to approach nonlinear post-compression, which will
be discussed in the following.

Bulk material. A first attempt of pulse compression of high-power fem-
tosecond pulses was made in 1988 by C. Rolland and P.B. Corkum, where
the rather simple method of generating spectral broadening via free space
propagation in a nonlinear bulk medium was introduced [30]. Even though
a compression down to about 20 fs with up to 110 µJ of pulse energy was
obtained, this technique suffers from low transmission, amounting to about
4% in this work, and most importantly from spectral inhomogeneity, which
directly affects the temporal compression quality of the pulse. A further con-
straint of this method is the damage threshold of the medium used for spec-
tral broadening, which will be reached if the peak power of the incoming
pulse surpasses the critical power. Hence, the beam undergoes self-focusing
and introduces damage to the material. These limiting factors can be over-
come by distributing the amount of acquired nonlinearity over smaller steps,
i.e. a small portion of B-integral is acquired with each step.

Multi-plate setup. Already in the year 2000, the theoretical observa-
tions made by Milosevic et al. suggested a repeated focusing and defocusing
arrangement of optics in combination with bulk Kerr material to improve
the spatial homogeneity of the pulse [31]. This work laid the foundation for
the multi-plate setup proposed by Lu et al., where thin solid plates with a
thickness ranging from 0.05 to 0.5 mm are placed around an intense focusing
beam (in the order of TW/cm2) for supercontinuum generation [32]. Since
the plates are thin enough, the beam can leave the material before collapse,
even though the peak power is significantly higher than the critical power
and the beam undergoes self-focusing in the Kerr medium. This way the
beam focuses right after the plate in air and diverges into a subsequent plate
which again experiences self-focusing. The periodic arrangement of such
thin plates allows for the generation of an octave-spanning spectrum due to
the nonlinearity acquired in each plate, amounting to a B-integral of about
4 to 5 [33, 34], and consequently enabling pulse compression down to the
single-cycle regime [35]. This method, however, sets constraints on the en-
ergy scalability, which usually does not exceed the sub-mJ level [36].
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Waveguides. Another approach of pulse compression is based on pulse
propagation through a waveguide, such as fibres or capillaries, which cir-
cumvents the limitations imposed by a bulk-based Kerr medium. In fact,
the spatial properties of the beam are preserved upon propagation through a
waveguide, allowing for high intensities over long interaction lengths estab-
lished by the geometry of the waveguide. This leads to a large accumulation
of B-integral, resulting in large spectral broadening. Consequently, the need
to operate below the critical power is avoided. Generally, the waveguide
characteristics are adjusted to the specifications of the input pulse when it
comes to energy scaling. For energy ranges in the order of a few microjoules,
solid core photonic-crystal fibres have been successfully used for nonlinear
compression in the sub-30 fs regime [37]. Propagation losses are mitigated by
keeping the peak power below the self-focusing threshold, which for fused
silica amounts to about 4 MW [38], making this fibre suitable for compres-
sion of low energy pulses with a high compression factor. Energy scaling be-
yond 100 µJ has shown to be possible by employing hollow core fibres filled
with noble gases to achieve SPM-based nonlinear spectral broadening [39],
and even reaching the millijoule level by using meter long fibres [40, 11]. A
record of 1.3 TW in peak power (for ytterbium laser systems) with a pulse
energy of 40 mJ after pulse compression has been demonstrated by G. Fan
et al., where a 3 meter long gas-filled hollow core fibre with a large core size
(a few hundred microns in diameter) has been applied [41]. Even though
remarkable achievements are possible with capillaries, they come with lim-
itations set by the ionisation threshold of the employed gas when upscaling
the pulse energy, the setups therefore tend to be very long, and are highly
susceptible to pointing instabilities.

3.2 Principle of Herriott-type MPC

The multi-pass cell compressor is based on the c3 process known as self-
phase modulation, which has been explained theoretically in the previous
chapter. The generation of new frequencies is achieved by repeatedly focus-
ing the beam into a nonlinear medium, which can be either solid-state based
or gaseous. In this way, a small amount of nonlinearity is accumulated with
each pass through the medium, resulting in high cumulative nonlinearity,
typically exceeding B > 3 rad, and consequently yielding a large spectral
bandwidth gain. As the pulses get temporally stretched due to SPM-induced
nonlinear phase, compression is generally achieved via external dispersion
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compensating dielectric mirrors introducing a negative chirp.
A commonly used approach to enable multiple passes involves employ-

ing a Herriott-type cavity geometry, which features two identical focusing
mirrors positioned opposite each other, but other geometric configurations
are also possible, such as increasing the number of cavity mirrors or using
different ROCs. This thesis, however, is based solely on Herriott-type con-
figurations. Generally, Herriott-type multi-pass cells effectively extend the
beam propagation length through a nonlinear material in a compact and
simple manner. Typical characteristics of such setups include the circular
distribution of beam spots on each cell mirror which is dependent on the
cell geometry as well as the angle of the incident beam. A key feature of
these cavities is their ability to preserve the q-parameter of the beam mode
matched to the cavity eigenmode. Moreover, iterative refocusing through
the nonlinear medium allows for excellent spatio-spectral homogeneity as
the spatial beam content gets redistributed from one focus to another [13].

Solid-state MPC

In contrast to the multi-plate setup introduced in the previous chapter, which
relies on acquiring large B-integral in each bulk material due to Kerr lens-
ing effects (precisely self-focusing), the solid-state MPC creates a focus via
curved mirrors to acquire small portions of B-integral with each pass. Most
commonly, fused silica is used as nonlinear medium because it offers high
optical quality and a relatively high damage threshold. The bulk material
can be placed either in air or in vacuum at the centre of the cavity. For non-
linearity tuning, however, it is favourable to move the nonlinear material out
of focus along the beam propagation direction. Additional nonlinear tuning
is achieved by adequately adjusting the thickness of the bulk material itself.
The accumulated B-integral per pass needs to be kept low (B << p) in or-
der to preserve the beam parameters matched to the cavity [42]. Moreover,
by modifying the characteristics of the employed optics, e.g., reflectivity of
the cell mirrors and antireflection coating of the fused silica plates improves
the overall pulse energy throughput exceeding 90% [43, 44]. This configura-
tion also allows for operation in different dispersion regimes, namely normal
(positive) or anomalous (negative) regime, via careful dispersion manage-
ment realisable through the amount of GDD introduced by the cell mirror
coatings and the dispersion from the bulk material [43, 45, 46]. When it
comes to pulse energy upscaling beyond 100 µJ, gas-based MPCs are more
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practical as they address the limitations imposed by the low LIDT value of
bulk materials.

Gas-based MPC

High pulse peak intensities can be addressed by means of a gaseous nonlin-
ear medium inside a multi-pass cell. Its implementation requires an adequate
overpressure chamber, since gas pressures usually exceed several bars. An
advantage over solid-state material as nonlinear medium is that gas has com-
parably higher damage threshold, hence, enabling MPC operations at higher
pulse energies for pulses in the femtosecond regime. Contrary to bulk-based
MPCs, where the accumulation of nonlinearity is localised in one point (i.e.
inside the bulk material), in gas-based MPCs the beam propagates continu-
ously through the nonlinear medium, hence imposing that the peak power of
the pulse always needs to be below the self-focusing critical power to prevent
beam collapse. The amount of nonlinearity is therefore conditioned by the
inherent qualities of the gas and its pressure. Noble gases argon (Ar), kryp-
ton (Kr) and xenon (Xe) are the most common choice for gas-filled MPCs
which are designed for SPM-based pulse compression, whereas molecular
gases such as nitrogen (N2) are the preferred option for Raman induced fre-
quency shifting [47].

Despite the conditions imposed on the pulse peak power, two additional
phenomena need to be considered, namely gas ionisation and cell mirror
damage, which restrict the minimum beam size in the focus and on the cav-
ity mirrors. Consequently, MPCs are operated close to the stability limit (L
= 2R) since in this geometry the beam decreases rapidly in the centre (w0

approaches zero) and expands rapidly on the cell mirrors (wM towards infin-
ity), as has been described in [48]. Taking into account these limitations, MPC
compressors supporting millijoule-level pulse energies are typically several
metres long [49, 50].

Similar to the solid-state MPCs, dispersion control in gas-filled cells is also
feasible by, e.g., introducing negative group delay dispersion on the cavity
mirrors to balance out the dispersion acquired via SPM while propagating
through the nonlinear gas. This is a pivotal step for this thesis and the results
will be demonstrated in the next chapter.
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3.2.1 Basic parameters of Herriott-type MPC

Based on the studies performed in [51], a mathematical description is devel-
oped for resonator-like cells which incorporate two concave mirrors with the
same radius of curvature (ROC). The following explanations are inspired by
the work of A.-L. Viotti et al. [13].

FIGURE 3.2: (a) Characteristic Herriott pattern of a full round
trip propagation inside the MPC for k = N-1 configurations.
The angular advance of adjacent spots is given by J = 2pk/N.
(b) Geometry of a standard symmetric MPC (modified from

[48]).

The beam spot pattern arising from the periodic propagation of the beam
through the cell results in a circular shape on each surface of the curved mir-
ror (see figure 3.2). The position of each spot is determined by the radius of
curvature R and the distance L between the two mirrors. For the re-entrant
condition (meaning the initial and final spot overlap), where the angular dis-
placement between successive round trips denoted by J accumulates a mul-
tiple of 2p [51], the following relation must be fulfilled:

J =
2pk

N
(3.2)

for k = 1, ..., N � 1, with N symbolising the number of round trips. The
length L can then be determined by the integer k for fixed ROC and number
of round trips via the relation

C =
L

R
= 1 � cos

✓
J

2

◆
= 1 � cos

✓
pk

N

◆
. (3.3)
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The re-entrant condition dictates that the beam properties are preserved,
making these MPC configurations relatively immune to beam-pointing insta-
bilities. In this regard, the input beam needs to be mode-matched to the cav-
ity’s eigenmode, which can be mathematically determined by solving equa-
tion 6.3 for a Gaussian beam. From this, the quantities focal spot radius w0

and spot radius wM on the cell mirror are derived as follows:

w
2
0 =

Rl

2p

q
C(2 � C) =

Rl

2p
sin(pk/N)

k/N!1⇡ Rl

2N
(3.4)

w
2
M

=
Rl

p

r
C

2 � C
=

Rl

p
tan(pk/2N)

k/N!1⇡ 2RlN

p2 . (3.5)

As can be seen, both quantities are represented by the wavelength l and the
ratio C, and more specifically by the integer k and the number of round trips.
For typical operation regimes of gas-filled MPCs close to the stability limit
defined as k = N � 1 with N ! •, both equations give an approximate so-
lution, where the focus spot size is minimised and wM is maximised. Here,
this limit is denoted as k/N ! 1. As SPM-based spectral broadening in-
side MPCs is controlled by the intensity-dependent refractive index change,
energy upscaling is possible by reducing the nonlinearity while maintaining
the broadening features. Especially for gas-filled MPCs, the nonlinear refrac-
tive index is tuneable through the pressure. Limitations, however, are set by
the laser-induced damage threshold (LIDT) of the cavity mirrors as well as
ionisation threshold of the gaseous medium. Hence, the fluence Fm on the
mirrors as well as the focus peak intensity I0 are described as

Fm =
2E

Rl

r
2 � C

C
=

2E

Rl

1
tan(pk/2N)

k/N!1⇡ pE

RlN
(3.6)

I0 =
4P

Rl

1p
C(2 � C)

=
4P

Rl

1
sin(pk/N)

k/N!1⇡ 4PN

pRl
(3.7)

where E is the pulse energy and P the pulse peak power. Note that these
equations are valid for negligible self-focusing inside MPCs. If the pulse en-
ergy is so high as to induce Kerr lensing, the dimensions of the beam spot will
be affected and the mode-matching no longer satisfied. As a consequence, the
estimated values of Fm and I0 become much larger, causing mirror damages
and gas ionisation. In the particular case of gas-filled MPCs, self-focusing
leads to very small beam dimensions in the focus and on the cell mirrors
with each round trip [52].



3.2. Principle of Herriott-type MPC 21

3.2.2 MPC Design and Numerical Modeling

This section will focus on instruction points for the design and implementa-
tion of a common Herriott-type multi-pass cell for pulse post-compression,
which utilises either gas or bulk material as nonlinear medium, as explained
in [13]. Key parameters which need to be taken into account are the nonlin-
ear medium, the ROC of the cell mirrors and their diameter as well as their
separation length, the number of round trips, optical coating of the cavity
mirrors and the compressor configuration:

1. Depending on the input pulse peak power, the nonlinear medium for
achieving spectral broadening is chosen accordingly. Gas-filled multi-
pass cells are usually employed for peak powers reaching beyond 100
MW, where the most common choice is the use of noble gases like ar-
gon, krypton or xenon. Instead, solid-state MPCs are typically chosen
for peak powers up to 1 GW, and utilise antireflection (AR) coated fused
silica plates. The gas pressure or bulk thickness is selected according to
the input pulse characteristics as well as taking into consideration the
subsequent points.

2. Based on equations 3.6 and 3.7, the ROC of the cell mirrors as well as
their separation length are chosen as to minimise the fluence on the
mirror (below their LIDT value), and decrease the focal peak intensity
below the ionisation of the gas/ damage threshold of the bulk material.
Note that the ionisation threshold of gases changes according to the
type of noble gas and its pressure.

3. For a fixed ROC, the length of the MPC is defined by tuning the param-
eters k and N (number of round trips). Latter is chosen according to
the desired compression factor of the entire system. Solid-state MPCs
can be operated in k < N � 1 configurations to increase the broadening
factor while keeping a short overall length of the system. For gas-filled
MPCs, however, it is favourable to operate in a k = N � 1 configura-
tion to maintain the fluence on the mirror low while maximising the
spectral broadening.

4. The dimension of the cell mirror is determined by the number of bounces
and should be selected to ensure the entire pattern fits within its surface
while having sufficient angular separation between neighbouring beam
spots to avoid losses upon in- and out-coupling.
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5. The next thing to consider is the mirror coating of the cell mirrors as
they should be designed in a way to cover the desired spectral band-
width with highest possible reflectivity. Bulk-based MPCs usually use
dispersive cell coatings to compensate for the GDD acquired during
propagation through the medium, but also complementary mirror pairs
can be employed to reach even larger bandwidth as they introduce a
flatter phase over a larger spectral width. In general, standard dielec-
tric quarter-wave stack mirrors with low GDD values are used, which
support spectral bandwidths in the sub-30 fs regime in gas-based con-
figurations. However, especially when targeting few-cycle pulses such
dielectric mirrors are not sufficient anymore and instead metallic coat-
ings are used to cover a broader spectral range at a cost of transmission
efficiency.

6. Once all the multi-pass cell parameters are set, the final step consists
in designing the compressor, which is used to compress the commonly
positively chirped pulses from the MPC. This can comprise dielectric
chirped mirrors or even mirror pairs to cover larger spectral bandwidth
with high reflectivity.

Numerical Modelling. At this point it is equally important to fully
comprehend the effect of nonlinear propagation on the light pulse, which
can be described by numerical models. A complete description is provided
through a 3D-model introduced and employed by M. Hanna et al. in 2017
[48], which is adaptable to both gas-based and solid-state MPCs. On the basis
of a symmetric split-step Fourier algorithm, many phenomena arising from
nonlinear propagation are taken into account, comprising diffraction in fre-
quency domain, linear and higher order dispersion, phenomena arising from
the optical Kerr effect such as self-phase modulation, self-focusing and self-
steepening. This model enables the integration of cell mirror dispersion and
reflectivity, as they directly influence the propagation characteristics. The
grid size requires adjustment in both spatial domain, to cover the entire beam
size in the focus and on the cell mirrors, and temporal domain, to encom-
pass the broadened spectrum along with the initial pulse duration [12, 48],
hence expanding the computation time drastically. A simpler and less time-
consuming one-dimensional model has been presented alternatively, show-
ing good agreement with the three-dimensional model in predicting both
spectral and temporal propagation [53]. In this thesis work, however, the 3D
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model has been employed as it has demonstrated to give a more realistic out-
come of the experiment. In a collaborative effort, the nonlinear compression
in multi-pass cell simulations mentioned in this work were all performed by
Esmerando Escoto from the FS-LA group at DESY, Hamburg.

3.3 State-of-the-art MPC compressors

Over the past several years, multi-pass cell for pulse post-compression has
developed as an attractive alternative to the more conventional methods, as
it overcomes many of the limitations mentioned beforehand. Its first exper-
imental demonstration was carried out in 2016 by Schulte et al. [42], where
an initial 850 fs long pulse was compressed down to 170 fs via a single-stage
Herriott-type MPC with a transmission of about 90% at 10 MHz repetition
rate. A total pulse energy of around 45 µJ was available after the MPC, cor-
responding to an average power of 375 W. The approach employed by the
authors involved utilising the cell mirror substrates (fused silica) as the non-
linear material for SPM-based spectral broadening with each pass, achieved
by applying an antireflection (AR) coating on the front side and a highly re-
flecting (HR) coating on the back of the mirror. By opting for a material thick-
ness that remains below the self-focusing distance, this method facilitated the
operation of the system at peak power levels that exceed the critical power
threshold of the material, effectively leveraging the nonlinear optical proper-
ties without triggering detrimental self-focusing effects. In subsequent years,
works have been published reporting post-compressed pulses ranging from
115 fs to 35 fs, in other words achieving a maximum compression ratio of 7.5,
supporting repetition rates exceeding 10 MHz [43, 44], in which one or more
fused silica plates were placed around the centre of the MPC. This method-
ology has shown to be also effective for pulse compression below 100 fs of
thin-disk oscillators [54, 55]. Due to the low damage threshold nature of bulk
material, pulse energy scaling has proven to be feasible in gas-filled MPCs,
first studied numerically in 2017 by Hanna et al. [48], and later experimen-
tally demonstrated by Lavenu et al., who achieved pulse compression from
250 fs down to 33 fs with an output pulse energy of 135 µJ at 7 bar argon
[56]. Further pulse energy upscaling was successfully performed, for exam-
ple, a 4f imaging geometry of the MPC was employed to compress an initial
pulse energy of 2 mJ down to 37 fs at 500 mbar argon [57]. Additionally,
larger compression factors were achieved [58, 59, 60], even exceeding factor
30 within an MPC filled with 600 mbar argon, supporting 18 mJ pulses [61].
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In this case, 1.3 ps were successfully compressed down to 41 fs. In 2021, the
same group was able to increase the pulse energy to 112 mJ in a roughly 8 m
long cell filled with 250 mbar of argon [49]. A pulse duration of 37 fs with a
compression factor of 35 was achieved, where a so-called donut mode of the
beam was utilised for mode preservation of the beam, and to avoid exceed-
ing the gas ionisation threshold. A few years later, Pfaff et al. demonstrated
pulse energy upscaling to 150 mJ within an argon-based MPC, compressing
the pulses down to 39 fs [50]. In both works, however, the compression of
the pulses needed to be performed after attenuation of the pulse to prevent
nonlinear effects arising in air. Moreover, average power scalability of gas-
filled MPCs has been shown [62], even up to the kW regime [63].

All the previously mentioned works have utilised a single-stage multi-
pass cell configuration. However, hybrid setups [64] as well as cascaded ar-
rangements of MPCs [65] are also possible, especially when targeting pulse
durations close to and in the few-cycle regime. First pulse durations reach-
ing 13 fs were achieved by Balla et al. where a two-stage krypton-filled
MPC setup, each 2 m long, was used for SPM-induced spectral broadening
of 1.2 picosecond (ps) pulses [14]. This work (in which I also participated),
however, suffered from high overall transmission losses originating from the
metallic cell mirrors employed in the second stage to cover larger bandwidth.
To improve the overall efficiency, Müller et al. exploited dielectrically en-
hanced metallic cavity mirrors in the second compression stage [66]. These
mirrors are built on silicon substrates and are water-cooled, allowing the
compression down to 6.9 fs with a pulse energy of about 780 µJ, correspond-
ing to an overall transmission of more than 80 %. Energy scaling to around
7 mJ has been shown in a recent work, where in a cascaded arrangement
of gas-based MPCs compression down to 9.6 fs has been achieved with an
overall efficiency of 70 % [67]. In this particular case, the second compression
stage utilised a dielectric chirped mirror pair as cell mirrors to cover the large
bandwidth. Furthermore, repetition rate scalability in the MHz regime has
been demonstrated [45, 68, 69] with sub-7 fs pulse post-compression at 10 mJ
via supercontinuum generation in a second argon-filled MPC stage [70].

Other geometries to the more common Herriott-type configuration have
also been proposed for energy scaling, such as convex-concave geometries
[71], or bow tie configurations supporting 100 mJ pulse energies at large com-
pression factors [72].

Multi-pass cells are not only limited to SPM, but they have also shown to



3.3. State-of-the-art MPC compressors 25

be suited for pulse self-compression of a 1550 nm pulse by exploiting soliton
dynamics, which has been demonstrated in [46]. In this study, a single-stage
MPC is operated in the net anomalous dispersion regime via an AR-coated
silica plate placed close to one cavity mirror for dispersion tuning, resulting
in a self-compressed pulse of 22 fs with 14 µJ of pulse energy at 125 kHz. Be-
sides noble gases, molecular gases have also been used in MPCs for Raman-
based frequency redshifting [47].

TABLE 3.1: Summary of experimentally achieved pulse post-
compression results utilising various configurations of multi-
pass cell compressors. The achievements are divided into
single-stage MPC setups based on either solid-state material or
gaseous medium, multi-stage MPCs as well as hybrid setups.
The listed works are all seeded by Yb-based laser systems cen-

tred at 1030 nm wavelength.

Ref. tin tout Eout Trans. Pavg Rep. rate
[fs] [fs] [%] [W]

Single-stage [42] 850 170 45 µJ 88 375 10 MHz
Bulk MPC [43] 860 115 7.5 µJ 90 300 40 MHz

[44] 230 35 4.5 µJ 88 84 18.5 MHz
[54] 534 88 8.4 µJ 88 112 13.4 MHz
[55] 550 97 9.2 µJ 91 123 13.3 MHz
[73] 250 40 4 µJ 90 100 18.4 MHz

Single-stage [61] 1300 41 17.8 mJ 96 500 5 kHz
Gas-based MPC [57] 210 37 1.9 mJ 93 186 100 kHz

[56] 275 33 135 µJ 85 20 150 kHz
[58] 590 30 1.1 mJ 96 530 500 kHz
[62] 675 70 8.3 mJ 85 836 100 kHz
[63] 200 31 1 mJ 96 1000 100 kHz
[59] 1100 60 0.8 mJ 80 100 100 kHz
[49] 1300 37 108 mJ 91 500 5 kHz
[60] 840 38 9.7 mJ 97 30 3 kHz
[50] 461 39 150 mJ 96 780 5 kHz

Hybrid setup [68] 534 27 9.4 µJ 80 98 13.4 MHz
/Cascaded MPC [45] 220 18 2.1 µJ 60 100 28.3 MHz

[64] 330 6.8 140 µJ 61 21 150 kHz
[65] 460 22 15.6 µJ 76 40 200 kHz
[14] 1200 13 2 mJ 20 200 100 kHz
[66] 200 6.9 776 µJ 82 388 500 kHz
[69] 265 17 4.5 µJ 60 1000 16 MHz
[67] 1200 9.6 6.7 mJ 70 200 1 kHz
[70] 230 6.9 10 mJ 84 12 1 MHz
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3.4 Single-stage gas-based MPC

Having understood the basic concept behind the multi-pass cell post-compression
technology, this section proceeds with a detailed description of the general
implementation. In particular, experimental results of a conventional gas-
filled MPC configuration are presented and discussed, and additionally com-
pared to numerical simulations.

3.4.1 Experimental setup

The overall experimental layout of the pulse compression setup is depicted in
figure 3.3. It comprises a mode-matching lens telescope to match the beam’s
mode to the eigenmode of the cell, a single-stage gas-filled MPC placed in-
side a chamber and a dielectric chirped-mirror compressor. The following
subchapters will provide a more detailed description of each part of the
setup.

FIGURE 3.3: Schematic of the overall pulse compression setup
composed of a mode-matching lens telescope (L1: concave
lens and L2: convex lens), a gas-based single-stage conven-
tional MPC, a spherical mirror (CM: concave mirror) for colli-
mation and dispersion-compensating mirrors (DCMs) for post-

compression.

Laser system

The setup is driven by a commercial diode-pumped ultrafast fibre amplifier
system (Tangerine, Amplitude). It uses ytterbium-doped photonic crystal fi-
bres as amplifying medium, as they can be diode-pumped and are able to
amplify the pulses to energy levels exceeding 100 µJ. Additionally, high av-
erage power operation is possible due to reduced thermal effects provided by
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the fibre geometry. Moreover, the laser system is characterised by a good out-
put beam quality attributed to the guiding features of the single mode fibre.
The laser unit is water cooled by a SMC HECR 008 autonomous chiller and is
used for temperature regulation of the laser bench, the amplifier laser diode
and opto-mechanical components inside the laser. The cooling unit requires
regular maintenance to ensure the system operates within specifications.

FIGURE 3.4: Characteristics of the laser pulse. (a) FROG re-
trieved spectrum (blue) and phase (dashed green). (b) FROG
retrieved temporal profile (blue) and phase (dashed green). (c)

Measured and (d) retrieved FROG trace.

Consequently, this laser system delivers up to 250 µJ pulse energy at a
centre wavelength of 1030 nm, with the option of repetition rate tuneability
from 1 kHz up to 200 kHz via integrated external modulator, corresponding
to an average power of about 250 mW to 50 W, respectively. The pulse du-
ration is characterised via a home-built second harmonic generation FROG
(SH-FROG), retrieving in this case a pulse duration of about 170 fs at full-
width half-maximum with a FROG error of approximately 0.09 %. As can be
seen in figure 3.4, the temporal pulse retrieval as well as the spectral retrieval
exhibit a residual second-order chirp and slight third-order dispersion (TOD)
at the leading edge of the pulse, which cannot be compensated for with the
grating compressor incorporated in the laser module. Upon installation, the
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caustic measurement of the laser system results in a beam quality factor of
M

2
x,y = 1.26 ⇥ 1.23.

MPC configuration

Initially, a spare rectangular vacuum chamber with a 605 ⇥ 275 mm foot-
print was used for preliminary tests on the MPC. Two mirrors are placed
in a Herriott-type configuration at a maximum distance of 400 mm from each
other inside the chamber. In- and out-coupling of the beam is achieved via
a small rectangular mirror with the dimensions 5 mm ⇥ 25.4 mm positioned
in front of one of the cell mirrors, as can be seen in figure 3.5. To let the
beam pass through the chamber, a viewport containing a 2-inch fused silica
NIR antireflection (AR) coated window of 3 mm thickness is attached to the
flange in front of the small rectangular mirror. The cell mirror M2 (as la-
belled in figure 3.5) is mounted on a manual linear stage to precisely adjust
the number of round trips passing through the MPC. Moreover, millimeter
precision is needed for the equidistant separation of the beam spots on the
cell mirrors. On the other hand, cell mirror M1 (cf. figure 3.5) is clamped on
a breadboard inside the chamber. Pumping and gas supply are achieved via
two separate connectors, and a plexiglass cover allows for direct beam path
observation inside the MPC.

FIGURE 3.5: Herriott-type MPC configuration inside a vacuum
chamber composed of two spherical cell mirrors M1 and M2,
and a small rectangular in-/out-coupling mirror in front of mir-
ror M1. The dimensions of the chamber are included in the fig-

ure.

The chamber is designed to support vacuum levels in the order of 10�5 mbar,
hence, setting a limit on the maximum achievable overpressure value usable
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for the MPC compressor. Furthermore, the excessively large volume of the
chamber amounting to approx. 80 L makes the setup rather costly, due to the
substantial amount of gas needed to fill the chamber. Consequently, a more
compact overpressure chamber tailored to the high gas pressures needed for
specific MPC configurations has been designed and will be introduced in the
subsequent chapter.

Compressor

As the pulses do not undergo self-compression while travelling through the
MPC, but rather experience a temporal pulse broadening imposed by the gas
dispersion, broadband dispersion-compensating mirrors (DCMs) are utilised
for pulse post-compression.
Two different coatings are used due to their availability at the time of the
measurements. In the case of the conventional MPC setup, two DCMs are
used, each introducing about �200 fs2 of GDD over a bandwidth range of
990 - 1090 nm (cf. figure 3.6).

FIGURE 3.6: Specifications of the dielectric compressor mirrors
for AOI = 5�, depicting (a) the group delay dispersion and (b)

transmittance of the mirror.

A broadband DCM pair is used in combination with the dispersion-engineered
MPC configuration, which will be introduced and explained in chapter 4 in
more detail, to support the compression of larger spectral bandwidths. The
average GDD value given by one reflection on each mirror pair results in an
oscillatory value around �100 fs2 over a spectral range of 790 - 1400 nm (cf.
figure 3.7).
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FIGURE 3.7: Specifications of the broadband DCM pair for AOI
= 5�. (a) depicts the group delay dispersion of the two mir-
ror coatings P01 and P02 (blue and red, respectively) and their
average (black), and (b) shows their transmittance zoomed in

from 0 to 1%.

3.4.2 Conventional MPC

The conventional MPC comprises two 2-inch plano-concave standard quarter-
wave stack multi-layer mirrors with a radius of curvature (ROC) = 200 mm
placed at a distance L ⇡ 379.9 mm from each other, which results in an L/R
ratio of about 1.90. Based on the equations mentioned previously in 3.2.1, the
cell parameters have been calculated as follows

• focal beam waist: w0 = 119.7 µm

• beam radius at the mirror: wM = 1.1 mm

• fluence on the mirror: FM = 55.8 mJ
cm2

• B-integral per round trip: B ⇡ 3.6,

indicating a fluence on the cell mirrors below the LIDT value of the de-
signed mirror coating. For dielectric mirrors this value typically amounts to
0.1 � 0.4 J

cm2 . Since from a technical and engineering point of view the coat-
ing of the cell mirrors is directly correlated to the producible spectral width, it
is worthwhile mentioning its specifications, having in the present configura-
tion a defined GDD value within the area ±10 fs2 over a spectral bandwidth
ranging from 990 � 1090 nm with at least 99.5% reflectivity within the speci-
fied spectral region, as can be seen in figure 3.8. For simplicity, the cell mirror
with this specific coating will be referred to as low-GDD mirror throughout
the thesis.
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FIGURE 3.8: Coating specifications of the standard quarter-
wave stack multi-layer mirrors used in the conventional multi-
pass cell configuration showing (a) the group delay dispersion

curve and (b) reflectivity.

Due to the vacuum compatibility of the chamber, different operation regimes
of this specific MPC configuration have been explored, i.e. the pressure range
it can be operated at. In order to avoid the use of excessively high gas pres-
sures, the noble gas krypton has been chosen to drive the nonlinear process
inside the MPC, as it has a rather high nonlinearity. Note that the laser is
operated at 1 kHz repetition rate (250 mW average power) throughout this
chapter. The evolution of the SPM-based spectral broadening process is de-
picted in figure 3.9 (a) for 22 round trips through the MPC within a pressure
range from 0.6 bar to 1.6 bar. As can be seen, a maximum bandwidth of 140
nm tail-to-tail is generated at gas pressures of at least 1.4 bar, however, with
a lower transmission efficiency at 1.5 bar and 1.6 bar. This might be related
to the rather narrow bandwidth of the low-GDD cell mirrors, preventing the
formation of even broader spectra. In addition, a further limitation is clearly
set by the chamber, since it can withstand a maximum gas pressure of 1.6 bar.
Exceeding this gas pressure results in a strong leakage located at the plexi-
glass lid.

To circumvent the restraints imposed by the chamber and test if the major
limiting factor related to the spectral broadening can be allocated to the cell
mirror coating, further tests exploiting the higher nonlinearity of xenon gas
were performed. For the same MPC configuration, the broadening of the
spectral bandwidth with increasing gas pressure in the range from 0.1 to 0.6
bar is shown in figure 3.9 (b). A maximum bandwidth of 140 nm tail-to-tail is
generated at 0.6 bar, which matches exactly the spectrum at 1.4 bar krypton.
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TABLE 3.2: Spectral bandwidth values tail-to-tail of the conven-
tional MPC configuration generated in krypton (left) and xenon

(right) at different gas pressures.

Pressure Kr Spectral bandwidth Kr Pressure Xe Spectral bandwidth Xe

0.6 bar 96 nm 0.1 bar 83 nm
0.8 bar 110 nm 0.2 bar 97 nm
1 bar 117 nm 0.3 bar 109 nm
1.2 bar 120 nm 0.4 bar 118 nm
1.4 bar 140 nm 0.5 bar 126 nm
1.5 bar 140 nm 0.6 bar 140 nm
1.6 bar 140 nm

FIGURE 3.9: Spectral broadening evolution of the conventional
MPC achieved for two types of noble gases at 1 kHz (250mW
average power). MPC output spectra measured at different gas

pressures in (a) krypton and (b) xenon.

While further increasing the gas pressure the total transmission efficiency
dropped rapidly and no further broadening was possible. Moreover, since
the ionisation potential of xenon is significantly lower than krypton, using
excessively high gas pressures of pure xenon can cause plasma generation
inside the MPC, which should be avoided.

Comparing the performances between the argon filled MPC and xenon
filled one, it is evident that overall the nonlinear spectral broadening process
is certainly limited by the design specifications of the low-GDD cell mirrors,
meaning that the nonlinear phase-shift is "controlled" by the flat phase in the
specified range of the coating design.
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FIGURE 3.10: Output pulse characteristics of the conventional
MPC configuration at 1 kHz (250 mW average power) with im-
age of the focused beam at the output of the MPC. (a) Spectral
comparison between laser pulse (black), MPC configuration
with low-GDD cell mirrors (blue-filled) and its FROG retrieved
spectrum (dashed blue) and phase (dashed green). (b) FROG
retrieved temporal profile (blue) and phase (dashed green). (c)

Measured and (d) retrieved FROG trace.

After having determined the optimal operation regime of this MPC con-
figuration, its pulse characterisation at 1.4 bar krypton gas has been per-
formed. The AvaSpec-2048XL spectrometer by Avantes is used to detect the
generated spectrum, reaching a bandwidth of about 140 nm tail-to-tail, as
shown before, with a transform limit of approximately 22 fs at FWHM (cf.
figure 3.8). The spectrometer grating covers the spectral range within 200
nm to 1160 nm, however, with a lower responsivity at the limits, resulting in
a depleted/flattened spectral shape on the red side of the MPC output spec-
trum. The transmission efficiency of this MPC configuration is measured
to be 86% at its output. This rather low transmission, with respect to the
characteristic transmission of MPCs exceeding 90%, could be attributed to
a minor clipping of the propagating beam inside the cell. As mentioned al-
ready, pulse compression is achieved via two DCMs (cf. figure 3.6) to com-
pensate for roughly 1850 fs2 of positive GDD acquired during the nonlinear
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process and additional uncoated 8 mm fused silica glass. The characterisa-
tion of the generated pulses is performed by means of a home-built second-
harmonic frequency-resolved optical gating (SH-FROG) setup, for which a
100 µm thick BBO crystal has been utilised. The measurement is done on
a grid of 512 ⇥ 512 points, retrieving in this case a pulse duration of 21.7 fs
(FWHM) with a FROG error of approximately 0.4%, which corresponds to a
compression factor of 6.9 (cf. figure 3.10).

FIGURE 3.11: Comparison between 3D-simulation and experi-
mental output of the conventional MPC. (a) Simulated (orange)
and measured (blue-filled) output spectrum of the MPC with
corresponding calculated transform limit values (FWHM). (b)
Simulated (orange) and measured (blue) temporal profile after
compression. The effective pulse duration at FWHM of each is

mentioned in the figure.

The experimentally obtained data is supported by numerical simulations
based on the 3D model described already before, which were performed in
collaboration with Esmerando Escoto from the FS-LA group at DESY, as men-
tioned previously. Since the effectiveness of SPM-based spectral broadening
relies heavily on the shape of the input pulse, the pulse used in the simula-
tions is modeled after the laser system utilised in the experiment (cf. figure
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3.4). Note that a Gaussian beam is considered in this case, as major spatio-
spectral effects are not expected to occur in MPCs. In order to keep the sim-
ulations as close as possible to the real experimental scenario, the cell mir-
ror coating is incorporated in the numerical model. Hence, an unchirped
input pulse duration of 150 fs at 250 µJ is considered. The simulations pre-
dict a transform limited pulse duration of 21.1 fs at FWHM (cf. figure 3.11
(a)), which matches the transform limit calculated from the experimental
spectrum. A discrepancy between the simulated and measured spectrum
is noticeable especially on the red side, which is related to the spectrome-
ter responsivity, as mentioned before. Furthermore, the temporal profile of
the compressed pulse from simulations agrees very well with the FROG re-
trieved one with a pulse duration of 21.8 fs (FWHM), as can be seen from
figure 3.11 (b). Note that to perform pulse compression numerically, the sum
of the total second-order dispersion (GDD) from both cell mirrors and gas
has been compensated for.

3.5 Conclusion

In this chapter, a conventional Herriott-type multi-pass cell compressor has
been introduced and tested. Fundamental parameters, which are essential to
optical cavities, were determined for the construction of a compact, roughly
400 mm long, single-stage MPC based on nonlinear spectral broadening in
gaseous media, specifically noble gases. By means of standard dielectric
low-GDD cavity mirrors, pulse post-compression down to approximately
22 fs pulse duration has been achieved at 1 kHz repetition rate (about 250
mW average power), characterised by an MPC throughput exceeding 90%.
These results are additionally supported by simulations based on a 3D prop-
agation model. This configuration, however, is limited on the one hand by
the employed chamber, which is designed for operations in the (low) vac-
uum regime. On the other hand, the coating design of the cavity mirrors is
restricting spectral bandwidth gain. Hence, for targeting shorter pulse du-
rations, ranging from sub-20 fs all the way down to the few-cycle regime,
modifications to the chamber as well as the cell mirror coatings are essential.
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Chapter 4

Dispersion control in MPC

In the previous chapter, spectral broadening limitations of a conventional
single-stage gas-based multi-pass cell configuration have been shown and
explained. A route to overcome these limitations is the use of negatively
chirped dielectric cavity mirrors for direct dispersion control within the MPC
compressor to optimise the spectral broadening process while applying high-
pressure gases.

This chapter starts by introducing the general concept of dispersion man-
agement based on the parameters dispersion length and nonlinear length,
followed by numerical predictions and experimental achievements showing
sub-20 fs pulse compression as well as average power scalability. Lastly, im-
provements for future work on this setup will be briefly addressed.

4.1 Principle of dispersion management

Effectively controlling the dispersion and nonlinearity is essential for over-
coming inherent restrictions associated with spectral broadening, including
decreases in peak power, self-steepening, and temporal pulse breakup. In
this regard, the two parameters dispersion length LD and the nonlinear length
LNL can be formulated as follows

LD =
T

2
0

|k2|
(4.1)

LNL =
1

gP0
(4.2)

where T0 symbolises the input pulse duration, P0 describes the incident peak
power and g = n2w0/cAeff is the nonlinear coefficient [74]. Latter is depen-
dent on the effective area Aeff = pw

2 of a Gaussian beam with radius w.
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The ratio LD/LNL dictates the regime of spectral broadening. When this ra-
tio is much greater than 1, i.e. LD/LNL >> 1, a rapid temporal expansion
of the laser pulse takes place, eventually leading to a saturation of the spec-
tral broadening effect. On the other hand, when the ratio is much smaller
than 1, i.e. LD/LNL << 1, a dispersion-balanced / dispersion-free regime
is reached. Here, SPM is the prevalent phenomenon, leading to the efficient
generation of additional spectral components with only minor repercussions
on the temporal profile of the pulse.

Dispersion control has been explored through various methods, such as
gas pressure gradients within bandgap hollow-core photonic crystal fibres
(HC-PCFs) [75, 76] and the use of Kagomé-type structured fibres. Although
spectral bandwidths corresponding to sub-10 fs pulse durations were achieved,
these methods are often restricted by high energy losses during transmis-
sion and typically operate at rather moderate pulse energies [77, 78]. Fur-
thermore, achieving dispersion-balanced regimes with fibre-based spectral
broadening methods becomes challenging when aiming for significant com-
pression factors and wide bandwidths. In this context, multi-pass cells present
a viable solution, facilitating dispersion control and thereby enabling SPM-
dominated spectral broadening across extensive parameter ranges.

FIGURE 4.1: SPM-based spectral broadening in a normal
dispersive medium (top) and a dispersion-balanced scheme
(bottom): Simulated SPM-based spectral evolution over Kerr
medium length L and corresponding temporal pulse intensity
profile before and after compression. In both cases, the simu-
lations were performed considering an input pulse duration of

150 fs.
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The impact of precise dispersion management on the nonlinear broaden-
ing process can be easily demonstrated numerically, for which two different
scenarios are compared. In each case, the analysis begins with a Gaussian-
shaped pulse characterised by a 150 fs duration in the infrared range at a
centre wavelength of 1030 nm. In the first case, where the pulse propagates
through a conventional waveguide, such as an MPC filled with a nonlin-
ear (Kerr) medium, the broadening process becomes saturated quite rapidly,
due to the decrease in peak power as the pulse propagates further through
the medium, and leads to significant temporal pulse reshaping (cf. figure 4.1,
top). Conversely, in the second scenario involving an ideally fully dispersion-
balanced waveguide, spectral broadening induced by self-phase modulation
expands over a wider spectral bandwidth as the peak power in this case is
kept relatively constant during propagation through the medium, and tem-
poral pulse reshaping is minimal (cf. figure 4.1, bottom). This facilitates
the generation of temporally shorter pulses and increases peak intensities,
although the resulting temporal profile shows characteristic pre- and post-
pulses of unperturbed SPM [79]. It is worth highlighting that, as previous
studies have indicated, the temporal profile of the pulse may appear sharper
in conventional non-dispersion-balanced techniques [80].

The approach of embedding negatively chirped dielectric cell mirrors in-
side multi-pass cells is not entirely new, as it has been applied in relation
to solid-state materials, demonstrating self-compression by exploiting the
anomalous dispersion regime [81]. Most commonly, in bulk-based methods
the peak intensity of the pulse is restricted by damage to the antireflection
coatings or the risk of exceeding the LIDT value of the nonlinear material. By
moving to a gaseous medium, these constraints can be bypassed, allowing
for more effective dispersion management and optimisation of the spectral
broadening process, even under high-pressure conditions. In the following,
experimental achievements based on the dispersion control principle are pre-
sented and explained. Moreover, due to the constraints dictated by the vac-
uum chamber used so far for implementing the MPC, a new chamber design
supporting overpressures will be introduced.
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4.2 Scaling of post-compressed pulse duration

The overall experimental layout of the pulse compression setup is almost
identical to the previous layout (cf. chapter 3, figure 3.3), i.e., it comprises
a mode-matching lens telescope, a single-stage gas-based MPC and a mir-
ror compressor. The primary difference lies with the MPC setup itself, since
in this case the linear dispersion arising from the propagation through the
nonlinear medium is compensated for by introducing dispersion on the cell
mirrors. The experimental implementation is quite straightforward as a sim-
ple exchange of the previously used low-GDD standard quarter-wave stack
multi-layer mirrors with dispersive dielectric mirrors is sufficient. This work,
in particular, distinguishes between two dispersion-engineered MPC config-
urations, here labelled as setup 1 and setup 2 (cf. figure 4.2). The green colour
coding inside the MPC indicates the added dispersion on the cell mirror.

FIGURE 4.2: Modified schematic of the overall pulse com-
pression setup composed of a mode-matching lens telescope
(L1: concave lens and L2: convex lens), a gas-based single-
stage MPC, a spherical mirror (CM: concave mirror) for col-
limation and dispersion-compensating mirror pair (DCM) for
post-compression. Two MPC configurations are introduced:
a dispersion-engineered MPC comprising two dispersive cell
mirrors (setup 1), and a dispersion-optimised MPC consisting
of one dispersive and one low-GDD cell mirror (setup 2). The
green colour coding in each MPC setup symbolises the disper-

sive cell mirror.
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In order to get a quantitative assessment of dispersion managment in
multi-pass cell compressors, numerical simulations based on the 3D prop-
agation model, introduced in the previous chapter, are performed to inves-
tigate different dispersion-engineered configurations. In this context, exper-
imental input parameters outlined in this work are employed to ensure that
the simulations closely mirror the conditions in the laboratory. As mentioned
already in the previous chapter, the input pulse shape has a strong impact
on SPM-based spectral broadening. Therefore, the input pulse employed in
these simulations possesses identical characteristics to the one used in the
conventional MPC simulation discussed in chapter 3.4.2. The first configura-
tion (figure 4.2, setup 1), introduces �30 fs2 of group delay dispersion per cell
mirror bounce and supports pulse energies up to 122 µJ. The corresponding
numerical simulations suggest that the spectral bandwidth is notably wider
compared to that of a conventional MPC, resulting in a TL of 11.8 fs (cf. fig-
ure 4.3 (a)) with a compressed pulse duration of 12.2 fs at FWHM (cf. figure
4.3 (c)). Note that pulse compression is performed numerically via the same
method applied in chapter 3.4.2. Closely tuning the dispersion by employing
only a single dispersive cell mirror (figure 4.2, setup 2) allows to utilise the
entire 250 µJ of pulse energy provided by the laser system itself. In this case,
the simulation yields a transform-limited pulse duration of 13.3 fs with a nu-
merically compressed pulse of 16.4 fs at FWHM (cf. figure 4.3 (b) and (d),
respectively). By simply adjusting the pressure of the gas, simulations for
both setups were conducted to optimise spectral broadening within an ex-
perimentally manageable range, while also ensuring minimal losses in trans-
mission.

In contrast to the conventional MPC configuration which is operated in
an overall normal dispersion regime (i.e. overall positive dispersion), setup
1 is run in a slightly overall anomalous dispersion regime (i.e. overall neg-
ative dispersion), supporting a dispersion-balanced scenario. As a result,
the overall dispersion regime is influenced by both the gas density and the
mirror coating. Modifying these parameters allows for the adjustment of
pulse energy while preserving similar spectral broadening properties. How-
ever, such parameter adjustments are often restricted by limitations in the
experimental setup and ionisation thresholds, particularly in setup 1, where
self-compression may lead to ionisation, thereby imposing constraints on the
maximum pulse energy. Note that, in this case, the simulations were per-
formed by taking into account the cell mirror specifications mentioned in
figure 3.8 and 4.5.
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FIGURE 4.3: Numerical simulations based on the 3D model
for two different dispersion-balanced MPC configurations. (a)
Simulated spectrum of the dispersion-engineered MPC con-
taining two �30 fs2 cell mirrors. (b) Simulated spectrum of the
dispersion-optimised MPC configuration with one dispersive
and one low-GDD cell mirror. (c) and (d) are the simulated
temporal profiles after compression of the respective MPC con-

figurations.

4.2.1 Overpressure chamber

The spectral broadening stage is composed of a compact (500 mm length)
overpressure chamber which has been designed in collaboration with the FS-
LA group at DESY, Hamburg. A cage assembly incorporating two concave
mirrors facing each other is utilised to create the Herriott-type MPC. Here
as well, a small rectangular dielectric mirror with the dimensions 4 - 5 mm
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(depending on the accuracy of the cutting of the mirror) ⇥ 25.4 mm is placed
in front of one of the large mirrors to achieve in- and out-coupling of the
beam. The cage assembly is screwed on a 160 mm diameter flange, which is
then fixed with an L-shaped clamp directly on the optical table. Latter clamp
is needed to give additional stabilisation to the cage assembly upon closing
the chamber. A metallic cylindrical cover is slid onto the cage assembly to air-
tighten the compression chamber, supporting pressures up to 3 bar absolute.
To facilitate the sliding of the cover a rail system is placed underneath the
cylinder. Once the chamber is closed and filled with gas, the beam passes
in and out of the MPC via a viewport containing a 1-inch diameter and 3
mm thick broadband AR coated UV-FS window. A visual description of the
chamber configuration is given in figure 4.4.

FIGURE 4.4: Technical drawing of the compact overpressure
chamber showing the cage assembly (yellow) which forms the
MPC, the metallic cylinder cover and clamping system to fix
the chamber to the optical table. The blue arrow indicates the
sliding direction of the metallic cover to air-tighten the cham-
ber. Inset (a) is a zoom-in on the in- and out-coupling mirror
mount, whereas inset (b) shows the mounting of a 2-inch lens
behind one of the cavity mirrors for observing the pattern with

closed chamber.
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In order to observe possible misalignments inside the chamber as well
as mode mismatches, the leakage of the Herriott-pattern through one of the
cavity mirrors is projected onto a beam block outside the chamber. For this
purpose, a 2-inch focusing lens is screwed behind one of the cavity mirrors
and a 2-inch window incorporated into a 160 mm diameter flange. Gas sup-
ply and pumping of the air/gas are achieved via two distinct connectors, as
highlighted in figure 4.4. Due to its availability at the time of the measure-
ments, an Ecodry 40 plus pump by Leybold is used to evacuate the chamber,
but a conventional scroll pump would also be sufficient since high vacuum
levels are not needed.

4.2.2 Dispersion-engineered MPC

Based on the predictions from the numerical simulations discussed before,
experimental tests were performed to assess the feasibility of the dispersion-
management concept in MPCs. The overall experimental layout has already
been introduced and depicted in figure 4.2. In this particular case, two lenses
with focal lengths of -150 mm and 250 mm, respectively, are used to match
the laser beam to the eigenmode of the cell. For fine adjustments, they are
each mounted on a manual linear stage.

FIGURE 4.5: Custom coating design of the dispersive mir-
rors showing (a) the group delay dispersion curve and (b) re-
flectivity. These are used as cavity mirrors in the dispersion-

engineered multi-pass cell setups.

To achieve nonlinear spectral broadening inside the MPC, we first con-
sider the configuration labelled as setup 1 in figure 4.2, operated at 1 kHz
repetition rate. It incorporates two 2-inch plano-concave mirrors with a ROC
= 200 mm, which are placed at a distance L ⇡ 396 mm from each other.
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Hence, the L/R ratio amounts to 1.98. These cell mirrors are custom-coated
and introduce a GDD of about �30 fs2 each over a spectral bandwidth ex-
tending from approximately 950 � 1120 nm with at least 99.5% reflectivity
within the specified spectral region, as can be seen in figure 4.5. Moreover,
they correct for the linear dispersion accumulated during a single propaga-
tion through the cell filled with 2.7 bar krypton, considering 15 round trips
through the MPC. Based on the equations mentioned previously in 3.2.1, the
focal beam waist and beam radius on the mirror have been calculated to be
w0 = 80.8 µm and wM = 1.6 mm, respectively, resulting in a peak fluence
on the mirror of roughly FM = 24.4 mJ

cm2 , which is below the LIDT value of
these mirrors. After passing through the MPC, the beam is recollimated by
one plano-concave broadband dielectric mirror with ROC= 1500 mm and
redirected to the compressor. Two distinct spectrometers, Ocean FX and
NirQuest by Ocean Insight Inc., are utilised to fully detect the generated
spectral range of the MPC output spectrum. As depicted in figure 4.6 (a)
(blue-filled curve), a bandwidth of approximately 130 nm at FWHM (ca. 220
nm tail-to-tail) is produced which corresponds to a transform limit of about
12 fs at FWHM. These findings align very well with the forecasts provided
by the 3D simulations discussed earlier and illustrated in figure 4.3. Com-
pared to the results obtained with the conventional configuration, significant
additional spectral broadening can be achieved via dispersion control inside
the MPC (cf. chapter 3), whereby the overall throughput is maintained high
and measured to reach 98% directly at the output of setup 1 (dispersion-
engineered MPC configuration). The pulses are temporally compressed by
employing a broadband DCM pair (cf. chapter 3, figure 3.7) to compensate
for roughly 800 fs2of GDD acquired during propagation through the MPC.

The SH-FROG measurement performed for the characterisation of the
pulse retrieves a pulse duration of 16.4 fs (FWHM) with a FROG error of
roughly 0.2%, corresponding to a compression factor of 9.1, as shown in fig-
ure 4.6 (b). This measurement is carried out for a 100 µm thick BBO crystal
on a grid of 512 ⇥ 512 points. The experimentally recorded and numerically
reconstructed FROG traces (figure 4.6 (c) and (d), respectively), as well as
the retrieved pulse duration (figure 4.6 (b)), show residual third-order dis-
persion. This most likely stems from the DCM pair coating used for post-
compression of the pulses, which is not designed to fully compensate for the
generated spectral phase. Moreover, discrepancies between the FROG re-
trieved and the experimentally measured spectra are attributed to the narrow
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FIGURE 4.6: Output pulse characteristics of the dispersion-
engineered MPC (setup 1) at 1 kHz repetition rate for 122 µJ
input pulse energy. (a) Spectral comparison between the laser
pulse (black), conventional cell configuration (red), MPC con-
figuration containing two dispersive cell mirrors (blue-filled)
and the corresponding FROG-retrieved spectrum (dashed blue)
and phase (dashed green). (b) FROG-retrieved temporal pro-
file (blue) and phase (dashed green). (c) Measured and (d) re-

trieved FROG trace.

dynamic range of the SH-FROG measurements. Therefore, latter puts con-
straints on the precise retrieval of potential temporal artifacts with spectral
components near the centre wavelength. Additionally, the generated MPC
output spectrum exhibits a noticeable asymmetry on the blue side, indicating
that the coating of the cell mirror is restricting the extent of possible spectral
broadening.

Contrary to the conventional MPC setup, which can be operated at max-
imum laser pulse energy of 250 µJ, the dispersion-engineered configuration
presented here can only support 122 µJ, which is half of the pulse energy. The
fundamental restriction stems from the incorporated dispersive cell mirrors,
as they overcompensate for the phase, consequently increases the intensity
and leads to ionisation. However, a straightforward approach to address this
issue is to effectively balance the negative dispersion of the cell mirrors with
the accumulated positive dispersion during propagation through the non-
linear medium. This is easily implemented experimentally as replacing one
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FIGURE 4.7: Output pulse characteristics of the dispersion-
optimised MPC (setup 2) at 1 kHz repetition rate for 250 µJ in-
put energy. (a) Spectral comparison between the laser pulse
(black),the MPC configuration with one dispersive and one
low-GDD cell mirror (blue-filled) and its FROG-retrieved spec-
trum (dashed blue) and phase (dashed green). (b) FROG-
retrieved temporal profile (blue) and phase (dashed green). (c)

Measured and (d) retrieved FROG trace.

dispersive cell mirror with a low-GDD one, and adjusting the gas dispersion
by reducing its pressure to 1.5 bar is sufficient (cf. figure 4.2), which corre-
sponds to an almost fully dispersion-balanced scenario. For the same num-
ber of round trips (in total 15) and utilising the entire pulse energy of the laser
system as input, the bandwidth of the generated spectrum is clearly being
preserved in this configuration and corresponds to a transform-limited pulse
of about 13 fs (FWHM), as can be seen in figure 4.7 (a) from the blue-filled
curve. This result also aligns well with the predictions from the 3D simula-
tions presented in figure 4.3. Furthermore, the overall throughput measured
directly at the ouptut of the MPC exceeds 90%, demonstrating that the overall
efficiency is not degraded but kept high. In this case, pulse post-compression
is achieved by compensating for roughly 600 fs2 of total GDD using a broad-
band DCM pair, which has been used previously. It should be noted that
these mirrors introduce additional pulse energy losses of approximately 8%.
The FROG measurement is performed exactly as for the previous setup, re-
trieving in this case a pulse duration of 14.7 fs (FWHM) with a FROG error
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of approximately 0.5% (cf. figure 4.7 (b)), which corresponds to a compres-
sion factor of 10.2. Minimal residual third-order dispersion is still present in
both measured and retrieved FROG traces (figure 4.7 (c) and (d)), as well as
in the retrieved pulse duration (figure 4.7 (b)), which is again attributed to
the DCM pair.

In addition, caustic measurements were performed to provide a quanti-
tative estimate of the beam quality after passing through the MPC compres-
sor. These result in a measured beam quality factor of Mx = 1.05 ± 0.01
and My = 1.06 ± 0.02, as can be seen in figure 4.8. This shows that there
is no degradation in beam quality, and may also suggest that beam cleaning
is possible in MPCs. However, this is only a hypothesis and would require
further thorough investigation.

FIGURE 4.8: Output beam profile characteristics of the
dispersion-optimised MPC configuration (setup 2). Beam caus-
tic measurements in (a) x- direction (horizontal axis) and (b)
y-direction (vertical axis), and corresponding fit for determin-
ing the M

2 value. (c) Images of the output beam profile taken
in near-field, focus and far-field.



4.3. Scaling in average power 49

4.3 Scaling in average power

So far, the previously presented results have been all achieved at 1 kHz rep-
etition rate, corresponding to about 250 mW average power. The aim of this
thesis, however, is to operate a pump-probe beamline at high repetition rates.
Therefore, the full capability of the laser system will be exploited in the fol-
lowing, allowing for performances up to 200 kHz repetition rate, which cor-
responds to about 50 W average power.

FIGURE 4.9: Sketch of the pulse selection modules of the laser
incorporating two optical modulators: a pulse picker (PP) to
select the repetition rate in the main amplifier, and an external
modulator (MOD) for repetition rate and energy adjustment via
the software interface. Latter does not affect pulse amplification

or compression.

The repetition rate tuning is provided by the laser system itself which
comprises two optical modulators: the pulse picker (PP) and the external
modulator (MOD), as depicted in figure 4.9. Former is utilised to select the
repetition rate in the main amplifier, which is set by the technician upon in-
stallation; latter allows the user to adjust the repetition rate and pulse energy
of the output pulse via the software interface without affecting the pulse am-
plification and compression. The maximum values of repetition rate, aver-
age power and pulse energy are set by the pulse picker, whereas the external
modulator can only adjust these parameters within the predefined range. It is
also possible to modify repetition rate and pulse energy independently from
each other, meaning, for example, that the pulse energy can be reduced from
100% (full pulse energy) to essentially 0% via the software’s internal MOD
Efficiency mode at a fixed repetition rate. It should be noted that the energy
scaling is not linear; hence 50% MOD Efficiency does not correspond to 50%
of the pulse energy and therefore requires additional power measurement.
Note that this method of energy tuning has been used for the MPC measure-
ments presented so far.

The average power scalability of the proposed dispersion-optimised MPC
configuration has been investigated by gradually increasing the repetition
rate up to 200 kHz, without any alterations to the optical setup. The MPC
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FIGURE 4.10: Comparison of measured MPC output spectra
detected at different repetition rates, ranging from 1 kHz to 200
kHz. These rates correspond to average powers ranging from

approximately 256 mW to 50 W.

output spectra are measured at 1 kHz, 10 kHz, 20 kHz, 50 kHz, 100 kHz, and
200 kHz using the previously employed two spectrometers. These measure-
ments correspond to approximately 256 mW, 2.57 W, 5.13 W, 13 W, 25.9 W,
and 50.6 W of average power, respectively. As can be seen from figure 4.10,
the measured spectra generated due to self-phase modulation exhibit each
a bandwidth of approximately 200 nm tail-to-tail, resulting in a transform-
limited pulse duration of roughly 13 fs at FWHM. This demonstrates that
spectral broadening characteristics are preserved upon average power scal-
ing. Moreover, no deterioration in throughput is observed, as it is measured
to exceed 90% right at the output of the MPC at each repetition rate. It should
be noted that after several months of laser operation, a change in beam size
at the front end of the laser system was observed when tuning the repeti-
tion rate, which affected the performance of the MPC in terms of spectral
broadening. This can be resolved by carefully adjusting the mode-matching
of the input beam to the eigenmode of the cavity. As a final remark, it is im-
portant to avoid air turbulence when operating the system at high repetition
rates (high average powers), as it has been shown to affect the pointing of
the beam. Therefore, the optical beam path surrounding the multi-pass cell
chamber is enclosed by anodised aluminium plates.
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4.4 Conclusion

This work has demonstrated the potential of precise dispersion management
inside single-stage multi-pass cell compressors based on gaseous media and
its effectiveness in improving the SPM-dominated nonlinear broadening pro-
cess to achieve sub-15 fs pulse durations while maintaining high throughput
efficiency and excellent beam quality for large compression factors. The fol-
lowing table provides an overview and summary of the achieved parameters
of the three different configurations, namely the conventional MPC utilis-
ing only low-GDD cavity mirrors, as described in chapter 3, the dispersion-
engineered configuration comprehending two dispersive mirrors, each intro-
ducing �30 fs2 GDD operating, however, at reduced pulse energy, and lastly
the dispersion-optimised configuration which accomodates the full laser pulse
energy:

TABLE 4.1: Summary of pulse post-compression parameters
via three different MPC configurations of an Yb-laser centred
at 1030 nm wavelength with an initial pulse duration of 150 fs.

Conventional Dispersive Dispersion optimised
(Setup 1) (Setup 2)

N 22 15 15
Pressure [bar] 1.4 2.7 1.5

Ein [µJ] 250 122 250
Eout [µJ] 215 120 233

Trans. [%] 86 98 93
tout [fs] 21.7 16.4 14.7

Moreover, this method enables scaling of average power while maintain-
ing all output characteristics. A further noteworthy observation is better
illustrated by comparing this work with previous work, as can be seen in
figure 4.11. It is evident that accurate dispersion control enables reaching
pulse duration regimes going towards the few-cycle, which were previously
accessible only through a cascaded arrangement of MPCs or hybrid setups
composed of one MPC and an additional post-compression scheme, within a
single-stage MPC. Consequently, this method suggests a solution for mak-
ing the overall setups more compact. The precise dispersion engineering
method introduced in this thesis holds promise for expanding the applica-
tion scope of MPCs beyond self-phase modulation, towards other nonlinear
phenomena such as soliton generation [82], dispersive wave generation [16],
four-wave mixing, and nonlinear frequency shifting [83].
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FIGURE 4.11: Comparison of MPC output pulse energy and
output pulse duration achieved in this work with results of pre-
vious works utilising Yb-based laser systems centred at 1030
nm. The data mentioned here are equivalent to those listed in

table 3.1.

4.5 Improvement work

Enhancements related to the multi-pass cell technology presented here can
be classified into two categories: engineering improvements to the setup and
enhancements linked to the physical phenomenon of SPM-based spectral
broadening. A significant source of improvement is attributed to the MPC
chamber or overpressure chamber, which has been found to be impractical
to use. Specifically, the cage assembly comprising the cell mirrors has been
observed to be relatively unstable, as the beam alignment is easily lost when
air-tightening the chamber. Therefore, an L-shaped clamp connecting the
DN 160 flange and the optical table was later added to the chamber design.
However, the chamber needs to be closed very carefully to avoid touching
the cage assembly, and the tightening of the cylindrical cover to the flange
needs to be carried out iteratively to avoid beam misalignments caused by
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the bending of the cage assembly inside the chamber.
Another drawback of this design is the actual alignment of the Herriott-

pattern on the mirrors. On the one hand, the cell mirror mounts are mounted
at 45 degrees, meaning that the x- and y-axes are coupled to each other. On
the other hand, the advantage of precisely adjusting the distance between the
cavity mirrors by mounting one mirror on a linear stage is no longer avail-
able. Therefore, in this work, a combination of one linear stage with screwed
posts on top was used to increase the distance between the mirrors, thereby
reducing possible tilts of the mirror mounts. Consequently, based on this
acquired experience, a monolithic rectangular chamber would be the most
suitable solution to achieve a stable and user-friendly MPC setup. It would
not only bypass the aforementioned issues, but also facilitate rapid optics ex-
change while essentially maintaining the distance between the cavity mirrors
and beam alignment, necessitating only minor adjustments.

Concerning the improvement of the SPM-based spectral broadening pro-
cess, the observed restrictions on pulse duration and spectral bandwidth can
be circumvented by further improving the coating design of the cell mir-
rors, with a focus on spectral bandwidth coverage of the group delay dis-
persion. One approach could involve utilising a mirror pair as cavity mir-
rors, as demonstrated in [67], due to their renowned capability for covering
larger bandwidths with high reflectivity. As a result of the shorter pulse du-
rations and larger bandwidths that can be achieved, the subsequent mirrors
for compression and beam steering need to be chosen accordingly. For lat-
ter, dielectric mirrors are necessary, as has been observed during this thesis,
where thermal effects emerge with metallic mirrors at high average powers.
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Chapter 5

Few-femtosecond UV generation in
HCF

Besides the phenomenon of self-phase modulation, which has been vastly
exploited in the previous sections, c(3) effects in nonlinear optical media
can also give rise to solitonic waves, or solitons. These shape-preserving
waves require the perfect balance between dispersion and nonlinearity to
be generated, i.e., the Kerr effect compensates for the dispersive spreading
of the pulse during propagation. Under certain conditions, solitons can ex-
hibit very interesting dynamics, such as the emission of a resonant dispersive
wave (RDW) when perturbed by higher-order dispersion.

This chapter will introduce the fundamental concepts of soliton forma-
tion and RDW emission, along with the scaling rules necessary to observe
these dynamics when propagating the laser pulse through a hollow-core fi-
bre (HCF). Following this, experimental implementations and measurements
(carried out in collaboration with the LUPO group at Heriot-Watt University
in Edinburgh, Scotland), will be presented, demonstrating tuneable RDW
emission from the UV range to the visible spectrum. In particular, it will
be shown, that the post-compressed pulse from the previously introduced
multi-pass cell can efficiently drive these soliton dynamics inside a hollow-
core fibre setup.

5.1 Introduction

In the field of ultrafast optics, the use of gas-filled waveguides, such as pho-
tonic crystal fibres (PCFs) and hollow-core / hollow capillary fibres (HCFs),
has benefited various applications, including frequency conversion via Ra-
man scattering [84] and four-wave mixing [85], high-harmonic generation
[86, 87], temporal self-compression [88], and pulse compression based on
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nonlinear spectral broadening [9, 89], which is one of their main applications.

The operation of PCFs is not limited to these nonlinear effects, but has also
demonstrated the efficient generation of tuneable deep ultraviolet (DUV) ra-
diation at the few-femtosecond scale via resonant dispersive wave (RDW)
emission from self-compressed solitons. Because these fibres can support
only tens of microjoules of pump pulse energies due to their small core sizes,
typically in the range of few-tens of micrometres, the conversion efficiency
from the infrared to the deep-UV is as high as 8%, corresponding to UV pulse
energies of up to 1 µJ [90, 91, 92, 93]. Moreover, further tuning to the vacuum-
ultraviolet (VUV) has also been demonstrated, however, also here with low
conversion efficiency (⇠ 1% ) and VUV pulse energies up to 50 nJ [94]. In con-
trast, hollow-core fibres can overcome these energy limitations due to their
large core sizes, which can extend to hundreds of micrometres. Their disper-
sion properties scale with core size and are anomalous practically over the
entire spectral range. When filled with gas, however, the dispersion land-
scape of the capillary changes, reaching even the normal dispersion regime,
which is unfavourable for soliton formation. This can be counteracted by
short enough pump pulses or long fibre lengths to maintain the total disper-
sion in the anomalous regime. Furthermore, with the advent of the fibre-
stretching technique [95], bending losses at long fibre lengths have been sig-
nificantly reduced. These advancements and observations have enabled the
efficient generation of soliton self-compression down to the sub-cycle and
tuneable high-energy pulses (up to 16 µJ) in the range of 110 nm to 400 nm
via RDW emission within a gas-filled hollow-core fibre [16].

As the pulse duration of the pump pulse is a key factor for the obser-
vation of soliton dynamics, it is common practice to temporally shorten the
laser pulses via a first fibre stage solely intended for nonlinear SPM-based
spectral broadening with subsequent pulse post-compression. While sub-
20 fs durations of the pump pulse have been achieved to drive the RDW in
hollow-core fibres [16, 96], these fibre-based compression stages suffer from
relatively low fibre throughput and instabilities. MPC-based compressors
can offer an alternative solution, providing throughputs well above 90% and
optimal beam quality, as discussed and demonstrated in the previous chap-
ters. Hence, this work will prove the efficient generation of tuneable RDW
emission in HCF driven by a single-stage gas-based MPC compressor.
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5.2 Principle of optical solitons and RDW emis-
sion

Solitons are self-sustaining waves which arise during propagation in the anoma-
lous dispersion regime through a material with a positive nonlinear refrac-
tive index described by 2.10c. To better understand the formation of solitons,
it is advantageous to recall the two previously introduced parameters disper-
sion length LD (equation 4.1) and nonlinear length LNL (equation 4.2), which
are derived from the nonlinear Schrödinger equation (NLSE). Analogously to
the dispersion control in MPCs for pulse post-compression (cf. chapter 4.1),
the behaviour of a soliton is determined by the balance between dispersion
and nonlinearity. Therefore, the soliton order can be represented as

N
2 =

LD
LNL

=
T

2
0 gP0

|k2|
. (5.1)

Two types of solitons can be identified from this relation: first-order solitons
(N = 1) and higher-order solitons (N > 1). Former are most commonly
referred to as fundamental solitons since their temporal and spectral shape
remain constant during propagation. This arises due to the precise balance
between dispersion and nonlinearity, where SPM-induced nonlinear phase is
continuously compensated for by anomalous dispersion (GDD) as the pulse
propagates [97].

Conversely, higher-order solitons evolve periodically upon propagation
as the pulse initially experiences self-compression, followed by broadening
and compression again, to ultimately return to its initial shape. Their period-
icity is described by the soliton period z0 = p

2 LD, which is not dependent on
the soliton order for fixed dispersion length LD [97, 98]. This dynamical be-
haviour can be better understood when considering a non-perturbed higher-
order soliton oscillating along the fibre with its soliton period. Initially, the
pulse experiences chirp and undergoes spectral broadening induced by the
dominating SPM phenomenon. As the bandwidth increases, dispersion ef-
fects become prominent, leading to pulse compression. Note that in the ini-
tial stage there is some residual positive chirp from SPM. During the self-
compression process, anomalous dispersion (from the fibre) plays a signifi-
cant role as it balances out the SPM-induced chirp by shifting the high- and
low-frequency components generated at the trailing and leading edge of the
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pulse, respectively, towards the centre of the pulse [97]. This cyclic process
of temporal compression and spectral broadening continues until the pulse
is maximally self-compressed.

So far, only pure soliton dynamics arising from SPM and second-order
dispersion (GDD) have been considered, which, however, are not present in
real experimental settings. Hence, an important aspect to include in these
observations is the perturbation of solitons by higher-order dispersions and
higher-order nonlinearities, as it leads to soliton fission at the point of maxi-
mum temporal self-compression and the broadest spectrum of the pulse [99].
In this context, the characteristic soliton fission length is approximately de-
fined as [100]

Lfiss =
LD
N

(5.2)

and describes the exact length at which the soliton self-compresses and a
resonant dispersive wave (RDW) is emitted. The scaling laws for the propa-
gation of very high-order solitons (N up to 40) are numerically found to be
FSC ⇡ 4.6N and QSC ⇡ 3.7/N [101]. Former symbolises the self-compression
factor, which is calculated by the ratio of the initial pulse duration to the com-
pressed pulse duration at FWHM; latter represents the compression quality
factor, which is determined by the energy ratio contained within the pulse
duration of the compressed pulse to the initial pulse duration at FWHM.
Consequently, increasing the soliton order to achieve shorter self-compressed
pulse durations results in a deterioration of the compressed pulse quality,
thus imposing constraints on the maximum soliton number usable to obtain
high-quality short pulses [101]. Note that the quality of the self-compressed
pulse refers to the amount of total energy contained in the main peak of the
compressed pulse compared to the pedestals. Hence, achieving direct soliton
self-compression to the single-cycle regime requires sufficiently short pump
pulses. As a result, few-hundred femtosecond pulses from Yb-based fibre
laser systems, for example, are not suitable and would therefore require ini-
tial pulse compression.

Interestingly, the perturbation of optical solitons by higher-order disper-
sions causes energy transfer to a phase-matched linear wave at a resonance
frequency different from the soliton’s centre frequency [102]. This phenomenon,
known as resonant dispersive wave (RDW) emission, occurs at the fission



5.2. Principle of optical solitons and RDW emission 59

point when the pulse achieves its shortest self-compressed duration and broad-
est spectrum, extending well beyond the fibre’s zero-dispersion wavelength
(ZDW) into the normal dispersion region. The RDW emission frequency
needs to satisfy the momentum conservation relation

b(w) = bsol(w) (5.3)

where b and bsol are the propagation constants of the linear wave and soliton
at angular frequency w, respectively. Latter is described by

bsol(w) = b (wsol) + b1 (wsol) [w � wsol] +
gP0

2
(5.4)

with the soliton centre frequency wsol, the peak power of the initial pulse P0

and the nonlinear coefficient g, which is proportional to the nonlinear refrac-
tive index n2 of the medium [103, 104]. Thus, the phase-matching and RDW
emission wavelength can be adjusted by the dispersion within a gas-based
HCF through gas pressure, and by the peak power of the soliton through
the input pulse energy and its duration. An exemplary spectrum of a self-
compressed soliton with the emission of a resonant dispersive wave achieved
in a gas-filled hollow-core fibre is depicted in figure 5.1.

FIGURE 5.1: Generated spectrum at the output of a hollow-core
fibre operated in negative pressure gradient at 1 kHz repetition
rate. In this example, the sub-20 fs compressed pulses from the
MPC are used to drive the resonant dispersive wave centred
around 290 nm for 350 mbar of argon. Spectrum plotted in log-

arithmic scale.
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5.3 MPC driven resonant dispersive wave emission
in a hollow-core fibre

The conditions under which soliton dynamics are observed underlie specific
scaling rules, which are designed to achieve a proper balance between non-
linearity and dispersion. For pump pulses in the infrared region, soliton
propagation through a nonlinear medium, such as noble gases, takes place
in the anomalous dispersion regime, i.e., D2(l0) < 0 (as defined in equation
2.5), with l0 being the centre wavelength of the pump pulse. The target point
of RDW emission is determined by the zero-dispersion wavelength, as the
dispersion changes its sign. Hence, considering a fixed ZDW, the dispersion
length of a hollow-core fibre can be defined as [104]

L
HCF
disp µ a

2t2
0 . (5.5)

From this relation it is clear that the dispersion length is mainly affected
by the core size of the fibre a and the pulse duration of the pump t0. An-
other important parameter is the fission length which determines soliton self-
compression and resonant dispersive wave emission. Based on equation 5.2
and considering also here a fixed ZDW and pump wavelength, the fission
length in a hollow-core fibre is determined by

L
HCF
fiss µ

tFWHMa
2

p
I0

(5.6)

which is dependent on the pump pulse duration at FWHM tFWHM and in-
versely proportional to the square root of the peak intensity I0 [16]. The ob-
servation of soliton dynamics in hollow-core fibres is therefore conditioned
by the relation

Lfiss . Lloss (5.7)

to prevent or hinder losses related to the HCF that might interfere with these
dynamics [16]. Since L

HCF
loss µ a

3 and the fission length is proportional to
a

2 (see equation 5.6), the specified relation between fission length and loss
length can be fulfilled for large core size fibres but with long fibre length.
Latter can be reduced by decreasing the pulse duration of the pump [16, 104].
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Based on these scaling rules, and in collaboration with the group of John
Travers at the Herriot-Watt University in Edinburgh (Scotland), a fibre setup
has been designed, which is pumped by sub-20 fs pulses from a multi-pass
cell pulse post-compressor. In the following, the experimental layout and
achievements will be presented and discussed.

5.3.1 Experimental setup

For the efficient generation of tuneable resonant dispersive wave, a two-stage
setup has been used and is depicted in figure 5.2. Firstly, the laser pulses
are compressed down to sub-20 fs via the previously introduced dispersion-
engineered multi-pass cell (cf. chapter 4.2.2). In a second stage, a hollow-core
fibre setup is employed to generate deep ultraviolet (DUV) radiation. To con-
trol the input pulse energy, a broadband attenuator is utilised. It consists of
an air-spaced l

2 - waveplate (HWP) with a clear aperture of 19.5 mm in diam-
eter and covers a spectral range from 600 to 1200 nm (provided by B-Halle),
and a 2-inch thin-film polariser (TFP) with a substrate thickness of 9.52 mm.
Latter is coated for a spectral range of 925-1150 nm, offering an average re-
flectivity Rs > 85 � 90% at an angle of incidence (AOI) of 72� (provided by
Laser Components). The transmitted beam through the TFP is intercepted by
a beam block, whereas the reflected beam is directed towards a mirror tele-
scope for coupling into the fibre. These broadband dielectric mirrors have
a radius of curvature of ROC1 = +1000 mm (M1) and ROC2 = �1000 mm
(M2), resulting in a focus spot size of about 134 ⇥ 132 µm, i.e. approximately
67% of the fibre’s core size. Both mirrors are installed in motorised mirror
mounts (Picomotor mounts by Newport) to achieve better alignment preci-
sion and improved coupling conditions. Additionally, the concave mirror is
mounted on a manual linear stage for fine adjustments of the focus position
and size.

A polymicro capillary is used for the generation of RDW emission, and its
parameters are calculated based on the previously mentioned scaling rules
which result in a 1.7 meter long fibre with a core diameter of 200 µm. The fi-
bre is stretched and cleaved manually, and each end is glued onto a V-groove
chuck. The inlet and outlet of the fibre setup are each enclosed in a gas cell
and sealed. The two cells are not connected by a single tube, leaving the HCF
exposed and vulnerable to accidental damage. To protect it, a plastic cover
is mounted around the fibre. Moreover, the fibre between the two gas cells
exits each cell through a short steel tube with an inner diameter of 3 mm,
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FIGURE 5.2: Overall experimental setup comprising a 1.7 m
long gas-filled hollow-core fibre with a core size of 200 µm,
pumped by sub-20 fs pulses from a multi-pass cell for reso-
nant dispersive wave emission. The MPC-based compressed
pulses are directed through a variable broadband attenuator
composed of a half-waveplate (l/2) and thin-film polariser
(TFP), followed by a mirror telescope (M1: convex mirror, M2:
concave mirror) for HCF coupling. The fibre is filled with argon
gas at different pressures to achieve RDW tuning and operated

in negative pressure gradient.

which must be filled with glue to ensure a proper seal. Note that UV-cured
optical component adhesive is used for gluing the fibre, as it is compatible
with high vacuum environments due to its low outgassing properties, and
provides long-term stability for the adhesion of glass to metal. The gas cells
are mounted on pedestals to match the fibre’s height with the MPC output
beam height, resulting in roughly 130 mm from the optical table. Approxi-
mately 500 mm from the fibre tip on the inlet side, a half-inch, 1 mm thick
fused silica window with an antireflection coating (covering the wavelength
range 950-1150 nm) is mounted and connected to the gas cell by a tube. This
distance is chosen to prevent damage to the window caused by the focus-
ing of the beam for fibre coupling. On the outlet side of the fibre, a 1-inch,
1 mm thick uncoated fused silica window is installed inside a mount with
a clear aperture of 20 mm in diameter at the aforementioned distance. This
fibre setup allows for the independent pumping and gas filling of the cells.
A negative pressure gradient [103] operation is employed, where the nonlin-
ear gas is injected at the inlet of the HCF setup and a single roughing pump
is connected to the outlet for continuous pumping. In this case, the gradi-
ent configuration is preferred over the static one, as the HCF setup will be
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directly connected to a vacuum chamber as the main UV source of a pump-
probe beamline. A digital gauge is connected at the fiber input to measure
the gas pressure. Lastly, at the fibre output, four 1-inch spectral separators
(SS) from Optoman are used for the separation of UV and IR light, allowing
for UV energy measurements. These separators provide reflectivity above
70% within the specified wavelength range of 210 - 360 nm at AOI = 0�- 25�.

5.3.2 RDW tuneability range

Initial tests of driving resonant dispersive wave emission in a hollow-core fi-
bre via post-compressed pulses based on the MPC method are performed at 1
kHz repetition rate, where about 15 fs pulses are coupled into an argon-filled
HCF. The total effective pulse energy obtained after the pulse compression
stage is approximately 214 µJ. Subsequent losses occur due to the broadband
attenuator and broadband dielectric steering mirrors. Latter are specifically
designed for a wavelength range of 925 - 1150 nm, offering high reflectivity of
about 98% at low GDD. Consequently, the maximum energy available at the
fibre input amounts to approximately 180 µJ. Before starting the actual mea-
surements, it is important to perform a leak test of the fibre setup to avoid air
contamination. Afterwards, the beam coupling into the fibre is optimised,
reaching a maximum transmission of about 44% in vacuum for this specific
HCF. A calibration of the HWP is performed prior to the RDW measurements
to establish a quantitative relation between the HWP’s angle and the corre-
sponding pulse energy that is sent into the fibre. The generated spectra are
acquired directly at the fibre output (before the spectral separators) via an in-
tegrating sphere connected to the AvaSpec 2048XL spectrometer by Avantes.
Figure 5.3 depicts the tuneability range of the resonant dispersive wave at 1
kHz repetition rate (250 mW average power), generated in argon gas under
a negative pressure gradient ranging from 300 mbar to 950 mbar. The total
RDW range extends from 270 nm at low gas pressure (300 mbar) with max-
imum energy (⇠ 180 µJ) to approximately 530 nm at high gas pressure (950
mbar) with reduced energy (⇠ 85 µJ). This tuning process towards longer
RDW centre wavelengths is related to an increase in nonlinearity when util-
ising higher gas pressures. Therefore, by utilising lower pump energies to
drive the RDW, saturation can be avoided while the group velocity disper-
sion (GVD) of the hollow-core fibre becomes more pronounced [96]. The
total transmission, measured directly at the output of the fibre, amounts to
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about 38% at lower gas pressures and reduces to roughly 34% at higher pres-
sures. The energy content of the RDW emitted UV light is measured after
the four spectral separators and amounts to approximately 1.24 µJ at 270 nm
and roughly 2.09 µJ at 350 nm, considering the losses introduced by the SS.
Energy measurements of the resonant dispersive wave emitted even beyond
the UV into the visible could not be performed due to the unavailability of
spectral separators covering the specifically generated spectral range. Note
that the resonant dispersive wave is primarily generated in the fundamental
mode of the hollow-core fibre, specifically the HE11 mode.

TABLE 5.1: Measured parameters at 1 kHz repetition rate com-
prehending the gas pressure (in gradient configuration), the in-
put and output power of the HCF, the UV pulse energy, the
centre wavelength of the generated RDW and the calculated
transform limit (FWHM) of the RDW emitted in the UV. The
energy content of the UV listed in the table also includes the

losses introduced by four spectral separators.

Pressure [mbar] Pin [mW] Pout [mW] lRDW[nm] EUV [µJ] TLUV [fs]

300 180 69 270 1.24 3.3
350 180 67 295 0.84 3.5
400 160 60 310 1.39 3.3
450 144 50 335 1.59 3.5
500 110 43 350 2.09 3.5
550 110 35 360
600 98 32 400
640 98 28 420
700 98 32 440
750 85 26 450
800 85 27 470
850 85 26 500
900 85 27 510
950 85 29 530

The Fourier transform limit at FWHM of each RDW curve in the UV re-
gion is computed, resulting in approximately 3.3 fs pulse at the shortest gen-
erated wavelength and assuming a flat phase. The transform limit increases
slightly to roughly 3.5 fs at an RDW centre wavelength of 350 nm. A compre-
hensive and detailed list of the achieved parameters is documented in table
5.1. The generated UV light, however, is assumed to be slightly chirped, as in
this specific case the light travels through dispersive media, specifically the
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output window of the fibre setup and air.

FIGURE 5.3: Tuneability range of RDW emission in a hollow-
core fibre acquired in argon in negative pressure gradient con-
figuration at 1 kHz repetition rate. Higher gas pressures and
lower pump pulse energies are employed to target longer RDW

wavelengths.

The direct temporal characterisation of the generated UV pulses is quite
challenging in this spectral region. However, several methods have been
developed over the years, including the fringe-resolved interferometric au-
tocorrelation (FRIAC) technique [105], which is planned to be used with this
fibre setup in the near future in collaboration with the group of Prof. Markus
Drescher from Hamburg University. This method exploits an interlocked re-
flective grating, specifically a silicon double-comb mirror (D-CM), for wave-
front splitting. This creates a diffraction pattern with well-defined orders and
intensity distribution, as the two partial beams propagate with a small angle
between them, resulting in partial destructive interference. An advantage
of this method is that it allows for the extraction of information on both the
pulse duration and the temporal phase of UV light.
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5.3.3 Scaling in average power

The successful generation of tuneable RDW by combining a multi-pass cell
for pulse post-compression with a hollow-core fibre for the dispersive wave
emission has been tested at 1 kHz. The current challenge is to scale the
repetition rate up to ideal 200 kHz, corresponding to 50 W average power.
In a recent work, promising results have been achieved in a compact two-
stage HCF setup for initial pulse compression and subsequent RDW emis-
sion operating at 50 kHz repetition rate [96]; however, it suffers from low
fibre throughput and instabilities in the compression stage. Therefore, this
section presents tests on increasing the average power of the setup that in-
corporates MPC and HCF.

FIGURE 5.4: (a) Average power scalability of the resonant dis-
persive wave centred at about 270 nm wavelength, generated
in argon in negative pressure gradient configuration. The UV
energy content of the pulse at different repetition rates is pro-
vided in the legend. (b) Image of the hollow-core fibre output

emitting UV light.

The measurements are performed by gradually increasing the repetition
rate starting from 1 kHz (250 mW laser average power) up to 50 kHz (⇠ 13 W
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laser average power) while keeping the RDW at one fixed centre wavelength.
As before, the spectra are measured directly at the fibre exit by an integrating
sphere connected to the AvaSpec 2048XL spectrometer. Figure 5.4 (a) depicts
the normalised spectra of the resonant dispersive wave centred at approxi-
mately 270 nm for input average powers 180 mW, 1.7 W, 3.8 W, 5.9 W, 7.8 W
and 9.4 W, and argon pressures around 330 mbar (at low repetition rate) and
350 mbar (at high repetition rate). Note that these average power values refer
to the power available at the input of the fibre setup. The total transmission
through the fibre ranges from 39% to 37% at low and high average power,
respectively. A slight shift in centre wavelength of a few nanometres is no-
ticeable at different repetition rates due to the gas pressure not being entirely
stable and requiring occasional fine adjustments, as the fibre is continuously
evacuated at its end to maintain the pressure gradient. Additionally, minor
beam pointing instabilities also contribute to this shift in RDW wavelength,
as the setup operates without a pointing stabilisation system and air fluctu-
ations, particularly at higher average powers, affect the beam. Accounting
for the losses of the four spectral separators, the pulse energy content of the
generated UV light amounts to a minimum of approximately 1.24 µJ at 1 kHz
and 50 kHz repetition rate, and a maximum of about 1.33 µJ at 20 kHz and 30
kHz. The spectral bandwidth of the emitted RDW supports pulse durations
of approximately 3 fs (FWHM) at all average powers / repetition rates. Con-
sequently, all parameters of the generated dispersive wave emitted at 270 nm
are preserved when increasing the average power, with no significant losses.

Having demonstrated that the resonant dispersive wave generation at
a fixed centre wavelength and low gas pressures remains practically unaf-
fected by increases in average power, the next step is to determine its tune-
ability range, which may be particularly critical at higher repetition rates,
and therefore higher average powers, with large gas pressures. Initial mea-
surements at 10 kHz, corresponding to approximately 1.7 W average power
of the pulse at the fibre input, demonstrate the reproducibility of the RDW
tuning range previously achieved at low repetition rate (1 kHz), as depicted
in figure 5.5 (a). Also in this case argon gas has been chosen for the RDW
generation. The total transmission, measured directly at the fibre output,
remains quite stable across all gas pressures and amounts to about 38%. Ac-
counting for the losses introduced by the spectral separators, the energy con-
tained within the UV pulse centred at 270 nm amounts to about 1.29 µJ and
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decreases slightly to roughly 1.12 µJ at 350 nm. The generated spectral band-
widths support Fourier transform limited pulse durations of approximately 3
fs (FWHM) at the shortest wavelength, increasing to roughly 3.6 fs (FWHM)
at 350 nm. These results are consistent with the achievements observed at 1
kHz repetition rate.

FIGURE 5.5: Tuneability range of RDW emission in a hollow-
core fibre acquired in argon in negative pressure gradient con-
figuration at (a) 10 kHz repetition rate and (b) 50 kHz repetition
rate. Inset displays the onset of filamentation at the fibre tip for

gas pressures exceeding 500 mbar at 50 kHz.

In contrast, the tuneability range of the resonant dispersive wave is sig-
nificantly shorter at 50 kHz repetition rate, as illustrated in figure 5.5 (b),
spanning only from 270 nm to 370 nm. Regarding the characteristics of the
emitted RDW, the pulse energy at the shortest wavelengths (270 nm) is ap-
proximately 1.24 µJ, and its spectral bandwidth supports pulse durations of
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about 3 fs at FWHM. This is consistent with the results achieved at lower
average powers and repetition rates (cf. figure 5.4 (a)). As the dispersive
wave is tuned towards longer wavelengths, however, its pulse energy de-
creases drastically to about 1 µJ and below, starting from a centre wavelength
of 330 nm. On the other hand, there are no significant changes in the fourier
transform limited pulse duration, reaching roughly 3.6 fs (FWHM) at 350
nm, which aligns with earlier observations. The decrease in UV pulse en-
ergy at higher gas pressures and longer RDW wavelength, along with the
limited tuneability range, is due to the onset of filamentation which causes
damage to the fibre tip (cf. inset in figure 5.5 (b)). In fact, the total transmis-
sion through the fibre drops drastically to approximately 21% at higher gas
pressures due to the fibre tip burning away, which significantly impairs the
beam coupling into the fibre. This suggests that in this specific configuration,
at high repetition rates, heat builds up in the medium due to insufficient heat
dissipation time between pulses. This thermal accumulation induces ther-
mal lensing which could potentially enhance self-focusing effects that result
in filamentation.

5.4 Conclusion and Improvement work

So far, resonant dispersive wave emission in gas-based hollow-core fibres
reaching the deep-UV regime has been achieved in a cascaded arrangement
of fibre setups, where the first one is used for pulse post-compression to sub-
sequently drive the RDW in a second HCF. In this work, however, the first fi-
bre compression stage has been replaced by a gas-based multi-pass cell pulse
post-compressor, demonstrating an efficient and robust method for driving
resonant dispersive wave in a gas-filled hollow-core fibre. To be precise, a
tuneability range from the deep-UV at 270 nm all the way up to the visible
at 530 nm, with UV pulse energies at the microjoule level and supporting
few-cycle pulses, has been achieved. Additionally, the repetition rate and
average power scalability of the entire setup, tested up to 50 kHz and 13
W respectively, demonstrated that the RDW spectral shape in the deep-UV
regime remains preserved during average power upscaling. The observed
high losses in the separation of the generated UV from the fundamental IR
can be circumvented by improving the coating design of the spectral separa-
tors. Alternatively, silicon wafers can be used for this purpose, which have
been successfully implemented in previous works [106].
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Another observation resulting from these tests is the restriction set by the
onset of filamentation, which causes a shorter tuneability range achievable at
the highest average power/repetition rate and significantly reduces the RDW
pulse energy at longer target wavelengths. Using a medium with higher ion-
isation potential, such as neon or helium, could not only resolve this limita-
tion but has also shown an extension of the RDW cut-off towards the VUV
region, achieving wavelengths shorter than 120 nm for helium [107].

As air convection resulting from the increased repetition rate has proven
to affect the beam pointing, implementing a stabilisation system in the fibre
setup would be beneficial, a measure that has already been addressed and
is currently being implemented. Due to space constraints, this system is de-
signed to pick up the leaked beam of the defocusing mirror telescope and
send it to a stabilisation camera by means of different optics. On the outlet
side of the fibre, the fused silica window could be replaced by a magnesium
fluoride window of the same thickness, as it has higher transmission proper-
ties extending into the VUV compared to fused silica, which could improve
the UV yield through the fibre. This improvement is, however, only use-
ful for current tests and would be instead irrelevant for future pump-probe
measurements, as the fibre output will be directly connected to a vacuum
chamber, thereby bypassing the need for an output window.

The implementation of the here suggested modifications and improve-
ments should allow for further measurements dedicated to the upscaling in
average power and repetition rate, reaching up to 50 W and 200 kHz, respec-
tively.

5.5 Outlook on UV-pump and IR-probe beamline

The achievements presented in this thesis will be crucial elements of an ul-
trafast UV-IR pump-probe beamline, aimed to operate at 200 kHz repetition
rate. To this end, significant efforts have been made to conceptualise a pump-
probe scheme, as will be presented in the following.

In an initial layout, the table-top beamline, composed of a few-femtosecond
UV-pump and IR-probe, is designed to separate the fibre output into two dis-
tinct pathways: the RDW emitted in the UV and the self-compressed soliton
in the IR. As can be seen from the overall pump and probe setup in figure 5.6,
the diverging output beam first needs to be collimated by a concave mirror
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(CM) to achieve a collimated beam size of 5 mm in diameter. Via two steering
mirrors, the UV is then reflected on silicon wafers to separate the UV from
the IR. According to the polarisation of the light (s-polarised), these wafers
need to be mounted vertically on a periscope and reflect the UV light at Brew-
ster’s angle to reduce losses. At this point, the height difference between the
transmitted IR and the reflected UV is considered to be approximately 5 cm.
The height difference between the UV and IR beams can be adjusted after
their separation by minimally tuning the vertical axis of one or two steering
mirrors of the UV arm, without changing its polarisation. Alternatively, a
second periscope may need to be implemented. The collimation of the beam
and separation of the two wavelengths take place in a first smaller vacuum
chamber with the dimensions 330 ⇥ 280 ⇥ 262 mm, which includes a 30 mm
thick plexiglass lid for beam path observation. This chamber will be directly
attached to the output of the fibre via a long enough tube and a bellow.

From the first vacuum chamber, the two separated radiations are directed
along two distinct paths towards a second, larger vacuum chamber with the
dimensions 560 ⇥ 530 ⇥ 260 mm. The IR arm includes steering mirrors and
a delay stage used for pump-probe experiments to time the arrival of the IR
pulses. The UV arm is designed to integrate a stationary FRIAC setup for
temporal pulse characterisation of the UV radiation. This setup allows the
UV beam to either propagate through the chamber via steering mirrors or be
directed for temporal characterisation by moving two 45-degree steering mir-
rors, each mounted on a motorised linear stage, out of the beam path. Lastly,
the two arms propagate through a second large vacuum chamber, identical
to the previous one. Here, both the UV and IR arms are each focused into an
experimental chamber by a focusing mirror (FM). To direct the two beams to-
wards the experiment, a drilled mirror (DM) mounted on a motorised linear
stage is utilised, allowing the UV radiation to pass through the hole while
the IR is reflected on the mirror surface. Hence, the total length of the two
arms amounts to 2638 mm.

For the UV arm aluminium optics need to be used, whereas either broad-
band dielectric optics with low GDD or metallic mirrors could be employed
for the IR arm, depending on whether thermal effects arise with metallic
mirrors at higher repetition rate and average power. The beamline includes
also motorised irises and motorised mirror mounts, which are all vacuum
compatible. Moreover, motorised vacuum-compatible gate valves with a
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FIGURE 5.6: Schematic overview of the UV-pump and IR-probe
beam paths. Vacuum chamber I is connected to the outlet of the
fibre setup. It contains a collimation mirror (CM) to collimate
the divergent beam exiting the fibre and spectral separators (SS)
for the separation of UV and IR radiation into distinct beam
paths. The two beams are then directed towards a larger vac-
uum chamber II, which incorporates a delay stage (Dt) in the
IR arm. The UV arm includes a temporal pulse characterisation
setup based on the FRIAC method, featuring a double-comb
mirror (D-CM). The beam path of this characterisation setup is
indicated by the dashed violet lines. Vacuum chamber III con-
tains a focusing mirror (FM) in each arm to focus the two beams
onto a sample target for time-resolved spectroscopy measure-
ments. The copropagation of the two beams towards the exper-
iment is achieved via a drilled mirror (DM), which reflects the
IR beam while transmitting the UV pulse. Black arrow: move-

ment direction of the motorised linear stage.

mounted window will be installed between the chambers to enable align-
ment of the two arms under vacuum. Concerning the pumping, a magneti-
cally levitated turbopump ATH1603 M by Pfeiffer is attached to the last vac-
uum chamber and should be sufficient to keep the vacuum level  10�6 mbar
in both big chambers. However, there is the option to attach one more tur-
bopump on the first big chamber. The pumping of the smaller chamber,
which is connected to the fibre output, is provided by an Ecodry 40 plus
by Leybold. Vacuum tests have shown that a vacuum level of 8 ⇥ 10�2 mbar
can be held for 1.4 bar of argon gas pressure operated in negative gradient
inside the fibre. Alternatively, instead of separating the UV and IR after they
exit the fibre, a second design for the pump and probe beamline could in-
volve splitting the beam before it is coupled into the fibre. This would create
an IR arm that propagates parallel to the fibre and is directed into the first
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small vacuum chamber, while the residual IR from the fibre would be fully
attenuated, leaving only the UV light.

UV-IR separation

As mentioned before, in order to get a functioning UV-pump and IR-probe
beamline, one approach is to separate the resonant dispersive wave emitted
in the UV from the soliton self-compressed fundamental in the IR. The chal-
lenge here is to preserve the characteristics of both radiations as much as
possible, with only minor losses in energy and minimal temporal stretching.
So far, throughout this work spectral separators have been used to attenuate
the fundamental for UV energy measurements. However, for future appli-
cations, the separators are not optimal as they have a defined GDD < 15 fs2

over the wavelength range 210-360 nm. This would cause a significant tem-
poral stretching of the generated sub-4 fs UV pulses. In addition, these SS in-
troduce spectral modulations in the region from about 350 nm to 500 nm (cf.
figure 5.7), since the generated supercontinuum spectrum extends weakly up
to roughly 350 nm before emitting the RDW at 270 nm.

FIGURE 5.7: Example of the UV spectrum measured after four
spectral separators. The RDW is emitted at approximately 270
nm from an HCF filled with 355 mbar of argon in negative pres-

sure gradient at 50 kHz repetition rate.

An alternative approach involves using silicon wafers, which have good
reflection properties in the UV range but higher absorption in the IR region
[23], addressing the issue of temporal stretching in the UV. To reduce the IR
losses in transmission, a 2-inch diameter silicon substrate with a minimum
thickness of 80 µm and polished on both sides will be used, affecting only
minimally the temporal profile of the IR. Thus, the separation of IR and UV
into two distinct pathways occurs with this first silicon wafer, where the IR
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passes through the substrate and the UV is reflected vertically onto another
thicker silicon wafer. Since a small portion of IR will be reflected along with
the UV, the precise number of wafers required to fully attenuate this residual
IR must be determined experimentally.
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Chapter 6

Conclusions

Within the scope of this thesis, advancements in pulse compression tech-
niques as well as in the generation of broadband ultraviolet light have been
exploited to design and construct a novel and compact tuneable few-femtosecond
UV source operated at high repetition rate, which constitutes the backbone
of a table-top UV-pump and IR-probe beamline, making it a valuable source
for time-resolved spectroscopy experiments on molecules.

One of the fundamental components of this beamline is the multi-pass cell
technique, which has undergone remarkably rapid development in less than
a decade. It offers a straightforward, compact, and highly effective solution
for pulse post-compression, delivering excellent beam quality and pointing
stability. Nowadays, it has found applications in many laboratories even
to the extent of being commercialised by companies. This scheme provides
numerous ways to fine-tune and control nonlinear interactions by adjusting
various aspects of the multi-pass cell configuration, including its geometry,
the choice of nonlinear media, and its cell mirror design. Special interest has
also been devoted to the investigation of few-cycle pulse compression at in-
creased average powers and repetition rates, which so far has been achieved
only in different stages of meter-long MPCs.

Therefore, in the first part of this thesis, it has been demonstrated that
a compact configuration with a footprint of no more than 50 cm can be im-
plemented to address this task. Pumped by a Yb-based laser system, initial
tests at 1 kHz repetition rate and 250 mW average power showed broadened
spectra supporting about 20 fs pulses in both krypton and xenon gas within
a single-stage MPC with a total transmission exceeding 90%, which is char-
acteristic of these setups. The rather narrow bandwidth coverage of the cell
mirror design proved to be a critical limiting factor for SPM-induced spectral
broadening.
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In a further study, a different configuration based on the precise disper-
sion control inside a krypton-filled single-stage MPC has been introduced
and initially tested at 1kHz repetition rate. Without altering the geometry of
the previously used MPC, a new set of specially engineered cell mirrors was
implemented, where the negative dispersion of these mirrors counteracts the
positive dispersion accumulated during propagation through the gas. Initial
results obtained by utilising only dispersion-engineered cell mirrors showed
a remarkable improvement in nonlinear spectral broadening, resulting in
spectra supporting 12 fs pulse durations. While in this case only half of the
laser pulse energy can be sustained by this MPC configuration, reducing the
overall negative dispersion introduced by the cell mirrors has shown to over-
come this restriction without modifying the SPM-based broadening process.
Furthermore, average power scalability up to 50 W and 200 kHz repetition
rate has been demonstrated, where all the characteristics of the MPC output
pulse have been maintained with excellent output beam properties.

Another important element is the generation of few-femtosecond UV pulses
via resonant dispersive wave emission in a gas-filled hollow-core fibre. This
technology offers a relatively simple and cost-effective solution for improv-
ing conversion efficiency in frequency upconversion and pulse energy up-
scaling. Typically, implementing this requires short pulse durations of the
driving beam, which is most often achieved using an initial gas-filled hollow-
core fibre specifically intended for pulse compression, at the cost of transmis-
sion losses.

Therefore, efficient resonant dispersive wave emission driven by com-
pressed pulses from an MPC setup has been demonstrated. First, the tune-
ability range from 270 nm up to 530 nm at 1 kHz repetition rate via an
argon-filled HCF has been achieved with UV pulse energies in the micro-
joule regime supporting few-cycle femtosecond pulses. In a subsequent test,
average power and repetition rate scaling up to 13 W and 50 kHz, respec-
tively, were accomplished while maintaining the UV pulse characteristics.
Further scalability in average power and repetition rate was limited by ther-
mal effects arising in the gas. Additionally, an overall beam path of the
UV-pump and IR-probe setup has been conceptualised, including methods
for adequately separating the RDW-emitted UV light from the soliton self-
compressed IR to preserve the pulse characteristics of both types of radiation.



Chapter 6. Conclusions 77

In conclusion, by combining a dispersion-engineered multi-pass cell with
a resonant dispersive wave-based UV generation system, a compact and
high-throughput tuneable UV source at high repetition rates is achieved.
This approach is expected to overcome the temporal resolution and signal-
to-noise ratio limitations of existing beamlines, enabling advancements in
ultrafast time-resolved spectroscopy with tuneable wavelengths in the deep-
UV region.
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Appendix

Beam propagation using ABCD matrix

Following the description of nonlinear effects that dominate in the MPC-
based pulse compression method, this section provides an explanation of
light beam propagation through optical systems, including lenses, mirrors,
and free space. The approach relies on the ray transfer matrix, or ABCD
matrix, which can be applied both to geometrical rays and Gaussian beams.
Note that this method requires the paraxial approximation sin(q) ⇡ q, i.e.,
the beam divergence and angles are kept small for simplification and more
precise calculations. The method described here is important to this work, as
it has been used for the numerical simulation of beam propagation through
the multi-pass cell setup.

When considering a laser beam as light ray, its propagation can be char-
acterised by two parameters: the transverse offset r and the angular offset q,
both offsets with respect to the optical axis. A linear relation between input
and output ray is given by

"
r2

q2

#
=

"
A B

C D

# "
r1

q1

#
(6.1)

where [r1; q1] and [r2; q2] represent input and output, respectively. The ray
transfer matrix M := [A B; C D] is a 2x2 matrix containing the four elements
A,B,C, and D, which represent specific characteristics of the optical system.
In particular, the horizontal (spatial) and vertical (angular) magnification of
a light beam are given by A and D, respectively, whereas the focusing and
defocusing strength of the system are described by B and C, respectively.

For systems, which are composed of multiple optical elements, the final
ABCD matrix is calculated via simple matrix multiplication of the matrices
representing each section of the system. It should be noted, that the multipli-
cation is performed in reverse order compared to the order of each element.
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For instance, in the case of a system composed of four different optical ele-
ments the final matrix is calculated to be M1234 = M4 M3 M2 M1. Examples
of basic matrices such as curved mirrors (Mcm) and free space (Mf s) are de-
scribed as

Mcm =
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1 0

� 2
R

1

#
, Mf s =

"
1 d

0 1

#
. (6.2)

In general, the determinant of the ABCD matrix is defined by the ratio be-
tween input refractive index and output refractive index. However, if the in-
put and output are located in the same environment the determinant must al-
ways be 1, which is very common for optical systems. This makes the ABCD
formalism a useful and rather simple tool for the design of resonator-like sys-
tems such as multi-pass cells, where free space propagation and focusing of
the beam alternate over multiple passes.

As mentioned at the beginning, the ray transfer matrix is not only applied
in geometrical optics, but also in the estimation of the effects imposed by
optical elements on a Gaussian beam during propagation. Combining the
matrix formalism with the complex q-parameter, as described for example in
[108], the correlation between the output qo and input parameter qi reads as
follows:

qo =
Aqi + B

Cqi + D
. (6.3)

From the complex representation of the q-parameter, as described in [109],
the quantities related to the radius of curvature R and the beam spot size
w at the output of the system can be calculated from equation 6.3, which
is also beneficial for designing an MPC. A more detailed description and
explanation of the ray transfer formalism is given e.g. in [108].
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