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Zusammenfassung

Die Untersuchung ultraschneller Licht-Materie-Wechselwirkung erfordert präzise Kontrolle
und Metrologie ultrakurzer Laserpulse, experimenteller Aufbauten und zugehöriger Pa-
rameter. Verbunden mit jüngsten Entwicklungen in der Attosekundenphysik entstehen
neue Anforderungen an die Lasertechnologie, deren Charakterisierung, aber auch an die
erforderlichen experimentellen Methoden. Diese Anforderungen werden beispielsweise von
der Skalierung der Energien hoher Harmonischer hin zum sogenannten Wasserfenster –
dem Energiebereich zwischen den Kohlenstoff und Sauerstoff K-Kanten (284 bis 543 Elek-
tronenvolt) – oder von der Entwicklung von Petahertzelektronik angetrieben. Darüber
hinaus eröffnen sich neue Perspektiven für die Untersuchung elementarer Prozesse.

Im Rahmen dieser Arbeit werden die zugrundeliegenden physikalischen und exper-
imentellen Aspekte moderner Attosekundenphysik genauer untersucht. Beginnend mit
einer auf Petahertzelektronik basierenden Messmethode zur Bestimmung der Träger-Ein-
hüllenden-Phase (CEP) im Einzelschussexperiment wird gezeigt, dass mit einem einfachen
experimentellen Aufbau und dem Ausnutzen elementarer Elektronendynamik in Gas und
Plasma eine robuste und vielseitige Messmethode erzielt werden kann, die durch ihre Ein-
setzbarkeit bei verschiedenen Wellenlängen überzeugt.

Des Weiteren wird unter Ausnutzung von solitonischer Propagationsdynamik inWellen-
leitern gezeigt, dass sich Laserpulse im kurzwelligen Infrarotbereich simultan spektral ver-
breitern und zeitlich komprimieren lassen. Damit werden die komplizierte Lichtfeldsyn-
these sowie die Notwendigkeit dispersiver Optiken und die damit verbundenen Einschrän-
kungen umgangen. Hierbei liegt ein Augenmerk auf der Stabilität von Ausgangsleistung
und CEP und der damit einhergehenden Wellenformstabilität. Die zeitliche Charakter-
isierung zeigt eine Wellenform von der Dauer eines einzelnen optischen Zyklus, beste-
hend aus Spektralkomponenten zweier optischer Oktaven. Diese Bandbreite ermöglicht
es, Subzyklen-Elektronendynamik zu kontrollieren, was sich als spektraler Effekt in der
feldaufgelösten Messmethode äußert. Die Vermessung dieses Effekts erlaubt eine in-situ
CEP Kalibrierung. Die demonstrierte spektrale Verbreiterung setzt dabei neue Maßstäbe
in der Erzeugung hochintensiver ultrakurzer Pulse, besonders hinsichtlich der erzielten
Spitzenleistung von 0,26Terawatt, der hohen mittleren Leistung und der ausgezeichneten
Stabilität.

Solche Systeme eignen sich hervorragend zur Erzeugung hoher Harmonischer mit ho-
hen Energien. Durch die hohe mittlere Leistung kann das Interaktionsvolumen gesteigert
werden, um die schlechte Konversionseffizienz zu kompensieren. Die dadurch entstehende
höhere thermische Belastung des experimentellen Aufbaus und der Filter erfordert neue
Wege, dieser standzuhalten. Gleichzeitig ist eine präzise Stabilisierung der zeitlichen Ver-
fahrstufe vonnöten, um die hohe zeitliche Auflösung in Experimenten zu gewährleisten.
Daher wurde eine Methode entwickelt, die sowohl die Filterung von treibendem Laser
und erzeugten Harmonischen erlaubt als auch der Stabilisierung des zeitlichen Versatzes
zweier Pulse eines Interferometers dient. Es wird abschließend demonstriert, dass damit
zum einen der hohen mittleren Leistung standgehalten wird, zum anderen aber auch ein
stabiles Interferometer über die Dauer typischer Messkampagnen erzielt werden kann.
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Abstract

The investigation of ultrafast light-matter interaction requires precise control and metrol-
ogy of ultrashort laser pulses, experimental setups, and related parameters. Connected
with recent developments in attosecond physics, new requirements arise for laser technol-
ogy, its characterization, and the necessary experimental methods. These requirements
are driven, for example, by the scaling of the energies of high-harmonics toward the so-
called water window – the energy range between the carbon and oxygen K-edges (284
to 543 electron volts) – or by the development of petahertz electronics. In addition, new
perspectives for the investigation of elementary processes open up.

In the context of this work, the underlying physical and experimental aspects of modern
attosecond physics are examined in more detail. Starting with a measurement method
based on petahertz electronics to determine the carrier-envelope phase (CEP) in a single-
shot experiment, it is demonstrated that a robust and versatile measurement method can
be achieved with a simple experimental setup. This method takes advantage of elementary
electron dynamics in gas and plasma and is distinguished by its applicability across various
wavelengths.

Furthermore, by utilizing solitonic propagation dynamics in waveguides, it is demon-
strated that laser pulses in the short-wave infrared range can be simultaneously spectrally
broadened and temporally compressed. This approach circumvents complicated light-field
synthesis, as well as the need for dispersive optics and the associated limitations. Attention
is given to the stability of output power and the CEP, along with the resulting waveform
stability. Temporal characterization reveals a waveform with a duration of a single optical
cycle, consisting of spectral components spanning two optical octaves. This bandwidth
enables the control of sub-cycle electron dynamics, which manifests as a spectral effect
in the field-resolved measurement method. Measuring this effect allows for in-situ CEP
calibration. The demonstrated spectral broadening sets new standards in the generation
of high-intense ultrashort pulses, particularly regarding the achieved peak power of 0.26
terawatts, high average power, and excellent stability.

Such systems are particularly well-suited for generating high-energy high-harmonics.
The high average power allows for an increased interaction volume to compensate for
the poor conversion efficiency. However, this results in a higher thermal load on the
experimental setup and on the filters, necessitating new approaches to withstand it. At
the same time, precise stabilization of the temporal delay line is essential to ensure high
temporal resolution in experiments. Therefore, a method has been developed that allows
for the filtering of the driving laser and the generated harmonics while also stabilizing the
temporal delay between two pulses in an interferometer. It is ultimately demonstrated
that this method can withstand high average power and achieve a stable interferometer
throughout the duration of typical measurement campaigns.
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• Johannes Bl�ochl, Johannes Schötz, Boris Bergues and Matthias F. Kling.
From Ultrafast Light-Induced Currents to Spatially-Resolved Field Sampling. In
Luca Argenti, Michael Chini and Li Fang (Editors), Proceedings of the 8th Inter-
national Conference on Attosecond Science and Technology, pp. 177–186. Springer
International Publishing, Cham, 2024. ISBN 978-3-031-47938-0 URL https:

//doi.org/10.1007/978-3-031-47938-0.

• Kai-Fu Wong, Weiwei Li, Zilong Wang, Vincent Wanie, Erik Månsson, Dominik
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Chapter 1

Introduction

When plucking the string of an instrument, the resulting tone has a distinct pitch. To
determine its precise value, one has to listen for a moment – due to the elementary property
of waves with precise frequencies1, namely their temporal extension. In contrast, when
clapping one’s hands once, a short tone is emitted, but it does not favor a distinct pitch;
rather, it is a superposition of many frequencies. Now, when walking through a crowded
street, many audible frequencies are present as well, but they do not form a short tone.
The reason is the missing phase relation between each individually emitted frequency
– its control is crucial in the generation of a temporally short wave. Since light is an
electromagnetic wave, the very same principle applies. The generation of short light
pulses thus requires the generation of many frequency components and their temporal
alignment. Such pulses are highly desirable, as they promise to enhance the resolution
in time-resolved experiments. Similar to a camera, where the fastest resolvable feature
depends on the exposure time, the investigation of ultrafast physical phenomena in the
time domain requires pulses of comparable or shorter duration, possibly combined with
nonlinearities. Therefore, the generation of short pulses, their characterization, and the
design of experimental methods form a cohesive triad for the investigation of ultrafast
effects.

Driven by seminal achievements in laser technology [1, 2], such as the availability of
the required femtosecond (10−15 s) laser pulses [3], their waveform or power stability, wide
spectral coverage, or the high peak power, many ultrafast phenomena became accessible for
investigation. In particular, the observation of electronic motion with unprecedented pre-
cision [4–7], photoisomerization [8], electron dynamics [9,10], or nanoplasmonics [11–13]
has been pioneered in the last decades. In addition, petahertz electronics, i.e., the gen-
eration and manipulation of electronic signals at petahertz frequencies, emerged from the
manipulation of charge-carriers with light-fields [14–18]. All of these experiments are con-
nected through coherent charge-carrier manipulation, therefore, the precise knowledge and
control of the waveform driving the interaction is compulsory. In particular, the waveform
stability of few- to single-cycle laser pulses can be related to the stability of their carrier-
envelope phase (CEP), or global phase, which in turn becomes one of the key parameters.
Thus, the CEP measurement is essential and profits from recent developments in peta-
hertz electronics [18, 19] that have demonstrated the capabilities of light-field controlled
charge-carrier dynamics in detecting the global phase [20–24], even spatially resolved [25].
In addition, even the measurement of the electric field of light has become feasible through
novel techniques in petahertz electronics [26–34]. All of these approaches benefit from the
electric current measurement of laser-field induced charge migration or separation, which
opens up a new perspective for compact and simple measurement devices [18].

1Strictly speaking, an instrument does not emit a pure sinusoidal wave but has overtones as well.
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The aforementioned requirement of short pulses is closely related to techniques for
spectral broadening and temporal compression of laser pulses. Hollow-core fibers (HCFs)
were pioneered by Nisoli et al. [35,36] and have become one of the workhorses for spectral
broadening of lasers [37], along with multi-pass cells [38]. Whereas the generation of new
spectral components in fibers and their compression was initially decoupled [35–37] and
dispersive mirrors were used for temporal compression [39, 40], more powerful methods
based on solitonic propagation are available [41, 42]. These methods are based on waves
that do not alter their shape along propagation, so-called solitons, which were discovered
in water centuries ago [41, 43]. In optics, a soliton is a wavepacket for which nonlinear
and diffractive or dispersive effects balance [41], in particular regarding dispersive effects
from wave-guiding. Soliton propagation was described in solid glass fibers [44, 45] and
experimentally observed a few years later in 1980 by Mollenauer et al. [46]. Interestingly,
they observed the compression of picosecond pulses solely by their nonlinear propagation
through a fiber – soliton self-compression. Such compression is accompanied by a gain
in spectral bandwidth. These effects are known to exist in HCFs as well, but since the
dispersion landscape there is different, solitons have not been observed in hollow fibers
for quite some time. Thus, it is not surprising that solitons were first observed in pho-
tonic bandgap fibers [47] and antiresonant fibers [48–50], with peak powers reaching the
gigawatt range [41]. In HCFs, soliton propagation was observed in 2019 when Travers et
al. demonstrated the capabilities of precisely tuned waveguide parameters in generating
solitons reaching the ultraviolet (UV) [51]. This work profits from the length scale capabil-
ities of stretched fibers [52] that allow the enhancement of the required waveguide effects
by increasing the fiber length [41, 51]. The pulse compression approach using solitons is
appealing compared to light field synthesis [3, 53–56] due to the reduced complexity of
the setup, but at the cost of a coupling between pulse compression and the generation of
spectral bandwidth.

Petahertz electronics, in combination with soliton dynamics, promise to bring a new
quality to the coherent control of waveforms and field-driven processes. With the accom-
panying sub-cycle precision, they form new branches of modern attosecond physics and
align next to the long-term workhorse, high-harmonic generation (HHG). Historically, at-
tosecond physics has emerged from the first milestone, the observation of high-harmonics
(HHs) [57, 58] and their energy plateau [59]. The generated radiation was found to be
emitted during very short times only, shorter than the optical half-period of light. Ex-
plained by the three-step [60] or the Lewenstein model [61], HHG became controllable
and has served as the backbone for ultrafast science. Due to the high energy of the
emitted photons in HHG, both single-photon ionization of outer- and inner-shell electrons
can be driven, and even sidebands shifted by the laser photon energy can be observed in
pump-probe experiments [62]. The isolation of a single HH emission event by amplitude
gating [63] enabled the measurement of the light wave with attosecond streaking [64]. The
time resolution in all these experiments stems from two key parameters: First, the strong
nonlinearity of the HHG process, resulting in broadband and attosecond short pulses,
which set the physical limit on the achievable resolution; and second, the stability of the
interferometric measurements, manifesting an experimental challenge.

Latest advances have led to the demand for higher cut-off energies towards the water
window, the range between the carbon and oxygen K-edges from 284 to 543 electron volts
(eV) [65]. Such high energies can only be generated by HHG under certain constraints
regarding the peak intensity, atomic species of the target or driving wavelength. In partic-
ular, the scaling of the cut-off energy Ecutoff ∝ IP and Ecutoff ∝ λ2 [60] renders the use of
long wavelength λ drivers and high ionization potential IP targets attractive. This scaling
law is accompanied by a drastic decrease in conversion efficiency, which scales between
λ−4 [66] and λ−5 → λ−7 [67–70]. Consequently, the scaling of the conversion efficiency
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drastically reduces the expected photon flux, demanding more powerful laser sources to
compensate for this trend by an increasing volume of high intensity in which the signal is
generated. Preferably, the repetition rate of the laser system is in a multi-kilohertz range,
or even higher, such that experiments may profit from high statistics. Thus, a third re-
quirement for modern attosecond science, precisely controlled high-intense laser pulses, is
manifested.

Soliton dynamics directly promise to address the third requirement, whereas petahertz
metrology ensures the control and measurement of multi-octave spanning supercontinua
and the corresponding waveforms in time with unprecedented parameters. Regarding
the high peak intensity solitons can provide, a combination of this methodology with
experimental apparatuses from classic HHG-based attosecond science may start a new era
for time-resolved spectroscopy in the water-window. Difficulties arising from adapting the
experiments to the new parameters, however, must first be overcome. In particular, the
second requirement, the stability of the delay line, must be ensured for maximal precision.
If successful, charge-carrier dynamics in hitherto rarely explored energetic regions can be
investigated, opening new prospects for the investigation of petahertz electronic effects,
thus pushing petahertz metrology.

In this thesis, I will present novel solutions to propel modern attosecond science. In
particular, I will demonstrate that light-field controlled charge-carrier dynamics in gas and
plasma enable the detection of the CEP of ultrashort laser pulses by detecting the electric
currents generated on a petahertz scale. Characterization of this petahertz electronics
based CEP detection method proves its long-term reliability and also demonstrates a large
wavelength independence of the detector – a major advantage compared to other methods.
In addition, I will present a spectral broadening scheme of a short-wave infrared (SWIR)
laser system based on soliton self-compression that provides highly stable and intense laser
pulses at a high repetition rate – a fundamental prerequisite for modern attosecond science.
Their characterization with a petahertz electronics technique reveals a CEP-stable single-
cycle optical waveform, and the stability is used to characterize the spectral response of the
measurement technique by exploiting its CEP-dependent characteristics. Consequently,
an intrinsic absolute phase calibration is possible. The achievable peak power sets a new
milestone for laser systems of this class. These results additionally form a foundation
for high-flux HHG in the water window range. An experimental apparatus for HHG is
adapted and thoroughly studied. Especially the novel interferometric stabilization scheme
the apparatus is equipped with supports operation at high average power and a long-
term interferometric stability on the sub-100 as scale. For diagnostics of the generated
extreme ultraviolet (XUV) radiation, a spectrometer is adapted and its data reveals that
the generation of high cut-off energies is feasible. The future combination of all the
presented results constitutes a highly powerful and versatile machinery for attosecond
science and petahertz metrology.

The following chapters are organized as follows: In Chapter 2, I will introduce the basic
concepts of laser pulses in time, space, and frequency domain, followed by a discussion of
strong-field ionization and of the formation of laser-induced currents. After presenting the
signal scaling of such currents in saturated ionization, I provide details on the propagation
of lasers through waveguides and corresponding nonlinear effects. I will conclude the
chapter with a short review of the interference pattern in Mach-Zehnder interferometers.

In Chapter 3, I will present the results on the single-shot detection of the CEP of
a Titanium:Sapphire (Ti:Sa) laser system, investigate the achievable performance, and
demonstrate the applicability of the current sampling approach to a SWIR laser system.

Design considerations for a soliton-based spectral broadening system in the SWIR
range will be presented in Chapter 4. Subsequently, experimental data of its implementa-
tion regarding various parameters are presented, identifying the cutting-edge parameter
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set the system provides. As first application of the multi-octave spanning spectrum gen-
erated, the spectral response of the measurement technique is investigated, allowing for
an in-situ absolute phase calibration.

Finally, in Chapter 5, I present an attosecond beamline adapted to the requirements
caused by using a high-power SWIR laser. The focus will be on the filter method sepa-
rating the laser from the generated HHs, which simultaneously serves as means for active
stabilization of the delay line for pump-probe experiments. The latter is of outermost im-
portance for precise time-resolved experiments, as it fundamentally limits the achievable
resolution.



Chapter 2

Theoretical background on
ultrafast lasers and light-matter
interaction

The study of the interaction of light with matter requires a theoretical background in
basic models of coherent optical radiation and its interaction with atoms and molecules.
Starting with the field representation of a laser pulse in time and frequency, I will introduce
expressions for the peak power and, after a discussion of Gaussian beams in space, the peak
intensity, both of which are critical for describing strong-field interaction. Subsequently,
I will present different ionization models for atoms and molecules, which serves as a basis
for the discussion of the signal formation of laser-induced currents. Afterwards, I will
review the concept of HHG, a necessary requirement for Chapter 5 and for the motivation
of Chapter 4. Thereafter, effects of saturation of ionization in laser-driven electric current
generation are considered. This discussion serves as background for the results presented
in Chapter 3 and is part of our corresponding publication [71]. Hereafter, I will start
with a discussion of methods for the sampling of optical laser fields, which is an essential
prerequisite for Chapter 4, where the results on hollow-core fiber spectral broadening and
compression are presented. Therefore, a theoretical discussion of the propagation of laser
light through waveguides and the corresponding nonlinear effects is also given in this
chapter. Finally, I will present a short description of the interference pattern in Mach-
Zehnder interferometers, which will be required in Chapters 4 and 5.

2.1 Description of laser pulses in time, frequency and space

Maxwell’s equations [72] describe light as an electromagnetic wave with the electric and
magnetic components E and B, respectively [73]. The electric field in time, E(t), can be
expressed as a superposition of its frequency components via the inverse Fourier transform
[74–76]

E(t) =
1√
2π

∫
R
|E(ω)| exp [iωt− iφ(ω)] dω = IFT

[
|E(ω)|e−iφ(ω)

]
(2.1)

with the spectral amplitude |E(ω)|. The spectrum E(ω) = |E(ω)|e−iφ(ω), however, is a
complex quantity which is not to be confused with the spectral intensity introduced below.
The spectral phase φ(ω) aligns the Fourier components with respect to each other, where
a flat φ(ω) corresponds to the shortest possible pulse in time, with most energy confined
in the main peak. Within this thesis, the sign convention is chosen such that negative
times are earlier than positive ones.
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6 Chapter 2. Theoretical background on ultrafast lasers and . . .

This model is appealing since any linear propagation through material can be expressed
as a phase term by the relation

φ(ω) =
n(ω)ωx

c
, (2.2)

where the linear refractive index n of the material light propagates through is directly
connected to the phase term by the distance x at the speed of light c ≈ 3 × 108 m

s . The
refractive index of a material can be approximated by Sellmeier equations [77,78], reducing
the complexity of individual materials to few experimentally determinable constants, as
presented in the literature for common optical materials such as fused silica (FS) [79] or
Calcium fluoride (CaF2) [80]. Series expansion of the spectral phase φ(ω) in terms of its
derivatives φ(k)(ω) around the central frequency ω0,

φ(ω) =
∞∑
k=0

1

k!

∂kφ(ω)

∂ωk

∣∣∣∣
ω=ω0

(ω − ω0)
k =

∞∑
k=0

1

k!
φ(k)(ω0)(ω − ω0)

k (2.3)

= φ0 +GD(ω − ω0) +
1

2
GDD(ω − ω0)

2+ (2.4)

+
1

6
TOD(ω − ω0)

3 +O((ω − ω0)
4), (2.5)

defines the commonly used expressions group delay (GD), group delay dispersion (GDD)
and third-order dispersion (TOD). The symbol O denotes the Landau-O-symbol. The
higher-order terms, in particular the group delay dispersion, or second-order dispersion,
require careful treatment since they have significant impact on the shape of E(t). The
central frequency is related to the cycle time T = 1

f = 2π
ω = λ0

c , with f being the central
frequency and λ0 the central wavelength.

For illustration, a field that has a Gaussian envelope, a so-called Gaussian pulse, is
defined by

E(t) = E0 exp

[
−2 ln(2)

t2

τ2fwhm

]
cos(ωt− φCEP) (2.6)

with the peak amplitude of the field envelope E0, the full-width at half-maximum (FWHM)
pulse duration of the intensity envelope τfwhm and the offset between the carrier wave and
the envelope, φCEP. The latter, also referred to as global phase, or CEP, is an important
parameter describing the symmetry of the system with a single number. Note that, despite
being introduced here in the context of Gaussian pulses, the notion CEP is used for various
pulse shapes with a well-defined envelope. For illustration of the role of CEP and the
second-order dispersion, see Fig. 2.1.

−50 0 50

time [fs]

−1

0

1

E
(t

)
[n

o
rm

.]

0 GDD

80 fs2

0.1 0.2 0.3

frequency [PHz]

0.0

0.5

1.0

|E
(f

)|
[n

o
rm

.]

−10 0 10

time [fs]

−1.0

−0.5

0.0

0.5

1.0

E
(t

)
[n

o
rm

.]

∆ϕCEP

−40

−20

0

20

ϕ
(f

)
[r

a
d
]

|E(f)|
0 GDD

80 fs2

a) b) c)
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The intensity of the pulse can be derived via the energy flux given by the Poynting
vector S and calculating the temporal average

I =
1

T

∫ T

0
dt|S| = 1

T

∫ T

0
dtϵ0c|E(t)|2, (2.7)

where I used S = E × 1
µ0
B and |B| = |E|

c [73]. Assuming a sinusoidal wave of amplitude

E0, this integral evaluates to I = 1
2ϵ0c|E0|2. Experimentally, the accessible quantities are

the pulse energy and duration, which convert to a peak intensity I0 = P0/A with the area
A and the peak power P0 by

P0 = 0.94
E

τfwhm
(Gaussian) and (2.8a)

P0 = 0.88
E

τfwhm
(sech2), (2.8b)

where E is the pulse energy, see AppendixA.1 for a derivation.
A common model for the representation of the laser beam in space is the Gaussian

beam, according to which the electric field as a function of space reads

E(r, ϕ, z) = E(r, z) = E0
w0

w(z)
· exp

(
− r2

w2(z)

)
exp

(
−ik

r2

2R(z)

)
· exp (−i(kz − ζ(z))) ,

(2.9)
with the wavefront curvature R(z), the beam radius w(z) where w(z = 0) = w0, and the
Gouy phase ζ(z). The following relations hold:

w(z) = w0

√
1 +

(
z

zR

)
, (2.10)

zR =
w2
0π

λ
. (2.11)

Here, zR is the Rayleigh-length, the characteristic length scale of a focus. Along that
length, the phase of the light field changes according to the expression for the Gouy phase

ζ = arctan

(
z

zR

)
. (2.12)

The laser beam intensity I is the power per area, therefore the energy content in a
pulse with a given intensity distribution in space I(t, x, y) can be calculated as

E =

∫
dt

∫
dx dy I(t, x, y) = 2π

∫
dt

∫ ∞

0
dr r · I(t, r). (2.13)

The latter equality holds only if the beam is radially symmetric. If I(t, ·) can be written
in terms of its peak value I0, I(t, ·) = I0f(t, ·), the expression for the peak intensity as a
function of pulse energy and f is

I0 =
E∫

f(t, ·) dt dA
. (2.14)

For an intensity shape that can be written as f(t, x, y) = g(t) · h(x, y), the integrals can
be evaluated separately which yields

I0 =
P0∫

dAh(x, y)
, (2.15)
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according to Eq. (2.8). The remaining integral can be evaluated for a Gaussian pulse in
space (Eq. (2.9)) at z = 0∫

dAh(x, y) = 2π

∫ ∞

0
dr r exp

[
−2r2

w2
0

]
= 2π

[
−w2

0

4
exp

(
−2r2

w2
0

)] ∣∣∣∣∞
0

=
w2
0π

2
. (2.16)

Finally, the expression for the peak intensity of a Gaussian pulse in the focus is

I0 =
2P0

w2
0π

. (2.17)

The intensity has been defined in the time domain. According to Eq. (2.1), an equiv-
alent expression for the intensity in frequency space can be defined. Importantly, spec-
trometers typically measure the spectral intensity as a function of wavelength, Iλ(λ). To
convert the data to frequency space f = c

λ , it is essential to consider the Jacobi determi-
nant. It is directly defined by the requirement of similar energy content in the spectrum,
independent of its representation. The energy content is

E =

∫ ∞

0
Iλ(λ) dλ (2.18)

with the integral transformation dλ
df = − c

f2 , the expression reads∫ ∞

0
Iλ(λ) dλ =

∫ 0

∞

(
− c

f2

)
· Iλ

(
c

f

)
df =

∫ ∞

0

(
c

f2

)
· Iλ

(
c

f

)
df =

∫ ∞

0
If (f), (2.19)

which results in the conversion rule Iλ · c
f2 = If .

2.2 Strong-field ionization of atoms and molecules

The removal of bound electrons from atoms, molecules or solids by light has been the sub-
ject of studies for more than a century [81–83]. If the photon energy is high enough, a single
photon is sufficient to remove an electron as described by the photoelectric effect [83]. In
the case of photon energies lower than the binding energy of the weakest bound electron,
however, several photons are required to provide enough energy to overcome the poten-
tial barrier or to tunnel through it. There are two distinct processes involved: tunneling
ionization, which is the case for high field strengths and low frequencies, and multipho-
ton ionization, the case for low field strengths or high frequencies [84]. To distinguish
between them, the Keldysh parameter γ was introduced [84]. It is defined as (following
Refs. [84–86])

γ =
ω
√
2meIP
eE

SI units (2.20a)

γ =
ω
√
2IP
E

atomic units (2.20b)

with the ionization potential IP and the electron mass me. For γ ≫ 1, multiphoton
behavior is expected, whereas for γ ≪ 1 tunneling ionization is present. The multiphoton
ionization process can be described by the absorption m photons of energy EPh as required
to overcome the potential barrier IP, m = ⌈IP/EPh⌉. If more thanm photons are absorbed,
the electron has significant kinetic energy upon the exit of the atom, which constitutes
above-threshold ionization (ATI). Tunneling ionization, on the other hand, describes the
removal of an electron from the atom through a suppressed potential barrier due to the
laser field. In that case, the electron can tunnel through the residual barrier, marking
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tunneling ionization, or is directly liberated as in the case of barrier-suppression ionization
[87–89].

For such processes to occur, a high photon flux within a given interval of time is required
and can be provided by pulsed lasers. In this context, the latter is typically treated as
classical electromagnetic field (or just as electric field component) as introduced in Sec. 2.1,
and the process is referred to as strong-field ionization. In the following, I assume that
the ionization rate w(t), which describes the rate at which electrons are emitted, can be
expressed as a function of the electric field E(t), w(E(t)).

2.2.1 Tunnel ionization

Over the years, various models for strong-field ionization have been introduced, starting
with models for static electrical fields, such as Fowler-Nordheim-Tunneling [90], or AC
fields in Hydrogen(-like) atoms, such as Keldysh [84], Perelomov-Popov-Terent’ev (PPT)
[91–93] or its static approximation, Ammosov-Delone-Krainov (ADK) [94] theory. For
an overview, Ref. [95] is recommended. Those models have proven their reliability in
modeling ionization processes in noble gas atoms, and extensions to diatomic molecules
are available [96]. Empirical simplifications are proven to be accurate [89] and models for
nonadiabatic tunneling even cover sub-cycle ionization dynamics [86].

In the case of strong and slowly oscillating fields, tunnel ionization can be imagined
as a laser field perturbing the Coulomb potential of the atom, which results in a barrier
the bound electron can tunnel through, see Fig. 2.2. For single atomic species, such as

atomic
potential

laser
potential

Figure 2.2: Schematic drawing of tunnelionization: A laser
field perturbs the Coulomb potential binding the electrons (dots)
such that one of them can tunnel through the suppressed barrier.
The tunneling process is indicated by the wiggly line.

Hydrogen, Helium, Argon or Neon, and even for di-atomic molecules, analytic expressions
for the tunneling ionization rate are available [84, 86, 89, 91–94, 96]. For long-wavelength
drivers, as in the SWIR range, I use the static ionization rate of Ref. [89]. In this context,
the ionization rate as a function of field amplitude E is given by (in atomic units)

w(E) =
C2
l

2|m||m|!
(2l + 1)(l + |m|)!

2(l − |m|)!
1

κ2
Z
κ
−1

(
2κ3

E

)2Z
κ
−|m|−1

exp

(
−2κ3

3E

)
. (2.21)

Here, m, l are angular momentum quantum numbers, Cl are coefficients describing the
amplitude of the electron wavefunction in the tunneling region, see Ref. [89]. Their values
are tabulated in Ref. [96, Table 1 and 2] for selected atoms and diatomic molecules. The
parameter κ is a short hand notation for κ =

√
2IP, Z is the charge seen by the active

electron [89]. I use this ionization model to calculate the spectral response of the field
measurements as presented in Sec 2.5. Since SI units1 are used in the rest of the thesis,
the conversion laws from SI to atomic units from Ref. [97] are helpful:

[E] = 1 a.u. = 5.14220826× 1011
V

m
(2.22)

[I] = 1 a.u. = 3.50944758× 1016
W

cm2
. (2.23)

1Système international d’unités
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High-harmonic generation Closely related to tunneling ionization is the process of
high-harmonic generation. Following Refs. [4, 60], HHG can be described by the semi-
classical three-step-model, see Fig. 2.3. The first step is tunneling of an electron out of the
atom during the peak of electric field (panel a) in Fig. 2.3). In the next step (panel b)),
the free electron is accelerated in the field and, due to the oscillatory manner, driven back
to the parent atom. There, it can finally recollide whereby a higher energetic photon is
emitted (panel d)).

unperturbed
potential

atomic
potential

laser
potential electron

h̄ωXUV

a) b) c)tunneling acceleration recom-
bination

Figure 2.3: High-harmonic generation according to the three step model [60]. a) Tunnel ionization of
an electron, b) acceleration of the classic electron in the electric field, c) recombination and emission of a
high energetic photon.

The emitted energy depends on the trajectory in the electric field, which, in the scope
of the three-step-model, is the velocity at the returning point. In Fig. 2.4, the returning
trajectories are plotted. Those are the electrons emitted shortly after the peak of the
field [4, at ≈ T/20 after the peak]. The maximum energy of the emitted photon scales with
the kinetic energy of the electron, that is, the ponderomotive potential (see AppendixA.2)
and the ionization potential IP according to the cut-off law Ecutoff = IP + 3.17UP [60].
Therefore, the cut-off energy increases with wavelength according to a ∝ λ2 scaling law.
Other models suggest a slightly enhanced cut-off law of the form Ecutoff = IP ·F IP

UP
+3.17UP

with F IP
UP

≈ 1.3 for IP ≪ UP [61]. Therefore, a slightly higher cut-off energy can be
expected in such a case.

0 2 4 6

t [fs]

−2.5

0.0

2.5

E
(t

)
[1

0
9

V
/
m

]

−2

0

2

x
[n

m
]

E(t)

x(t)

Figure 2.4: Classical electron trajectories re-
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field. The strength of the lines indicate the
velocity at x = 0.

Finally, the efficiency of the recombination process strongly depends on the driving
wavelength and scales ∝ λ−5 to ∝ λ−7 [67–70,98]. These experimentally obtained values
represent a substantial challenge for the generation of high cut-off energy harmonics at
high flux and are even more drastic than initially estimated (∝ λ−4 [66]).

2.2.2 Statistical photoionization model

To overcome the strong restriction to few atomic species, a heuristic photoionization model,
the statistical photoionization (SPI) model, has been introduced by Uiterwaal et al. in
Ref. [99]. Uiterwaal et al. have demonstrated that their model adequately models the
experimental data for ionization of various atoms, ions and di- and multi-atomic molecules
over a frequency range from the IR to the UV and laser pulse durations from ns to few fs.
The following part summarizes the main aspects of Ref. [99].
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The SPI model relies on the assumption of one photon of energy mEph being equivalent
to m photons of energy Eph arriving within a characteristic time, a so-called timelet ∆tm =
T
m [99]. Consequently, the absorption of m photons of energy Eph can be described by the
single photon absorption cross-section σm of a photon of energy mEph. As a result, the
ionization of any species is described solely by the single-photon absorption cross-section,
which is available for a large number of atomic and molecular species. For ionization to
occur, a minimum number of photons mmin = ⌈ IP

Eph ⌉ defined by the ionization potential IP
needs to be absorbed.

Following Ref. [99], the probability of the absorption of at least m photons is given by
the Poisson distribution for m ≥ mmin,

Pm(t) =
∞∑

s=m

Mm(t)s

s!
exp (−Mm(t)) = 1−Q(m,Mm(t), (2.24)

where Q(m,Mm(t)) is the regularized gamma function and Mm(t) is the mean number of
absorbed photons to level m within ∆tm,

Mm(t) =
σm
Eph

∫ t+∆tm/2

t−∆tm/2
I(t′) dt′. (2.25)

Taking all levels m ≥ mmin into account, the total ionization probability reads [99]

P(t) = 1−
∏
m

(1− Pm(t)) = 1−
∏
m

Q(m,Mm(t)). (2.26)

Taking all timelets into account, a universal index k can be defined to order them in
time. The probability of an atom being ionized after the k-th timelet, Y ion

k , can then be
estimated by solving the following equations (Eq. (7) from Ref. [99]):

Y ion
k = Y ion

k−1 + (1−Q(mk,Mk))Y
neut
k−1 (2.27)

Y neut
k = Y neut

k−1 Q(mk,Mk) (2.28)

The derivative of the quantity Y ion
k with respect to time, dY ion

k / dt is the corresponding
ionization rate, the time dependence stems from the index k, which transfers to a point
in time. Predictions of this ionization model have successfully been confirmed in the
literature [99–102]. For a low ionization potential and high photon energy, considering
the lowest timelet mmin only can be sufficient. In contrast, for low photon energies, as is
the case with CO2 lasers, more timelets with m ≥ mmin need to be considered [99].

2.3 Signal formation of laser induced currents

In Sec. 2.2, I introduced various models for strong-field ionization. In all cases, a short
laser pulse generates an ensemble of neutral and charged particles. The latter typically
gain energy and momentum from the field, leading to enhanced charge carrier dynamics.
The charge carriers might be displaced from their origin, forming a dipole, or can directly
travel towards a detector in form of a real electric current. Such a detector can be a micro-
channel plate, a semiconductor based detector, a metallic electrode, or a pair of them. In
this thesis, the focus will be a pair of metal electrodes which allows a simple experimental
setup and external electronic circuitry while offering manifold possibilities for petahertz
scale photoconductive sampling of laser fields, for the detection of the carrier-envelope-
phase, ion yield, or others. A sketch of a typical setup is shown in Fig. 2.5.

The signal formation of laser-generated currents between such metal plates has been
investigated in detail in the PhD thesis of J. Schötz [103] and Ref. [104]. I will present
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Figure 2.5: Sketch of a typical electric cur-
rent sampling experiment: The laser beam
is focused between a pair of electrodes, ion-
izes the gas in between them and generates a
charge displacement or movement that can be
sensed and measured.

a short introduction to the Shockley-Ramo model [104–108] that we introduced to the
context of ultrafast light-matter interaction in Ref. [104]. This model will serve as a basis
for a more profound understanding of the experimental results shown in Chapters 3 and
4.

The dipole generated by the laser-induced charge separation can induce an image
dipole on a sensing electrode and thus generate a detectable signal, in addition to the
direct current contribution. Since both contributions transition smoothly into each other,
the Shockley-Ramo model has been introduced [104–108] to overcome that separation.
For any given charge carrier configuration, defined by the position r and velocity v of the
carrier of charge q, the induced charge Q on an electrode and current I that flows can be
calculated by the following expression [104]:

Q = −qϕ0(r), (2.29)

I = qvE0(r). (2.30)

Here, ϕ0 and E0 are the weighting potential and field, respectively. The latter quantities
are defined solely by the geometry of the electrodes and can be calculated by setting
the potential of the electrode under consideration to 1V, all others to 0 [104–106]. This
model assumes that the image dipole is formed instantaneously without delay, which is
a good approximation for charge carrier dynamics much slower than a time constant of
around 3 ps, corresponding to the typical gap size of 1mm divided by the speed of light.
Consequently, the model is appropriate for modeling the signal formation due to charge
propagation after the laser, which is on a nanosecond timescale [104]. The initial signal
modeling, however, requires different treatment. In particular, for femtosecond processes,
e.g. as in Section 2.4, the signal is expected to build up over time - due to charge carrier
propagation and the accompanying charge separation as well as due to the finite signal
speed. Thus, their modeling can be treated independently and defines starting conditions
on subsequent propagation.

The advantage of that model is the decoupling of the geometry of the detection elec-
trodes from the charge carrier migration, meaning that once the weighting potential is
calculated, the currents and charges on all electrodes are determined. Especially, the ex-
pensive calculation of image charges for each charge carrier configuration is circumvented.
The weighting potential ϕ0 has a simple analytic form for the case of infinite plates (index
1, 2) at a distance d of [105]

ϕ0,1(x) = 1− x

d
, (2.31)

ϕ0,2(x) =
x

d
, (2.32)
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assuming that electrode 1 is at x = 0, as can be seen in Fig. 2.6b). The corresponding
weighting field E = −∇ϕ0 is a constant in this simple case, but more complicated ge-
ometries can be considered, see Ref. [104, Methods]. As an example for a more realistic
scenario with finite plates, the problem is treated numerically in Fig. 2.6a). There, the
static electric potential for the electrode arrangement used in the experiments is solved
using the scuff-static implementation of scuff-em [109]. The electrode geometry consists
of two plates of dimensions 4 × 2 × 0.5mm, separated by 0.35mm from each other. The
3D model is meshed with gmsh [110]. Figure 2.6a) shows a cross-section of that arrange-
ment. Importantly, when comparing the potential on a line between the electrodes to the
analytic solution, Fig. 2.6b), the deviation from the infinite pate case is negligible.
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Figure 2.6: a) Weighting potential of finite electrodes at a distance d = 350µm. The arrow indicates the
direction the laser pulse travels through the setup (k vector). b) Deviation of the weighting potential of
finite electrodes on axis from the infinite plate case. c) Induced charge in a differential measurement for
infinite plates and finite ones, exhibiting a zero-crossing for a signal generated directly in the center.

As opposed to Ref. [104], where each electrode is measured separately against ground,
one electrode is measured versus the other in Chapter 3. In such a differential kind of
approach, the induced charge reads

Qtotal = Q2 −Q1 = −q (ϕ0,1 − ϕ0,2) = −q

(
1− 2x

d

)
. (2.33)

In this case, the corresponding current contribution is a constant with respect to position.
The total induced charge (Eq. (2.33)) is plotted in Fig. 2.6c) and exhibits a zero crossing for
signals generated in the center of the electrode pair. Importantly, Eq. (2.33) implies that
for any given charge ensemble, the position where it is generated defines the amplitude of
the signal and its change with positions is

∂Qtotal

∂x
=

2q

d
. (2.34)

Equation (2.34) suggests that a large amount of laser beam pointing, i.e. a large dx, causes
a smaller signal change if the gap size d is large. Comparison to the case of finite electrodes
confirms that this equation remains valid in real-world applications.

2.4 Ionization effects in laser induced current sampling

In Section 2.3, I summarized a model explaining the macroscopic formation of currents
generated by a laser pulse. The microscopic aspects have hitherto been assumed to have
passed before that, e.g. as an event of laser driven ionization of the target. In this part,
I will focus on an ionization-induced effect that occurs when the ionization process is
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driven into saturation. In brief, for an unsaturated case, the electron emission rate is
expected to follow the ionization rate as presented in Section 2.2. Importantly, the peaks
of electron emission coincide with the peaks of the electric field. Now, if the ionization is
driven into saturation, that is, when the amount of neutral atoms is significantly reduced
before the laser pulse has passed through the target, the effective peak of electron emission
shifts away from the peak of the field. Consequently, the vector potential is different, and
thus the final electron momentum which influences the signal in electric current sampling
experiments. This boost is particularly important in CEP dependent measurements, since
enhances the signal contrast, i.e., the magnitude of the CEP dependent part of the signal.
I will introduce the two-dimensional model that we published as part of Ref. [71] which
explains the background behind this effect. Its consequences are observed experimentally
in Sec. 3.3.2. In the calculations, I will vary the intensity to identify the scaling behavior
for comparison to the experimental data.

2.4.1 Signal formation in saturation of ionization

To identify the role of saturation of ionization in ultrafast current generation experiments,
the ultrafast interaction of a laser pulse with a gas target is modeled by the following
steps:

1. Laser-driven strong-field ionization that frees electrons according to an ionization
rate (for individual atoms/molecules), while obeying a rate equation to account for
the depletion of neutral atoms/molecules

2. Classical propagation of the free electron in the electric field after the ionization
event (comparable to Ref. [60])

3. Signal formation of the current, which is proportional to the acquired drift momen-
tum of the electrons, i.e., the vector potential

Step 1 Ionization To model the interaction of a few-cycle laser pulse with a gas and
to incorporate potential saturation effects, the rate equations

N(t+ dt) = N(t)− dN, (2.35)

= N(t)− w(t+ dt) dt ·N(t), (2.36)

Z(t+ dt) = Z(t) + dN (2.37)

are used. The total number of neutral atoms/molecules is denoted as N(t), with an initial
value of N(t0) = N0, whereas the number of ions is Z(t) with Z(t0) = 0. Only single
ionization is considered. The ionization rate w(t) is calculated by one of the models above
(Sec. 2.2). Specifically, I employ the SPI model due to its capabilities in describing complex
molecules such as ethanol, which is used in the experiments (see Chapter 3). The required
data for the photon absorption cross-section of ethanol can be found in Ref. [111], the
ionization potential is 10.47 eV [112]. The resulting electron emission rate dZ/ dt is shown
Fig. 2.7b) for the electric field shown in part a) therein, together with the unsaturated
ionization rate w(t).

The comparison of the unsaturated ionization rate w(t) with the actual electron emis-
sion rate reveals that the peak of maximum electron emission has jumped towards earlier
half-cycles. This jump is a direct consequence of the depletion of neutral atoms, which
limits the maximum emission at the peak of the pulse since a significant portion of neu-
tral atoms has already been ionized by then. Additionally, each individual emission burst
shifts away from the maximum of the field oscillation to an earlier instant in time within
the same optical half-cycle. When considering the vector potential, this shift is of con-
siderable importance since the maximum of the electron emission does not occur at the
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Figure 2.7: a) Electric field (solid line) and
vector potential (colored area) at a peak field
strength of 4.6 × 1010 V/m. b) Unsaturated
ionization rate (filled area) and electron emis-
sion rate (solid line) in the saturated case.

zero-crossing of the vector potential anymore. Instead, most electrons are emitted at times
with non-zero vector potential A, see Fig. 2.7a). Consequently, the electrons are expected
to gain more momentum by the field due to the favorable shift of birth time.

Step 2 Propagation The information of the electric field imprinted on the momentum
p of a single free electron after ionization can be estimated by the vector potential A of
the electric field E [60]. With

A(t) = −
∫ t

−∞
E(t̃) dt̃, (2.38)

the final velocity vfinal at time tfinal of an electron that was set free at time t1 can be
written as

vfinal = − e

me

∫ tfinal

t1

E(t) dt (2.39)

=
e

me
[A(tfinal)−A(t1)] (2.40)

= − e

me
A(t1), (2.41)

since A(tfinal) ≈ 0 for tfinal ≫ τ and pulses longer than sub-cycle optical transients. The
expression above implies that the single particle contribution to the total current signal
is proportional to the drift momentum, i.e., the vector potential. This agrees with the
Shockley-Ramo model introduced in Sec. 2.3, where the detected signal is shown to be
proportional to both the velocity of the particle and its displacement to the parent ion.
The latter is the drift velocity multiplied with time, therefore again proportional to the
vector potential. This is why the vector potential serves as a measure for the expected
signal strength in this section, reminiscent of the Shockley-Ramo model.

Step 3 Signal formation If in total N free electrons contribute to the signal, all
individual final velocities vfinal,i for each particle i born at t1,i = ti with i ∈ [1;N ] must
be considered. The vectorial sum v̄ =

∑
vfinal,i estimates the net dipole (and direct

current) that can form for a certain input laser field. This assumption is founded in the
Shockley-Ramo model, in particular in Eqs. (2.29) and (2.30), where velocity and position
of a charged particle are related to the detected charges and currents. Generally, v̄ is
a function of the electric field of the laser and therefore exhibits a CEP dependence. In
particular, v̄ changes sign for a CEP change of π. To investigate the influence of saturation
of ionization on the CEP dependence of the signal, the value of v̄ is determined for different
CEPs of the laser, see Fig. 2.8a). A sinusoidal dependence of v̄ with CEP is found and the
maximum of v̄ shifts versus CEP as the intensity changes. This shift can be interpreted
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as phase shift ∆ϕ between v̄ and φCEP and is a consequence of the shift of the electron
injection time, which depends on the intensity. Both the amplitude and the phase shift
influence the total signal scaling.

Firstly, for the investigation of the amplitude scaling with intensity, the magnitude of
the expected CEP-dependent signal Ŝ is defined by

Ŝ =
1

N
·
[

max
φCEP∈[0,2π]

(v̄(φCEP))− min
φCEP∈[0,2π]

(v̄(φCEP))

]
, (2.42)

where the prefactor 1
N normalizes per generated electron. This quantity can be interpreted

as the net average drift momentum per emitted charge carrier and therefore as a measure
for the CEP sensitivity of the signal. Importantly, in a non-saturated regime, the average
drift momentum Ŝ is expected to scale linearly with the electric field strength. To identify
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Ŝ

∝ E
Z 102

104

106

108

Z

a) b)

Figure 2.8: a) The net drift direction of the electrons favors a CEP dependent asymmetry. b) The
scaling of the expected signal magnitude with intensity exhibits a boost at the saturation point. Here,
focal volume effects are not included.

the role of saturation of ionization, Ŝ is calculated for exemplary 3 × 109 particles in a
finite volume of constant intensity. The number of particles originates from a particle
density of ρ ≈ 1× 1023m−3 and the volume of a typical focus. As can be extracted from
the results in Fig. 2.8b), Ŝ experiences a boost of nearly one order of magnitude at an
intensity of 5× 1014W/cm2. At this intensity, saturation sets in as evident from the kink
in the total number of free electrons Z, which converges to the total number of particles
N0. For higher intensities, the scaling of Ŝ with intensity becomes flatter than the ∝ E
scaling which indicates that the jump of electron emission to earlier optical half-cycles is
dominant at high intensities. There, it overcomes the signal boost caused by the temporal
shift of the injecting within the half-cycle.

Secondly, the intensity-dependent phase shift between the laser pulse CEP and v̄ needs
to be taken into account. Before considering the actual spatial intensity profile, the phase
shift is investigated as a function of intensity. This shift can be extracted from the cal-
culations above by fitting a sinusoidal function to v̄ and is shown in Fig. 2.9. Clearly, the
phase shift sets in at the saturation point, that is, where the number of free electrons Z
saturates. For a given intensity profile (e.g. as shown in inset i)), this shift transfers to a
spatial phase pattern, see insets ii) - iv). These patterns effectively indicate that charge
carriers from different shells around the focus gain a different net momentum and thus
propagate in different directions on average.

Therefore, the spatial intensity profile in the interaction region must be considered. To
this end, a disk of thickness ∆z is defined as the volume where signal is generated, assuming
cylindrical symmetry. Phase effects along the propagation direction z are neglected which
holds for small ∆z. Assuming a Gaussian pulse in space with radius w0, the problem
reduces to the radial dimension. The number of particles N in a shell of thickness dr is
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given by

N = ρ · V = ρ · d · π
(
(r + dr)2 − r2

)
(2.43)

= ρdπ(2r dr + dr2), (2.44)

and scales linearly with radius. The focal volume effect can be accounted for by either
solving the rate equation (2.36) for different N0 = N as described by Eq. (2.44) and dif-
ferent intensities, or by solving the rate equation for a continuous N just for different
intensities and scaling of the results for the different number of particles N in a shell
volume. The latter approach is chosen since it is computationally less expensive and thus,
Ŝ is calculated for a w0 = 20 µm Gaussian beam after determination and summation of v̄
for all individual shells. The results are illustrated in Fig. 2.10. A signal enhancement at
the saturation point is visible; however, it is less pronounced than in the case of constant
intensity which confirms the detrimental influence of the spatially varying phase. Thus,
the signal gain by the shift of the electron emission time is counteracted by the spatially
varying phase, which especially dominates at high intensities. The interplay between boost
and phase shifts results in an intensity region where the net signal enhancement per par-
ticle is large, and it appears at the point where saturation sets in. In this example, which
models a parameter set that is investigated experimentally in Chapter 3, the region of
signal enhancement occurs at intensities in the range of (4− 9)× 1014W/cm2.
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spatially integrated model.

Dispersion dependence of the signal scaling So far, a temporally compressed laser
pulse was assumed. However, the model above can be applied to investigate the dispersion
scaling of the expected signal. In particular, if a pulse is chirped, i.e., stretched in time,
the peak intensity (assuming similar pulse energy) is reduced and the number of optical
cycles is increased. As a consequence, both the ion yield is expected to drop, but also
the asymmetry the field induces is smaller. To uncover the limiting aspect, a Gaussian
pulse with 4.5 fs FWHM pulse duration and an intensity of 5× 1014W/cm2 is chirped by
applying the spectral phase of fused silica corresponding to an insertion x. The latter data
is retrieved from Ref. [79]. The calculation results shown in Fig 2.11 indicate a clear peak in
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signal strength for best compressed pulses. The scaling of signal is not perfectly symmetric
around the dispersion zero-point, but exhibits a steeper edge for negative insertions. The
latter do not correspond to a negative material but rather to a lack of material needed
for compression, as is the case when using dispersive multilayer mirrors that introduce
a spectral phase of opposite sign than the material. The higher steepness of the curve
can be attributed to a higher-order spectral phase term, which is inherently included by
modeling the exact material properties. Note that here the total signal S is shown and
not the per-particle signal Ŝ.

Noteworthy, the signal S quickly reaches zero for material insertions |x| > 0.2mm.
There, the total electron yield Z is still of the order of 108 particles. This discrepancy
indicates that the signal loss is not caused by a decreasing number of free electrons but
rather a consequence of the increasing pulse duration and the accompanying decreasing
asymmetry the field can generate.
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2.4.2 Discussion

In summary, solving rate equations for ionization around the saturation point has shown
that the instant in time when electrons are emitted shifts from the peak of the field to
an earlier instant within the optical half-cycle. In addition, the optical half-cycle where
electron emission maximizes can jump to the ones earlier than the strongest one. As a
consequence of the shift within the half-cycle, the peak of electron emission preferably
happens at times when the vector potential is non-zero, and therefore the signal increased
due to its proportionality to the vector potential. Spatial integration has shown that
the intensity dependence of this effect counteracts the scaling and results in a confined
intensity region where the effect is present.

The presented model is two-dimensional in space, i.e., it does not account for propaga-
tion of the laser through the target. Besides linear effects, such as the Gouy phase shift,
reshaping of the laser could take place. Spatiotemporal reshaping of laser beams passing
through a plasma in the saturation regime has recently been investigated in the literature
by Ansari et al. [113]. They showed that Ti:Sa lasers with intensities in the saturation
regime passing through Argon undergo various effects, ranging from spectral broadening,
compression to reshaping of the beam profile. However, they found that these processes
start from pressures above 100mbar towards 1 bar, thus a much higher particle density
is present there compared to the ones investigated above. The particle density above of
ρ = 1×1023m−3 corresponds to a pressure of around 4mbar and is thus lower. Therefore,
such effects are expected to have less influence. If they influenced the measurement, the
CEP would change along the propagation and therefore lead to a cancellation of the sig-
nal, which is not observed experimentally. However, in the experiment, electrodes with a
sufficiently small extension along the propagation direction are required to prevent signal
cancellation due to spatial phase effects. In Sec. 3, data on the spatial dependence of the
detected currents is presented, verifying that the pulse reshaping occurs on a length scale
longer than the electrode expansion.
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Additionally, only the average velocity of the free charge carriers was considered, while
the expansion of the volume they have been generated in was neglected. According to the
Shockley-Ramo model introduced in Sec. 2.3, a linear dependence on the position between
the electrodes is expected. Thus, this assumption is only valid if the transverse expansion
of volume the charge carriers are generated in is small compared to the electrode distance.
In the case under consideration, the sensing electrodes (distance D ≈ 350 µm) are far away
from the signal generating volume (expansion d < 25 µm), such that this assumption is
valid.

A thorough discussion of how this model is related to our previous work (Schötz et
al. [104]) and how multiply charged ions influence the signal is presented in Chapter 3
since experimental data is required.

2.5 Sampling of optical fields

The measurement of the electric field of visible (VIS) to near infrared (NIR) light had been
an open question of science until the advent of attosecond science, which for the first time
measured the light oscillation [64]. Along with pioneering attosecond streaking [63, 64,
114], numerous other techniques have been developed, among them the petahertz optical
oscilloscope [115], linear [116] and non-linear photoconductive sampling [33, 117, 118],
femtosecond streaking [119], electro-optic sampling [120], generalized heterodyne optical-
sampling techniques (Ghost) [32], the third-order reconstruction of electric fields via
cross(X)-correlation (Trex) [121] or the Tunneling Ionization with a Perturbation for
the Time-domain Observation of an Electric field (Tiptoe) technique [26,28–31,34,122–
125]. Recently, another perturbation technique using third-harmonic generation in air and
spectral detection of the signal has been demonstrated [126]. While all of these methods
are accompanied by their advantages and disadvantages, novel approaches exploit the
detection of laser generated currents for the sampling of optical fields [26, 28–31, 33, 117–
119,123], considerably improving the measurement speed and simplifying the experimental
setup.

For the characterization of the light waveforms in Chapter 4, Tiptoe is the method of
choice due to its widely confirmed reliability, simplicity of the setup and large detection
bandwidth, provided short pulses [26,28–31,34,122–125]. Below, I will introduce the main
principle of Tiptoe following seminal work by Park et al. [26]. I will also discuss the spec-
tral response of Tiptoe, similar to Ref. [28], where the response for Tiptoe on a surface
was discussed. Notably, the spectral response of Tiptoe has been discussed theoretically
in the literature before [26, 28, 31, 125], but to the best of my knowledge, no systematic
investigation of the spectral response as a function of laser pulse CEP has been performed
experimentally without second harmonic generation [26]. This might be connected to the
appearance of these effects at even-order harmonics of the fundamental frequency only, see
below, which otherwise requires multi-octave supercontinua. Notably, Tiptoe was used to
characterize single-cycle pulses generated from cascaded single-pass gas cells, but despite
the large bandwidth, no CEP response effects of Tiptoe were discussed in Ref. [127].

A typical Tiptoe measurement consists of two interfering laser pulses that generate a
charge Q in a gas, which is detected by biased electrodes in a charge or current measure-
ment, c.f. Ref. [26]. The setup is comparable to the one treated in Sec. 2.3, except that an
additional bias voltage drives the charge carriers towards the plates. One of the beams,
the pump beam EPump, ionizes the gas according to one of the presented models. Since
the photon energy of the laser must be lower than the ionization potential of the gas, the
ionization process is nonlinear and therefore field-dependent. The corresponding electron
emission happens only during the peaks of the (one or several) strongest half-cycle(s) of
the pump beam, forming a sub-cycle temporal gate, see Fig. 2.12a). This generated charge
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is modulated by the second beam, ESignal, which interferes with the pump beam. Since
ESignal is weak, it does not drive its own ionization process but can only modulate the
ionization process of the pump due to the nonlinearity. For sufficiently small ESignal, this
modulation is linear and proportional to the field of the signal beam during the gate [26].
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Figure 2.12: The principle of Tiptoe - a) The ionization rate of the pump beam EP is perturbed by
the signal beam ES during the temporal gate formed by the ionization burst. b) For a different CEP of
the pump, the modulation of a 2ω field cancels out. Atomic units are used in this figure for E and w.

The total charge can be expressed as a function of delay τ between the beams [26]

Q(τ) ∝
∫

w (EPump(t) + ESignal(t+ τ)) dt. (2.45)

The sign of the delay is chosen such that for positive τ , ESignal arrives at the target before
EPump and therefore, the tailing part is being sampled [128] - in accordance with the
convention on the direction of the time axis introduced in Sec. 2.1. Similar to Refs. [26,28],
Taylor-expanding the expression for Q around the pump yields

Q(τ) ∝
∫

w(EPump(t)) dt+

∫
∂w(E)

∂E

∣∣∣∣
EPump(t)

· ESignal(t+ τ) dt = Q0 +∆Q(τ). (2.46)

If EPump is sufficiently short, the term ∂w(E)
∂E can be approximated as a δ-function [26],

which directly demonstrates the proportionality of ∆Q(τ) to ESignal(τ) [128]. In more
realistic scenarios, the actual number, width, and amplitude of the occurring ionization
bursts influence the detected charge modulation and thus its proportionality to the per-
turbing field must be investigated. In particular, the modulation can cancel out for a
signal field at twice the fundamental frequency of the pump, e.g., if the pump CEP is π

2 ,
see Fig. 2.12b). Therefore, the spectral response function of Tiptoe is defined similarly
to Ref. [28]. There, the Fourier transform of the charge modulation

FT [∆Q(τ)] = ∆Q(f) ∝ FT ∗

[
∂w(E)

∂E

∣∣∣∣
EPump(t)

]
· FT [ESignal(t)] = H(f) · ESignal(f)

(2.47)
is taken as the product of the spectral response H(f) and the expected complex spectrum
ESignal(f), see AppendixA.3 for a derivation. Note that, in comparison to my previous
publication (Ref. [31]), where the ratio of charge to the expected field, estimated with
the full ionization rate, was used, this expression is equivalent. The reason lies in the
definition of the spectral response, which is only well-defined if the detected signal is a
linear function of the input field; therefore, the first-order Taylor approach is equivalent
to using the full expression with a very weak perturbation only.
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The calculated response function H(f) for a 6 fs Gaussian pulse as pump centered at
1.8 µm central wavelength at an intensity of 4.5× 1014W/cm2 is shown in Fig. 2.13. The
ionization process is modeled according to Ref. [89], introduced in Sec. 2.2.1. The spectral
response amplitude |H(f)| is maximum at the central frequency f0 and drops to both the
low and high frequency side. For a CEP of 0 or π, the decrease is less pronounced than
for a CEP of ±π

2 , where the modulation actually reaches zero since multiple ionization
bursts occur (see Fig. 2.12b)). For maximum sampling bandwidth, it is thus necessary
to calibrate the absolute CEP of the pump. In the experiment, Sec. 4, this characteristic
modulation of the 2f spectral components is exploited to calibrate the CEP of the pump
beam.
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Figure 2.13: Tiptoe response function a)
The spectral amplitude of the response func-
tion |H(f)| exhibits minima at twice the fun-
damental frequency, depending on the pump
pulse CEP. b) The phase of the response func-
tion is proportional to the CEP around the
fundamental frequency, but three times the
CEP around the 3f region. The colorbar ap-
plies to both panels. For φCEP = 0, the re-
sponse phase is flat and the minima are least
pronounced.

The response phase, as plotted in Fig 2.13b), is only flat for a CEP of the pump of 0.
For CEPs other than that, the response phase is proportional to the CEP in the spectral
range around the central frequency f0, but changes to 3φCEP at around the 3f0 region, with
a changing point at 2f0. This behavior differs from the one investigated in Refs. [28, 31]
since there, surface ionization caused different constraints on the symmetry resulting in a
response function exhibiting minima at different multiples of the fundamental frequency.
Additionally, due to the inversion symmetry of the gaseous target under consideration
here, a π-flip in CEP results in the same spectral response amplitude. Note that due to
the definition of the CEP in Eq. (2.6), and the sign conventions of the Fourier transform
(see comment in AppendixA.3), the phase of H(f) leads to a cancellation of the detected
CEP if it is shifted synchronously for pump and signal beam. Consequently, the detected
waveforms do not exhibit a CEP change. On the other hand, if the CEP of either pump or
of signal is fixed whilst the other one is being scanned, the change in CEP can indeed be
detected, see the supplementary information of my article on field sampling with nanotips,
demonstrating this effect (Ref. [31]). Methods for CEP sampling will be presented and
discussed in Chapter 3.
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2.6 Nonlinear propagation of lasers in gas-filled hollow wave-
guides

In the next section, I would like to present mechanisms for pulse compression and spectral
broadening. Since lasers and optical parametric amplifiers (OPAs) have limited gain band-
width [1], broadband laser sources typically employ additional spectral broadening and
compression schemes. Mechanisms are manifold and involve nonlinear optical phenomena
which can be driven in solids, liquids, gases and even in plasmas [129]. The choice of the
suitable mechanism goes hand in hand with the desired spectral range and bandwidth. I
will comment on design considerations in Chapter 4 and explain why the usage of HCFs is
superior to all other methods for the high power spectral broadening scheme I am going
to present there. Therefore, I will now introduce basic properties of linear and nonlinear
propagation of light through hollow waveguides, comment on the main nonlinear effects,
and discuss solitonic dynamics in such fibers.

2.6.1 Propagation in waveguides

The propagation of laser waves through waveguides and its application in nonlinear optics
has been studied thoroughly in the literature [35,36,130,131]. I summarize some aspects
of propagating waves through waveguides important for the scope of this work. Therefore,
I present the key elements from the seminal work by Marcatili and Schmeltzer [132]
in the following. In waveguides, three different types of modes exist, firstly, transverse
circular electric modes (TE modes) that have field components in Eϕ, Hr and Hz direction.
Secondly, transverse circular magnetic modes with components in Hϕ, Er and Ez (TM
modes). Thirdly, hybrid modes with all E and H components present (EH modes) [132].
Within this thesis, the focus lies on linear polarized laser light coupled into a fiber, therefore
a hybrid mode is necessary to describe the polarization state. The modes inside the
waveguide in that case, the EHnm modes, are given by (n ̸= 0) [132]

Eϕnm =

{
Jn−1(kir) +

iu2nm
2nka

√
ν2 − 1J ′

n(kir)

}
cos [n(ϕ+ θ0)] exp [i(γz − ωt)] (2.48a)

Ernm =

{
Jn−1(kir) +

iunm
2kr

√
ν2 − 1Jn(kir)

}
sin [n(ϕ+ θ0)] exp [i(γz − ωt)] (2.48b)

Eznm = −i
umn

ka
Jn(kir) sin [n(ϕ+ θ0)] exp [i(γz − ωt)] . (2.48c)

Note that the sign convention used here follows Ref. [132]. The Ji are Bessel functions of
first kind, unm the zeros of the n− 1 Bessel function, ν is the complex refractive index of
the cladding and has been renamed not to be confused with the indices n,m describing
the mode order. The constant γ is the so-called propagation constant, see below, whereas
θ0 is used to account for waveguide curvature since it describes the angle between the
electric field polarization and the plane of curvature [132, p. 1806]. An illustration of the
first hybrid mode, EH11, is shown in Fig. 2.14a)-c).

The coupling efficiency of the incident laser beam to the fiber ground mode is important
for achieving highest transmission. To estimate the coupling efficiency η of a Gaussian
beam in space, as represented by Eq. (2.9), to a waveguide with the mode defined in
Eqs. (2.48), the coupling model from Ref. [133] is considered. With

η =

∣∣∣∣ ∫∫ Êy
inÊ

y
11 dx dy

∣∣∣∣2∫∫
|Êy

in|
2 dx dy

∫∫
|Êy

11|
2 dx dy

, (2.49)
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Figure 2.14: a,b) Radial and azimuthal field components Er and Eϕ in a fiber of radius a, respectively.
Their superposition c) forms a linearly polarized field in y direction, Ey. d) Gaussian beam profile with
waist w0 = 0.64a, the value of optimum coupling efficiency, as shown in e).

the overlap between the y components (the polarization direction) of the fiber mode and
the incident mode is determined which estimates the coupling efficiency. The hat symbol
denotes that the quantities are normalized to an energy content of unity. The values for
η are shown in Fig. 2.14e) as a function of the mode size ratio. Clearly, an optimum with
99% overlap is found for a beam waist of the incident beam of w0 = 0.64a.

The propagation constant γ is derived in Ref. [132] to be

γ ≈ k

[
1− 1

2

(
unmλ

2πa

)2(
1− iνnλ

πa

)]
, (2.50)

where the real and imaginary parts of γ are the phase constant and attenuation constant,
respectively, given by

βnm =
2π

λ

{
1− 1

2

[
unmλ

2πa

]2 [
1 + ℑ

(
νnλ

πa

)]}
and (2.51)

αnm =
(unm

2π

)2 λ2

a3
ℜ(νn), (2.52)

which for straight dielectric waveguides, where the refractive index ν is real, simplifies to

βnm =
2π

λ

[
1− 1

2

(
unmλ

2πa

)2
]

(2.53)

αnm =
(unm

2π

)2 λ2

a3
ν2 + 1

2
√
ν2 − 1

, (2.54)

where νn = ν2+1
2
√
ν2−1

for hybrid modes [132]. Note that these results also apply to metallic

waveguides far away from cutoff [132]. From these results a general scaling law for losses

in a waveguide can be extracted, namely that losses scale with α ∝ λ2

a3
. In particular,

this scaling law hinders the combination of long-wavelength lasers with small diameter
waveguides since the transmission decreases drastically. Nevertheless, small waveguides
are appealing for their dispersion, which is encoded in the parameter β.

Before starting the discussion about waveguide dispersion, I briefly review the results
from Marcatili and Schmeltzer on curved waveguides and their losses, c.f. Ref. [132]. For
a toroidal waveguide with radius of curvature R, the attenuation constant is

αnm(R) = αnm(∞) +
a3

λ2R2
ℜVnm(ν), (2.55)
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where ℜVnm(ν) are positive values depending on the mode order, refractive index, and
the polarization angle with respect to the plane of curvature θ0. The exact dependence
is given in Eq. (45) in Ref. [132] and in AppendixA.4. Importantly, the dependence on
the radius of curvature R suggests that straightness of the waveguide is essential for high
transmission. This scaling law is the main motivation for the employment of stretched
fibers [52], which will be elaborated in more detail in Chap. 4.

The propagation parameter β in Eq. (2.53) accounts for the properties of the empty
waveguide. It has to be extended by terms describing the propagation through a gas with
refractive index νgas =

√
1 + ρχ, where χ is the susceptibility and ρ the pressure relative to

the conditions at which the susceptibility has been measured, and then reads in first-order
Taylor approximation [51, supplementary information]

β ≈ ω

c

(
1 +

ρχ

2
− u2nmc2

2a2ω2

)
. (2.56)

Since β describes a phase term comparable to what I introduced in Sec. 2.1, the group
velocity dispersion can be extracted by the second derivative (c.f. Ref. [51])

β2 =
λ3

4πc2

(
ρ
∂2χ

∂λ2
− u2nm

2π2a2

)
. (2.57)

This relation summarizes the key element of propagation through a waveguide: The disper-
sion introduced by the medium, entering in the first term with positive sign in Eq. (2.57),
is counteracted by the waveguide dispersion, second term with negative sign. In sum, both
contributions can balance - in particular for small fibers where the waveguide dispersion
becomes larger. Additionally, the fiber dispersion (negative sign) can be sufficiently small
to compensate for dispersion introduced by nonlinear effects (positive sign), as described in
the next section, such that nonlinear spectral gain and dispersion compensation happens
simultaneously - and self-compression occurs. In the following sections, I will introduce
the main non-linear effects causing a gain of spectral bandwidth, self-phase modulation
(SPM) and self-steepening.

2.6.2 Nonlinear effects

If the light intensity is high enough, nonlinear effects alter the propagation, which can lead
to the generation of new frequency components. In this subsection, self-phase modulation
as the diving effect for spectral gain will be introduced, along with self-steepening. Both
effects can be predominant in hollow-core fibers and lead to a gain in spectral bandwidth.

Self-phase modulation

One of the main effects generating new frequency components in fibers is SPM. It occurs
when the refractive index of a material becomes intensity dependent, i.e., for strong laser
fields, and has the form [134,135]

n(t) = n+ n2I(t), (2.58)

with the non-linear refractive index n2. The field after propagation over length L reads

E(t, L) = E0f(t) exp

(
iω0t− i

nω0L

c
− i

n2I(t)ω0L

c

)
, (2.59)

which transfers to an instantaneous frequency defined by the derivative of the exponent
with respect to time

ω(t) = ω0 −
n2ω0L

c

∂I(t)

∂t
= ω0 +∆ω. (2.60)
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Apparently, the temporal pulse shape induces a frequency change by n2, as illustrated
in Fig. 2.15a). The pulse after SPM is red-shifted in the leading part and blue-shifted
in the trailing edge, which corresponds to the generation of new frequency components,
see Fig. 2.15b). However, it is accompanied by positive chirp, as evident from the curved
spectral phase. Again, note the sign convention where positive chirp appears as concave
phase function, as approximated by the dotted fit in the aforementioned figure. The exact
shape of the spectral gain depends on the temporal shape of the intensity profile, but
generally, positive chirp accumulates for most materials with n2 > 0. This chirp must be
compensated, either with post-compression schemes or by self-compressing schemes via
the waveguide dispersion.
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Figure 2.15: a) Electric field and instantaneous frequency change after propagation of 10 cm through a

medium with n2 = 10−19 cm2

W
at an intensity of 1× 1014 W

cm2 . b) Spectrum of the incident beam (E1) and
after SPM (E2) with spectral phase (dashed) and polynomial fit (dotted).

Self-steepening

Another effect leading to spectral gain is self-steepening, or optical shock-wave formation.
The interested reader is referred to Ref. [134], where a detailed derivation is provided.
Summarizing the results, when self-steepening occurs, the group refractive index becomes
intensity dependent, similar to SPM, where the phase index becomes intensity dependent.

For most gases, n
(g)
2 is positive and therefore, the high intense part of the laser pulse, i.e.

its maximum is delayed more than the edges. This effect transfers to a sharp trailing edge
of the pulse, which appears as a blue shift in the spectrum [129, Chapter 2.12.3 therein].

2.6.3 Soliton dynamics and numerical simulations

Knowing the main effects generating additional spectral components, I will now discuss
how the different aspects interplay. First, I consider characteristic length scales associ-
ated with the various properties of the waveguide and the nonlinear interaction. The
attenuation coefficient α transfers to the so-called loss length

Lloss =
1

α
, (2.61)

which is the 1
e2

attenuation length of the intensity [51, 132]. In addition, the length
of propagation over which dispersive effects become important, the dispersion length, is
defined as [51,130,134]

Ldisp =
τ2fwhm

1.7632 · |β2|2
. (2.62)
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Similarly, the characteristic length where nonlinear effects become effective for the pulse
propagation can be defined as the nonlinear length [130]

Lnl =
1

ξP0
. (2.63)

Here, P0 is the peak power and ξ = 2πn2
λAeff

is the nonlinear coefficient, Aeff is the effective
mode area [51]. The ratio between those two length scales

N =

√
Ldisp

Lnl
(2.64)

identifies different regimes of propagation through fibers [130]. This quantity is the soliton
order [51]. The soliton order can be used to describe the propagation dynamics qualita-
tively [129, 130]. If N ≪ 1, propagation is dispersion dominated, whereas for N ≫ 1 a
nonlinearity dominated regime is present [130]. In the case where N is of the order of
unity [130] (or N < 15 [51, 136]), both dispersion and nonlinearity act together and the
propagation can be different - from the formation of optical solitons to self-compressing
spectral broadening (β2 < 0) [130]. The first-order soliton (N = 1) is the fundamental
soliton and its shape does not change during propagation [130]. It thus describes a laser
pulse propagating in balanced situation where dispersion and nonlinearity compensate
each other. Corresponding simulations evidencing similar behavior are shown in Fig. 2.16
and discussed below. For a soliton order larger than unity, pulse compression can be fol-
lowed by pulse stretching, referred to a solitonic breathing [137]. It has been predicted
that in extreme cases, such solitonic breathers can generate light transients down to frac-
tions of the optical period [137]. Nevertheless, such short light field transients are found
in the literature as a consequence of resonant dispersive wave emission, a phenomenon
that occurs when the group velocity dispersion vanishes, β2(λzd) = 0 [51]. The vanishing
point, the zero-dispersion wavelength λzd can be tuned with gas pressure and may be
much shorter than the driving wavelength, thus corresponding to UV emission [51] and a
possible significant pulse compression [41,42,51,138,139]. The characteristic length scale
on which the soliton forms, the fission length Lfiss, is given by [51]

Lfiss =
Ldisp

N
=
√
LdispLnl. (2.65)

Note that some expressions in literature differ by a factor
√
2 [140]. For detailed studies

of the scaling laws for solitons in HCFs, the reader is referred to Refs. [42, 141].
The numerical simulations shown in Fig. 2.16 indicate that for a soliton order of N = 1,

the temporal shape of the pulse remains invariant, whereas for higher N , an oscillatory
broadening and narrowing in spectrum, corresponding to a compression and temporal
stretching in pulse duration appears. The data is produced with the Luna.jl simula-
tion package [142] assuming a laser pulse with 1mJ energy at 2.1 µm wavelength in an
a = 143 µm fiber. The pulse duration is varied to cover different soliton orders as the
corresponding peak power of the Fourier transform limited Gaussian pulse changes. For
an increased visibility of the solitonic manner of the propagation, third-harmonic genera-
tion, plasma effects and losses are disabled. However, the gas dispersion is considered and
as a consequence, higher-order dispersion is present which causes slight deviations of the
symmetric temporal spread and compression as presented in textbooks [130]. For N ≈ 2,
the pulse compresses and spreads during propagation, whereas for N ≈ 3 or N ≈ 4, the
temporal compression is followed by a spread that generates up to N − 2 minima in the
center of the pulse envelope. Such behavior is referred to as solitonic breathing and is
characterized by its capabilities in generating even sub-cycle transients [137]. Notewor-
thy, the comparison of the different propagation dynamics in Fig. 2.16 shows that long
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pulses can undergo self-compression, that is the spectral spread with simultaneous tem-
poral compression. The fiber length has to be adapted to stop the oscillatory manner at
the point of best temporal compression. As an example, the 40 fs pulse in panels e) and
f) reaches a higher peak power after 3m of propagation than the 12 fs pulse in panels g)
and h). These propagation dynamics suggest that soliton propagation is an excellent tool
for pulse compression without any external dispersive elements for pulse shaping. Finally,
the losses in real waveguides will limit the extension of such small HCFs to not more than
several meters, which must be considered in the experiment design, see Chapter 4.
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Figure 2.16: Propagation of optical solitons. Simulation data generated with Luna.jl [142] for a pulse
with 1mJ energy propagating through a 143µm core radius hollow fiber filled with 0.7 bar of Neon. The
central wavelength of the pulse is 2.1µm and spectral bandwidth and peak power are defined via the
different pulse durations. a),b) Frequency and time domain propagation dynamics for a τfwhm = 140 fs
pulse, c),d) for τfwhm = 81 fs, e),f) for τfwhm = 40 fs and g),h) for τfwhm = 12 fs.
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2.7 Interference of laser beams in Mach-Zehnder type in-
terferometers

The interferometers used in this thesis will be of the Mach-Zehnder type. After recom-
bination of the interferometer arms, two laser beams can co-propagate but also favor a
small angle between them in the case of an imperfect alignment. This small angle is an
advantage for the detection of the path length difference, as the appearing interference
pattern can be captured with a camera and its Fourier transform delivers a phase value
proportional to the optical path length difference, as I will briefly show here. Two plane
waves propagating under an angle φ are described by

E1(r, t) = E1 exp(ik1r − iω0t) (2.66a)

E2(r, t) = E2 exp(ik2r − iω0(t− τ)), (2.66b)

with their k-vectors k1,2, the frequency ω0 and a time delay between the waves τ . For the
k-vectors, the following relation holds according to Fig. 2.17:

k1 = k

 0
sin(φ)
cos(φ)

 and k2 = k

 0
− sin(φ)
cos(φ)

 (2.67)

and for the polarization vectors

E1 = E1

 0
cos(φ)
sin(φ)

 and E2 = E2

 0
cos(φ)
− sin(φ)

 . (2.68)
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Figure 2.17: Interference of in a Mach-
Zehnder interferometer with k-vectors crossing
under an angle φ.

The resulting interference pattern on a screen parallel to the y-axis I(r, τ) = ∥E1+E2∥2
reads

I(r, τ) = E2
1 + E2

2 +E1E2 exp [ik1r − ik2r − iω0τ ]

+E1E2 exp [−ik1r + ik2r + iω0τ ]
(2.69a)

= E2
1 + E2

2 + 2E1E2(cos
2(φ)− sin2(φ)) cos (2k sin(φ)y − ω0τ) . (2.69b)

The angle between the beams defines the periodicity of the fringe pattern in space due to
the 2k sin(φ)y term in the cosine. More importantly, this pattern is shifted if one beam
is delayed with respect to the other, since the ω0τ term is effectively a phase term that
maps the delay to the phase of the interference pattern. For a fixed angle φ, the spatial
Fourier transform of the interference pattern reads:

FT [I(y)] = FT
[
E2

1

]
+ FT

[
E2

2

]
+

2√
2π

E1E2(cos
2(φ)− sin2(φ))

∫
R
cos (2k sin(φ)y − ω0τ) exp(ikyy) dy

(2.70a)

= FT
[
E2

1

]
+ FT

[
E2

2

]
+ 2

√
2πE1E2(cos

2(φ)− sin2(φ))

· [exp(−iω0τ)δ(ky − 2k sin(φ)) + exp(+iω0τ)δ(ky + 2k sin(φ))] .
(2.70b)
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Consequently, the temporal delay appears as a phase term exp(−iω0τ) at the spatial fre-
quency of the modulation in the interference pattern, ky = 2k sin(φ). This appearance
enables the detection of the delay directly via Fourier transform of the captured image of
the interference pattern and extraction of the phase value at ky. Noteworthy, intensity
drifts of the laser appear in the Fourier transform as amplitude changes, but they leave
the phase value invariant. Therefore, the phase extraction via Fourier transform is inher-
ently robust against intensity fluctuations as compared to a fringe measurement with a
single photodiode. The latter case can only track the phase in a [0;π] interval, whereas
the Fourier transform approach can resolve [0; 2π]. I will present a detailed description
of the experimental implementation, dynamic performance, and a comparison to other
stabilization schemes in Chapter 5.
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Chapter 3

Single-shot detection of the
carrier-envelope phase

In this chapter, I will present the results on single-shot carrier-envelope phase (CEP) detec-
tion with laser-induced currents in gases. After an introduction motivating the importance
of CEP detection and presenting an overview of related work, I will focus on the details of
the experimental setup. Subsequently, I will present data characterizing not only the CEP
proportionality of the captured signal but also the performance of the detection scheme
as a function of various parameters, such as gas pressure, intensity, or pulse duration. In
particular, the achievement of long-term stability is highlighted. I will conclude with a
proof-of-principle demonstration of the very same method at a SWIR laser source, which
demonstrates its universal applicability.

The results presented in this chapter build upon a technique proposed by B. Bergues
[143], and developed in the context for circularly polarized pulses by M. Kubullek et
al. [144]. In these works, the phase-dependence of strong-field photoionization [145] is
exploited. Investigations on the general signal formation both experimentally and with
extensive simulations have been done by J. Schötz et al. [104], where I also contributed.
The work presented here mainly extends the findings from Ref. [104] to single-shot detec-
tion of the CEP, as demonstrated in Ref. [144], but with linearly polarized pulses, and
for the first time demonstrates long-term stability of CEP detection with such a device.
In addition, the detection setup is operated in a regime where saturation of the ioniza-
tion process is expected, which explains the experimentally observed signal scaling. I also
demonstrate the capabilities of the technique in the infrared (IR) wavelength region.

The data shown have been produced by me under the supervision of Boris Bergues
and with much input from Hartmut Schröder, especially on the theoretical aspects which
I presented in Sec. 2.4. The data taken with the SWIR laser source have been taken with
the help of Maximilian F. Kuthe under the supervision of Thomas Nubbemeyer. Tobias
Kleinhenz helped with the technical drawings of the gas cell, and Harald Haas provided
solutions for the electronic circuitry. We published the essence of the following in Ref. [71].

3.1 Introduction

The carrier-envelope phase is one of the most important parameters in describing ultra-
short laser pulses, especially in attosecond science [4, 5, 7, 146]. Since the shape of short
compressed laser pulses with a given envelope can entirely be described by the CEP in good
approximation, its precise measurement is essential for investigating ultrafast light-matter
interaction.

The detection of the CEP by measuring spectral interference between fundamental and
harmonic frequencies [147, 148] is possible due to the CEP dependence of the appearing
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fringes. Such measurements have even been demonstrated in a single shot way [149] and
were initially suffering from slow detectors and the requirement of a Fourier transform
of the data [150]. Novel approaches eliminate that necessity by the implementation of
an analog detector [151], an optical Fourier transform [152] or heterodyne detection
[153]. Besides that, single-shot dispersive f − 2f interferometry [154] and an extension
towards long wavelength, terahertz frequencies [155] have been demonstrated. Spectral
interference has also been employed for stabilization of the CEP slippage of laser oscillators,
where the beating of a f−0 interferometer is used to measure the comb offset, see Sec. 3.2.1
for details.

Since the discovery of the plateau in the electron energy spectra in ATI [156] and its
CEP dependence [157], CEP detection by electron spectroscopy is feasible [158], also in
single-shot configuration [146, 159, 160]. Single-shot CEP detection with the stereo-ATI
phasemeter has continuously been pushed towards long acquisition times [161], SWIR
sources [162], or high repetition rates [163]. The performance of the stereo-ATI phaseme-
ter is comparable to the one of single-shot spectral interference phasemeters [150], and
the properties of the atomic dynamics have been investigated regarding phase and inten-
sity [164].

These two kinds of CEP detection have been superseded by recent developments in
petahertz electronics, that is, the generation, manipulation and control of light wave trig-
gered electric currents at optical frequencies [6,17,18,22], which have led to more compact
CEP detectors requiring much lower pulse energy. In particular, the requirement of ultra-
high vacuum (UHV) for the stereo-ATI phasemeter makes the technique comparatively
expensive and bulky. The spectral interference phasemeter, on the other hand, requires
nonlinear crystals cut to fit to a particular wavelength region, and the detectors are ei-
ther wavelength dependent, since they are semiconductor based [149] or even require
additional expensive polarization optics [152, 153]. Electric currents, however, may fa-
vor a CEP dependence, which has been observed in the gas [71, 104, 144, 165], at metal
surfaces [166], nanometric tips [20], or in solids [14,15], but also in micro- and nanostruc-
tures [22, 24, 25, 167–171]. The latter can be combined to larger arrays of nano sensors,
often referred to as petahertz electronic networks [22, 24]. Such measurements allow the
detection of the CEP at high repetition rate with low pulse energy due to the local field
enhancement of the structures [18]. These developments profited from the investigation
of fundamental physics at nanometric structures [172–176].

Literature focuses mainly on currents for CEP detection generated in samples other
than gases, except few works by our group [71, 104, 144] and some others [165]. The
drawback of currents generated in gases is the higher intensity required as compared to
nanostructures that favor local field enhancement [22,24,25,168–171], or solids that have
lower ionization potential [14,15,18]. However, CEP detection with currents generated in
gases has some important advantages, including the inherently high damage threshold, a
wide wavelength independence due to the missing non-linear crystals, near-field effects, or
interband transitions, and the simplicity of the optical setup, which basically consists of
two pairs of electrodes. These considerations form the basis for the investigations presented
in this chapter.

3.2 Experimental methods and detection scheme

In this section, I will present the laser system, the experimental setup and the detection
scheme used for the single-shot CEP meter, hereafter referred to as phasemeter. Starting
with the laser system, the general optical setup and the electronic circuitry, I present
the basic characteristics of the detection scheme, how the currents depend on the spatial
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arrangement of laser beam and sensing electrodes, and confirm the validity of the Shockley-
Ramo model as presented in Sec. 2.3.

3.2.1 Laser system

The Ti:Sa laser system used in the scope of this thesis is a typical chirped-pulse amplifier
chain consisting of a broadband oscillator, a CEP control module, and a subsequent multi-
pass amplifier, see Fig. 3.1.

mirror

dispersive

mirror

fiber

⌀300 μm, 500 mbar Argon

Motor 2

Motor 10.7 mJ

0.4 mJ

to experiment

Rainbow oscillator CEP 4 Femtopower HR 10 kHz 

multipass amplifier

Figure 3.1: Titanium:Sapphire laser system. The pulses originating in a broadband oscillator are CEP
stabilized in the CEP4 module, then amplified in a multipass amplifier and subsequently spectrally broad-
ened in a HCF. Post-compression is done with dispersive mirrors (PC70, UltraFast Innovations).

The laser system is described in more detail in Ref. [177] and here, I summarize
the key features of the system. Among them, a conventional Ti:Sa oscillator (Femto-
lasers Rainbow) with a repetition rate of frep = 75MHz followed by a CEP stabiliza-
tion (CEP4) module which implements a feed-forward stabilization scheme [178, 179]. It
consists of an f − 0 interferometer that measures the carrier-envelope offset frequency
fCEO = frepφslip/2π [178–180], a quantity depending on the per-roundtrip phase slippage
φslip [178]. The latter describes the CEP change from one emitted pulse to the next one.
It depends on the intra-cavity dispersion, the pump power sent to the oscillator, or the
crystal temperature [179]. In particular, fCEO can be controlled in a wide range from 0 to
frep by adjusting one or several of these parameters [177]. When the emitted pulse train
from the oscillator is interpreted as a frequency comb, the spacing between the comb lines
is related to frep, whereas the offset from 0 is described by fCEO [180]. Consequently, the
frequency of the n-th comb line can be expressed as fn = fCEO + nfrep [177].

A subsequent acousto-optic frequency shifter shifts the entire frequency comb by fAO,
such that the resulting frequency comb has frequencies fout,n = nfrep+fCEO−fAO [177]. If
fAO is chosen to be fAO = frep+fCEO, the resulting frequency comb is fout,n = (n−1)frep
and thus independent of the phase slippage per roundtrip which means that the CEP is
the same for all pulses [177]. Therefore, fAO is derived from mixing frep with fCEO, where
fCEO is kept in the range of 10MHz to keep fAO within the working range of the frequency
shifter. In addition, the CEP4 module offers CEP control by an analog voltage input that
drives a Sigatek SF28A7 RF phase shifter placed in the frep signal path.

As counterpart to the stabilization of the CEP, fAO can be derived from mixing with
a fixed radio frequency generator via fAO = frep + fRF, where fRF ̸= fCEO. In this
configuration, the mismatch between the round trip slippage frequency and fRF results in
a varying CEP from shot to shot which enables measurements with quasi-random CEP.
This approach is chosen in some measurements in Chapter 3 and has the advantage over
sweeping a stabilized CEP in a [0; 2π] interval as it favors a basically uniform distribution.
For sweeping, the exact interval has to be adjusted carefully to cover the [0; 2π] interval
precisely.

Following the CEP stabilization module, a commercial 9-pass multipass amplifier (Fem-
tolasers Femtopower HR 10 kHz) delivers 0.7mJ pulse energy at 10 kHz repetition rate. Its
compressed output is sent into a HCF filled with 500mbar of Argon for spectral broaden-
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ing. Subsequent post-compression with dispersive mirrors (UltraFast Innovations PC70)
and an ammonium dihydrogen phosphate crystal for third-order dispersion compensa-
tion [181] delivers 4.5 fs FWHM pulses. The temporal characterization is done with the
dispersion scan technique [182] and presented in Fig. 3.2, where an evolutionary algorithm
has been employed for spectral phase retrieval [183].
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Figure 3.2: a) Measured dispersion scan data and b) retrieval. c) spectral intensity and phase d)
intensity as a function of time with a FWHM pulse duration of 4.5 fs.

3.2.2 Optical setup

For the detection of the laser induced currents in the gas phase, a setup consisting of
metal electrodes in a capacitor-like arrangement is employed, see Fig. 3.3. A pair of such
electrodes forms one detector and is kept in an enclosed environment, such as a gas cell
that enables control of gas pressure and species. The gas in the gap between the two plates
is ionized by the laser pulse according to one of the models introduced in Section 2.2. The
resulting free carriers experience a laser-induced net displacement and might even travel
to the electrode, depending on the gas pressure and mean free path, see Sections 2.3, 2.4
and Ref. [104].
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Figure 3.3: Setup for the single-shot CEP meter. Two foci of a few-cycle laser beam (VIS-NIR in this
case) are generated with an off-axis parabolic mirror (OAP) and an UVFS beamsplitter. The laser induced
charge separation in the ionized gas between each electrode pair is detected via a current measurement. A
dispersion balancing plate adjusts the relative phase between the two arms. Figure adapted from Ref. [71],
licensed under CC BY https://creativecommons.org/licenses/by/4.0/
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The p-polarized laser beam is focused with an OAP (focal length f = 200mm) between
two electrode pairs by means of a 50/50 beamsplitter, see Fig. 3.3. The material dispersion
of the latter is compensated with an equally thick dispersion balancing plate made of the
same substrate, where the tilt angle allows for fine tuning of the relative phase between
the two arms. Substrates of UVFS are used except for the data taken with the SWIR laser
source, where CaF2 is requried for its lower dispersion. Near each focus (focal size 25 µm
FWHM), a pair of copper electrodes is placed with a gap size of 350 µm unless specified
differently. The electrodes are kept in gas cells with optical windows (not shown) to adjust
pressure and target gas type. The extension of the plates is 0.5mm along the laser beam
propagation direction, which is smaller than the Rayleigh length of approximately 0.7mm
in the setup used here. By choosing this set of parameters, the averaging effects due to the
Gouy phase shift along the focus are minimized since the effective measuring volume is
limited. This limitation is not sharply defined by the extension of the electrodes, but rather
by the weighting fields for the electrode geometry, see Sec. 2.3, which nonetheless drop
quickly along the propagation direction. The copper plates are electronically connected
to a coaxial cable and subsequently amplified outside the cell. The gas cells are filled with
evaporated ethanol at a pressure in the range of 1−15mbar to exploit the small ionization
potential of 10.45 eV [112].

3.2.3 Electronic circuit and signals

The laser induced current sensed by the electrodes is fed into a transimpedance amplifier
(TIA) (Femto Dlpca-200), see Fig. 3.4. The TIA allows for variable gain, typically set
to 108V/A. There, the −3 dB bandwidth is 7 kHz or 200 kHz in low noise or high speed
mode according to Ref. [184], respectively. Best signal-to-noise performance is found in
low-noise mode while maintaining sufficient bandwidth to support the laser repetition rate.
After amplification, the signal is sent to an integrate-and-hold circuit I have built using the
Burr-Brown IVC102 gated integrator. The timing electronics controlling the integrate and
reset time windows have been developed based on a circuit provided by Harald Haas, but
with a digital interface. A more extended circuit diagram and a brief technical explanation
of the detection electronics can be found in AppendixB.

−

+

R

TIAElectrodes Integrator

Figure 3.4: Schematic overview of the detection
electronics that consist of a TIA in which the elec-
trode signal is amplified for subsequent boxcar inte-
gration. The gain of the TIA is variable and in the
range of R = 106 Ω to 109 Ω here.

As discussed in Sec. 2.3, the amplitude of the laser-generated current mostly depends
on the position of the driving laser between the electrodes. This property is experimentally
confirmed in Fig. 3.5a) for a focus position in the middle of the two electrodes, and on the
left and right side, respectively. The amplitude change is clearly visible and systematically
investigated below in Sec. 3.2.4. In addition, the CEP can introduce an additional signal
amplitude change, as illustrated in Fig. 3.5b) and c). There, the focus is in the center of
the two electrode pairs and the respective signals are detected. A 90◦ phase shift between
the two electrode pairs is introduced and data for different values of the relative CEP
φrCEP are measured. Apparently, the signal amplitude varies with CEP if the laser pulses
are sufficiently short. The peaks shown there are normalized by their CEP averaged value
of V0 = −41mV and V0 = −50mV for the first and second electrode pair, respectively.
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The CEP dependent amplitude in this case is roughly 20% of the peak. The subsequent
boxcar integration is primarily used to eliminate high-frequency noise and to extract a
single measurement value out of the time-dependent curves coming from the amplifier.
There is reason to believe that boxcar integration is superior to peak detection since fast
fluctuations that are inherently part of the signal (see Fig. 3.5b),c)) are smoothed.

100M

center

right

left

Figure 3.5: a) Raw signals after TIA for three different electrode positions with respect to the focus. The
shaded area indicates the integration time window. The sketch next to the plot indicates the position of
the focus relative to the electrodes and amplifier inputs. b) For a focus in the center, the CEP dependence
of the signal is around 20% of the amplitude. Here, we normalized per CEP averaged amplitude V0 c)
Same as b) but the relative CEP φrCEP is shifted.

3.2.4 Determination of the Shockley-Ramo weighting potential

For systematic investigation of the transverse scaling of the weighting potential, data of a
single electrode pair in the focus of a f = 250mm spherical mirror is captured. A motor-
ized stage allows for precise transverse (x) position tuning. Its position is scanned while
detecting the current after the TIA, as shown in Fig. 3.6 where numerical integration of
the raw curves measures the signal strength at different positions. Between the electrodes,
a clear linear scaling of the signal amplitude appears, in accordance with Sec. 2.3. Here,
the CEP is stabilized to remove any signal amplitude variations due to CEP drifts. A fit to
the data yields a change of signal with position of 1.5mV/µm in the linear regime, which
is a measure for the pointing sensitivity of the device. This value depends on the gap size,
the laser intensity and the target gas type and pressure and is thus subject to change.
Nevertheless, given a certain pointing amplitude ∆x, a signal change according to that
value is expected and for a stable measurement, it is necessary that the CEP dependent
signal amplitude exceeds the signal drifts caused by laser beam pointing.
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For a current generated too close to the electrode, the signal strength deviates from
the linear scaling as ionization of the electrode material significantly increases the sig-
nal strength. Thus, a full scan of the Shockley-Ramo weighting potential between the
electrodes is hindered by the finite size of the focus, which yields a convoluted signal. De-
convolution is complex since the free parameters include the focal size, the gap size, and
the nonlinearity of the signal generation in the gas and on the electrode. The latter has
to include the particle densities since the total amount of generated charges is required.
Additionally, the scan cannot be performed on the electrodes since laser-induced damage
occurs at direct illumination. These reasons hinder the final retrieval of the weighting
potential, but the linear scaling can be confirmed. In particular, the linear scaling would
enable the correction of pointing fluctuations, which would improve signal stability for
CEP dependent measurements. In a demonstration experiment, the focus between the
electrodes is imaged onto a PSD while scanning the electrode position. The detected posi-
tion is correlated with the electrode position, which hinders the position tracking since the
laser in this experiment is fixed, and thus a constant signal is expected. Nevertheless, the
measurements confirm the validity of the Shockely-Ramo model as introduced in Sec. 2.3.

3.3 Measurement of the carrier-envelope-phase

Following the discussion of the experimental setup and measurement techniques as well
as of the typical signal shapes, I will now present the data for single-shot CEP detection.
For all data that follows, the experimental setup used the same parameters of the setup,
among them the amplification factor of 108V/A, the gap size of 350 µm, the focal length
of f = 200mm, or the boxcar settings as introduced in Sec. 3.2.2 and 3.2.3. I will first
discuss measurements that confirm the proportionality of the detected data to the CEP
and that demonstrate long-term stability of every-single-shot detection. Building on this
basis, I will elaborate on the intensity scaling of the signal in connection to the model
introduced in Sec. 2.4, where the best working conditions are found in a regime in which
saturation of ionization is expected to be predominant. Subsequently, data analyzing the
Gouy phase will be presented, followed by a proof-of-principle demonstration of single-shot
CEP detection at a SWIR laser system that confirms the applicability of the method to
long wavelength lasers without any changes to the detector.

3.3.1 Single-shot CEP detection and quantification

Above, I presented that electric currents generated by few-cycle laser pulses exhibit a phase
CEP dependence. As shown in Sec. 2.4, the signal generated is a sinusoidal function of
the CEP. While this single electrode signal is sufficient for the determination of a relative
CEP in a scanning mode where the sinusoidal curve can be extracted, single-shot detection
requires a bijection of each single data point to a CEP value. Such a bijection is obviously
impossible for sinusoidal functions in a [0; 2π] interval. However, when detecting two such
signals generated from the same laser pulse, one of them shifted in phase versus the other,
a unique phase value can be assigned to each pair of synchronously acquired data. In
particular, each data pair can be represented as a point in a parametric asymmetry plot
(PAP) where the first and second value are used as abscissa and ordinate in a Cartesian
coordinate system, respectively. When having data for various CEP values in [0; 2π], a
ring forms whose center can be shifted to the origin by subtracting a constant signal,
similarly to the procedure described in Refs. [144, 161]. Afterwards, the polar angle of
each data point can be interpreted as a phase value, given that the phase shift between
the two signals is 90◦. The latter can be confirmed by the circular shape of the plot, which
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would not be the case for phase shifts other than that. Figure 3.7 shows an example of a
PAP.
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Figure 3.7: a) Parametric asymmetry plot for modulated CEP and fixed CEP. b) Retrieved relative
CEP in comparison to the nominal CEP (solid line) as retrieved from the applied voltage.

There, the CEP of the Ti:Sa laser system is swept by applying a voltage to the CEP 4
module and the signal is detected as described above. The incident pulse energy is 20 µJ.
For each data point, the phase value is extracted and compared to the expected nominal
value, which is derived from the applied voltage, see Fig. 3.7b). A direct correlation of
the extracted phase φrCEP with the nominal values is found, despite small fluctuations
around the set point. These fluctuations arise from two distinct sources: Firstly, the
measurement precision of the device and secondly, the shot-to-shot CEP stability of the
laser. The device precision depends again on laser parameters such as pulse duration
or intensity, but it can be estimated for a given set of them. Assuming that the device
measurement error is random, i.e., it does not favor any direction, the radial direction can
be picked for its quantification, in particular the radial width in relation to its standard
deviation, σr/r, see Ref. [159]. By doing so, CEP fluctuations of the laser that occur
in angular direction are not considered. The origin of that estimation is explained in
detail in Ref. [152]. There, the signal is interpreted as a vectorial sum of an errorless
real signal vector and a random error vector whose direction is arbitrarily distributed and
whose length obeys Gaussian statistics. Since the direction is isotropic, the noise can
be quantified in radial direction. The device precision is ∆φdevice = σr/r = 226mrad
for the data presented in Fig. 3.7a). The deviation of the retrieved values of φrCEP from
the nominal phase in Fig. 3.7b) is 574mrad, much higher than the device precision. This
deviation is connected to the single-shot CEP stability of the laser, which can be quantified
by the angular spread of the data for a fixed CEP. The value of the latter is 587mrad,
see scattered dots in Fig. 3.7a). However, this value now includes both the device and
laser variations, indicating that the laser single-shot CEP stability is below that value. To
be precise, the device error and the single-shot CEP fluctuations are independent noise

sources, such that the total noise can be written as ∆φtotal =
√

∆φ2
laser +∆φ2

device. Using

this expression, a laser single-shot CEP noise of 530 to 544mrad can be extracted.
In the phase extraction procedure, a re-binning process is carried out [159] ensuring

that nonlinearities of the device are corrected. This correction is achieved by detecting a
full [0; 2π] interval of the CEP and extraction of the polar angle attributed to each data
point. The resulting values are then mapped to a uniform distribution as it is expected
for a perfectly linear detection device. Typically, the mapping is found in a calibration
measurement, where the CEP is scanned or randomly distributed in a [0; 2π] interval prior
to the actual measurement. Once the calibration is done, any phase value can be detected
and converted to a relative CEP value via this function.



3.3. Measurement of the carrier-envelope-phase 39

In the case of a randomly distributed CEP, this calibration can be performed on-the-
fly [161], meaning that a subset of the data can be used for calibration in a continuously
running measurement. Additionally, potential calibration errors originating from an im-
perfect coverage of a full [0; 2π] interval are inherently prevented. This is the motivation
for the demonstration of long-term stability of the device using the random CEP mode of
the laser by feeding a 10MHz RF signal to the CEP4 module, as described in Sec. 3.2.1.
The results of a scan measuring each laser shot over a period of more than 5 hours are
shown in Fig. 3.8 for 30 µJ incident pulse energy. There, the data are binned into 400×400
bins after the re-centering procedure [144,161]. In total, 1.8× 108 consecutive laser shots
are detected, with a device resolution ∆φdevice = 194mrad. This value is even better
than presented above, since the intensity is different. A more rigorous investigation of the
intensity scaling follows below in Sec. 3.3.2.
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Figure 3.8: Parametric plot for a
5 hours measurement detecting 1.8 ×
108 consecutive shots. The data is
binned into 400× 400 bins.

The long-term stability of the signal is achieved due to an interplay of various parame-
ters. Among them the pressure, the gap size, and the general optical setup. The influence
of the pressure is discussed below in Sec 3.3.2. The choice of gap size is a trade-off between
signal strength and signal stability. For a larger gap size, the signal strength decreases as
observed in Ref. [104]. The reduction of signal can be explained by a decreasing number of
field lines entering electrodes at larger distance from the generating dipole. This effect can
partially be compensated for by increasing the electrode size in the out-of-plane direction
to 2mm despite the focus being just several tens of microns in size. Towards the propa-
gation direction, however, further expansion is hindered by the focal phase, see Sec. 3.3.3.
On the other hand, a large electrode distance minimizes the pointing sensitivity of the
signal. As shown in Sec. 2.3, a basically linear connection between the position of signal
generation and detected current is found. For pointing fluctuations of amplitude ∆x, this
connection immediately transfers to a signal change ∆S ∝ ∂Q

∂x∆x = 2q
d ∆x, where d is the

gap size. Thus, larger gap size reduces the pointing sensitivity. Best conditions are met
with a gap size of d = 350 µm for the presented data. The optical setup employs linearly
polarized pulses and electrodes oriented along the polarization axis. Compared to the op-
tical arrangement presented in Ref. [144], the approach presented here comes at the cost
of requiring a second electrode pair but eliminates the need of spatially resolved current
sensing. Hence, pointing fluctuations are only detected if they happen in the electrode
axis but not perpendicular to it.
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3.3.2 Pressure and dispersion dependence

Having confirmed the validity of the CEP dependent currents, it is crucial to elaborate
the role of the laser intensity and the gas pressure in the experiment. For this purpose,
the phase dependent data are acquired for different intensities of the laser at different
pressures of the evaporated ethanol. An intensity range from 8× 1013 to 9× 1014W/cm2

is found to cover the range for best signal with pressures ranging from 3 to 10mbar, see
Fig. 3.9a). The device resolution is best (i.e. σr/r smallest) for pressures in the range of
3− 6mbar for an intensity of 4× 1014W/cm2. For pressures above this range, the device
resolution is worse. The PAP collapses to a central spot which hinders the retrieval of the
device resolution for pulse energies above 20 µJ. The intensity of the minimum in σr/r,
as shown in Fig. 3.9a), parallels the region of signal boost by saturation of ionization, as
introduced in Sec. 2.4.
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Figure 3.9: a) The intensity dependent device resolution σr/r for different pressures maximizes at an
intensity of around 4 × 1014 W/cm2. The pulse energy denotes the incident energy for both foci. b) A
scan of the fused silica insertion yields best device performance for best compressed pulses.

A scan of the pulse duration via the dispersion, Fig. 3.9b), shows a clear minimum
when pulses are shortest. Here, negative material insertion means removal of material
needed for best compression, as the usage of dispersive mirrors enables pre-compensation
of material dispersion. The slope for negative material insertion is steeper than for posi-
tive material insertion, similar to what the simulation in Sec. 2.4 suggests. Additionally,
the PAP collapsed for material insertions larger than 0.2mm, which aligns well with the
predicted asymmetry drop predicted by in Sec. 2.4.

3.3.3 Measurement of the Gouy phase

Due to the well-known Gouy phase shift, the CEP of the laser is a function of space. The
phasemeter setup allows for probing the phase spatially resolved, since the expansion of
the electrodes is smaller than the typical length scale of the focus. Instead of measuring
the CEP dependent signal of one electrode pair at different positions along the focus,
it is superior to measure the signal of two electrode pairs for random CEP. By doing
so, no reference CEP measurement is necessary; instead, the phase difference between
the two electrode pairs can directly be related to the spatial CEP variation. Therefore,
interferometric drifts between probing and reference measurement are minimized. For the
measurement, the position of one electrode pair is fixed while the position of the other
one is scanned along the focus. Since the phase difference between the electrode pairs
directly influences the ellipticity of the parametric plot, it can be used to extract the
phase difference, see Fig.3.10.

Starting from the zero position, where the parametric plot is circular (and therefore,
the phasedifference is π/2), the electrode position is scanned towards the incoming beam
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Figure 3.10: a) Parametric asymmetry plot for different electrode positions along the laser propagation
axis. b) Calculated ellipticity for given phase difference.

leaving the vicinity of the focus. The phase shift is around 4.1 rad - more than the expected
Gouy phase shift of π/2 for one half of the focus. Here, the intensity change along the focus
modifies the ionization dynamics, especially regarding the saturation effects introduced
in Sec. 2.4. This dependence can be extracted from the simulation data in Sec. 2.4 and
amounts to −4.9×10−15 rad cm2/W for intensities around 4×1014W/cm2. Extrapolation
of that value to the expected intensity profile along the propagation direction yields an
additional phase change of 2 rad along the scanned distance. In sum, the Gouy phase and
the intensity dependent phase shift accumulate to around 3.6 rad, which is close to the
observed value. The final discrepancy can be caused by various effects that have not been
included in the models here, such as the wavefront curvature for a Gaussian beam outside
of focus or reshaping of the latter during its propagation through the plasma. Importantly,
the measured phase change happens on a length scale larger than the electrodes. So, a
reshaping of the beam within the electrode distance is not expected and thus the 2D model
presented in Sec. 2.4 is expected to be adequate.

3.3.4 Proof-of-principle at a 2 µm laser source

To demonstrate the capabilities of laser-induced currents in gases for CEP detection of
SWIR pulses, the output of the frequency broadened High-power OPCPA system for high
Repetition rate Ultrafast Spectroscopy (Horus), as described in detail in Chapter 4, is
measured. In similar fashion as before, the proportionality of the detected single-shot data
to the CEP of the laser is confirmed. Therefore, the applied voltage to the piezo delay stage
in the difference frequency generation (DFG) part of the seed generation, see Sec. 4.3.1,
is modulated. In contradiction to the Ti:Sa laser system, there is a small hysteresis
due to the piezo, which translates to a slight non-uniformity in the CEP distribution.
To reduce this effect, the CEP is swept in a 4π interval. The results can be seen in
Fig. 3.11, where a parametric plot of the data yields a resolution of σr/r = 154mrad.
After re-centering [144, 161] and re-binning [159], a comparison of the measured CEP to
the nominal CEP derived from the applied voltage can be done. Generally, the measured
data decently follows the nominal phase, but small deviations that can be connected to
the piezo hysteresis occur.

Having confirmed the validity of the data, long-term stability at the 2 µm laser source
can be demonstrated. The results of a 1.5 h measurement capturing around 5.5×107 laser
pulses are shown in Fig. 3.12 as a parametric plot. Overall, a resolution of 210mrad is
achieved. A small inhomogeneity in the angular distribution of the CEP appears, which,
however, cannot be attributed to the piezo hysteresis for the following reasons: Firstly, the
piezo hysteresis is a repeated process and therefore reproduces the same inhomogeneous
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Figure 3.11: a) Parametric asymmetry plot for sweeped CEP, with a standard deviation amounting to
154mrad. b) Retrieved relative CEP in comparison to the nominal CEP (solid line) as retrieved from the
applied voltage.

phase distribution. Secondly, the acquisition time is extended such that the CEP between
the piezo-shifter and the measurement will drift as it is free-running. Therefore, the inho-
mogeneities caused by the piezo hysteresis are expected to cancel out for long acquisition
times. The inhomogeneity appears as a reduction of the detected laser pulses for certain
angles, in particular, a 25.3% decrease from the average is found for φrCEP ≈ 0.7 rad. Note
that in Fig. 3.12, the suppression seems larger due to the additional radial spread of the
data at that phase value. This systematic measurement artifact can be corrected easily
by a rebinning procedure [159].
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Figure 3.12: Parametric asymmetry
plot at the exit of the frequency broad-
ened 2 µm laser system. The data is
binned into 400×400 bins. The overall
resolution σr/r = 209mrad.

The pulse duration is expected to be slightly longer than what will be presented in
Chap. 4, since the dispersion of a total amount of 3mm of CaF2 from the required optical
windows and 2m of air contribute. As described in Chap. 4, the laser pulse shape could
not be characterized at the position of the phasemeter. However, numerical propagation
of the beam with the propagation module of Luna.jl [142] to estimate the pulse duration
in the phasemeter yields a duration of around 8 to 9 fs, corresponding to around 1.3 to 1.5
optical cycles, assuming a central wavelength of 1.8 µm. This difference in pulse duration
(in optical cycles) as compared to the Ti:Sa laser system with 1.8 optical cycles explains
the better device performance of 154mrad versus 194mrad, respectively.
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3.4 Discussion and conclusion

In this chapter, I demonstrated the capabilities of laser-induced currents for the detection
of the CEP in a single-shot measurement. In particular, the method appears to be long-
term stable while maintaining high precision. Not only have I confirmed that the detection
of such currents constitutes a simple but robust way of single-shot phase detection, I also
investigated the influence of the different parameters such as laser intensity, gas pressure,
dispersion or focal phase. The set of parameters where best operation conditions are met
aligns with the theoretical investigation of the saturation phase effects in Sec. 2.4. The
intensity scan (Fig. 3.9) identifies an intensity of around 4× 1014 W

cm2 as ideal for the given
laser parameters, similar to the intensity at which the onset of saturation is expected
theoretically. In addition, the very same detection setup can be used to probe the CEP of
SWIR laser pulses without any changes to the geometry of the detection electrodes.

I would like to discuss these results in the context of Ref. [104], where the macroscopic
signal formation in a similar context has been examined and scaling laws have been iden-
tified. In brief, Schötz et al. [104] discovered that the CEP dependence of laser-induced
currents between a pair of passive electrodes exhibits a maximum at low pressures in
the range of 1 to 100mbar. The pressure at which the signal is maximized depends on
the gas type and on the laser intensity. Its origin is the interplay of decreasing particle
density towards low pressures, which reduces the signal, and the increasing charge inter-
action and scattering towards higher pressures, which lead to a reduction of signal as well.
In particular, electron-neutral scattering and electron-ion interaction become increasingly
dominant a higher pressure, such that the large amount of scattering and the high ionic
background introduce a higher randomness to the signal or undo the electron displacement,
reducing the CEP dependence. These findings parallel the pressure dependence observed
experimentally: For pressures lower and higher than those investigated in Fig. 3.9, the
PAP collapsed, with an optimum in the range of 3 to 10mbar, which indicates a too low
CEP signal for pressures other than those, similar to Ref. [104]. In principle, one can
assume that effects connected to the particle density are similar here and in Ref. [104],
since the pressures are in the same regime. However, effects connected to the plasma
density, in particular, the amount of electron interaction with the ionic background, are
expected to be higher in this context and electron-ion scattering (neglected in Ref. [104])
is more present. Since these effects cause the drop of signal towards higher pressure (c.f.
Ref. [104, Fig. 7b)]), the drop is expected to be more prominent in this case. Apparently,
a stronger pressure dependence of the signal is observed, in particular since a change of
10mbar covers the entire range where CEP detection is possible (see Fig. 3.9), as opposed
to Ref. [104], where the range covers at least several tens of millibars. Note that disso-
ciative effects of ethanol are expected to occur [185], and various molecular fragments of
different types are expected to be present [186]. However, due to the much higher mass
of the ions, it can be assumed that they can be seen as a static background. A similar
approximation has been done in Ref. [104] and the experimental data there confirms the
validity in such experiments.

The signal scaling with intensity has been investigated in Ref. [104] as well, and a kink
in the scaling law has been found: The signal increases with intensity, but the steepness
of the curve decreases slightly above 1 × 1014 W

cm2 . This saturation of the signal arises
from the collective effects of the charge carrier dynamics. Here, the intensity is higher and
the ionization potential is lower; therefore, the kink observed in Ref. [104] would occur at
even lower intensities. Consequently, the signal boost originating in the saturation process
counteracts the expected suppressed signal increase with intensity, as described in [104].
Note that the effects described in Sec. 2.4 happen on a timescale of a few femtoseconds,
directly during the generation of the free charges. The effects discussed by Schötz et
al. [104] are propagation effects that happen on a time scale up to 1 ns after the generation
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of free electrons. Therefore, both effects are not mutually exclusive; but rather, the effects
introduced in the frame of this thesis imprint more CEP information on the starting
conditions of the dynamics discussed in Ref. [104].

The model introduced in Sec. 2.4 predicts an increasing signal even above 8×1014W/cm2

that could not be observed experimentally. There, the PAP collapsed and single-shot CEP
information could not be retrieved anymore. This behavior might go back to the occurrence
of multiply ionized target molecules and the additional free charge carriers, which again
obey a comparable scaling, as presented in Sec. 2.4, but shifted in intensity. Therefore, a
phase difference between the electrons from singly and doubly charged ions is expected,
reducing the phase sensitivity due to averaging effects. Calculations using coupled rate
equations by Haniel et al. [102] have shown that doubly charged ions start appearing
in significant amounts when the singly charged ion yield is above 80%, which is around
1×1015W/cm2 in this framework according to the model in Sec. 2.4. This intensity region
aligns with the experimentally intensity at which the PAP collapsed.

I want to note that the Keldysh parameter [84] is below unity for all experimentally in-
vestigated intensities, therefore the dip in device resolution in Fig. 3.9 cannot be connected
to a transition from multiphoton-like ionization to tunneling ionization.

The presented scheme for CEP detection is competitive to the established stereo-ATI
phasemeter regarding the necessary pulse energy of down to 10 µJ in the VIS-NIR range
for the device presented here compared to 40 µJ [159] and 30 µJ [146, 160, 163] for the
stereo-ATI phasemeter. In the SWIR range, around 100 µJ are required as compared to
300 µJ in the SWIR range [162] for the stereo ATI phasemeter. In the circular polarization
phasemeter in ambient air, a pulse energy of 100 µJ was required [144], which is reduced
by a factor of 3 to 10 despite the two electrode approach presented here. The spectral
interference phasemeter, on the other hand, requires pulse energies of few microjoules
[151], 0.5 µJ [152], 5 µJ [154], which is therefore much lower than the method presented
here. The nonlinearity of the process is mainly responsible for this difference, since f −
2f interferometry is a 2-photon process, whereas the fundamental process for the data
presented above requires strong-field ionization (see Sec. 2.2); therefore it has a much
higher nonlinearity for the generation of the charges.

The achieved phase resolution of down to 154mrad nearly reaches the values of the
stereo ATI phasemeter with a performance of 120mrad [162], 113mrad [160], 10mrad
[159], 82mrad [163]. The spectral interference phasemeter, on the other hand, outperforms
the performance of both the gas current phasemeter and the stereo ATI phasemeter since
values of 0.5mrad [153], 4mrad [152], and 19mrad [154] have been reported. Kubullek et
al. achieved 107mrad [144], whereas other groups using gas currents for phase measure-
ments did not specify their resolution [165]. Petahertz electronic networks are capable of
delivering single-shot CEP information with nano-Joule pulse energies at high repetition
rates in the IR [18,22,24]; therefore, single-shot CEP tagging appears straightforward and
will probably be demonstrated soon.

The presented approach is capable of measuring the single-shot CEP of both a VIS-NIR
and of a SWIR laser source without any changes to the detector, except for the substrate
of the beam splitter. This versatility makes the presented method superior to others re-
garding the flexibility. In particular, the f−2f method and its derivatives require crystals
that need to support the nonlinear process at the specific wavelength, among other wave-
length dependent components and semi-conductor based detectors [151–153]. The stereo
ATI phasemeter, on the other hand, does not require specialized components, but the
necessary rescattering process that generates the signal favors an unfortunate wavelength
dependence of λ−4 [66]. Thus, its applicability to long wavelengths is challenging, as
opposed to my method, whose implementation is straightforward. Petahertz electronic
networks, in contrast, exploit the local field enhancement of nanostructures, which in-
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creases when going to longer wavelengths, but decreases towards shorter ones. Therefore,
there is a potential wavelength scaling that requires smaller structures for shorter wave-
lengths. It is thus not surprising that most of the work has been demonstrated in the
SWIR range [24,167,169–171], but some articles report similar effects in the NIR, though
not in single-shot mode [25].

In conclusion, the presented CEP detection method constitutes a simple and robust
characterization device. It may serve as a direct replacement for the stereo-ATI phasemeter
and appeals with a significantly reduced experimental effort. The spectral interference
phasemeters offer higher resolution but need to be designed for specific wavelength ranges
and are therefore not quite versatile. The unique selling point of the method presented
here is the large wavelength independence, where other methods can hardly compete.
Possible extensions to the mid or far-IR seem feasible when providing a strong enough
laser source.
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Chapter 4

Frequency broadening of
ultrashort laser pulses

In this chapter, I present details on nonlinear spectral broadening of a SWIR laser source.
Starting with an introduction covering the general design constraints arising from the high
peak power, average power, and large bandwidth, as well as covering the waveguide proper-
ties, I then present data on the achieved performance of the experimental implementation.
Among them, general characterization such as CEP and power stability, beamprofile, or
the temporal pulse shape. The latter is characterized by the Tiptoe technique where I
observe the characteristic modulations of the spectral amplitude and exploit them for an
intrinsic and absolute CEP characterization. Finally, I conclude with a discussion of the
spectral response amplitude of the method, which can be extracted from experimental
data and a theoretical model of the interferometer.

The content of this chapter is published in Ref. [128]. The work presented here was
performed at the Horus laser system at MPQ with the help of Maximilian F. Kuthe and
Thomas Nubbemeyer as well as with the support of Hartmut Schröder. Mechanical parts
for the fiber assembly were designed with the help of Tobias Kleinhenz; Andreas Küchler
designed parts of the delay line in the interferometer; Harald Haas helped with fixing
electronic and mechanical noise issues and grounding problems.

4.1 Introduction

The indispensable need of powerful, highly stable laser sources with ultrashort pulses
in industry and science has pushed the development of such sources in recent years [1,
2, 187, 188]. Ultrafast strong-field science demands additional CEP stability and SWIR
wavelengths to enhance the precision of sub-cycle control of electron dynamics and the
cutoff in HHG, respectively [1, 5]. For HHG, the scaling of the cut-off energy ∝ IP +
3.17UP [60] with the ionization potential IP and the ponderomotive potential UP, see
AppendixA.2, thus growing with λ2, highlights the importance of long-wavelength drivers
in reaching the X-ray range. Such systems would then be competing with free electron
lasers at large-scale facilities while being table-top sources. However, the flux is low due
to the scaling of the recombination probability of ∝ λ−4 [66] or even ∝ λ−6.5 [69], which
reduces the efficiency for HHG drastically. The small conversion efficiency can thus only be
compensated by upscaling the interaction volume, which on the other hand requires more
powerful laser sources that allow loose focusing. In addition, short pulses are necessary
for the generation of isolated attosecond pulses with amplitude gating [7].

The investigation of relativistic optics requires high peak intensities, both achievable
by boosting either pulse energy or decreasing the pulse duration, in order to reach a
normalized vector potential a0 = eE

mcω0
larger than unity [1]. Here, e is the elementary

47
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charge, E the peak field strength,m the electron mass and ω0 the central angular frequency.
For a 2.1 µm laser, this regime is reached at a field strength of 1.5×1012V/m, or an intensity
of 3.1× 1017W/cm2, which is achievable with the system I present below.

In Section 2.1 (Eq. (2.1)), I showed that short pulses in time necessitate a superposition
of many frequency components, i.e. a broad spectral bandwidth of the pulse. Moreover, all
of these components need to be temporally overlapping, equivalent to a flat spectral phase
φ(ω), or vanishing GDD, TOD and higher orders of dispersion. While the generation of
spectral bandwidth is generally possible via non-linear optical processes (see Sec. 2.6) in
gases, solids or even liquids, see Ref. [129], its temporal compression is typically chal-
lenging. The workhorses of spectral broadening of high-power systems are hollow-core
fibers [36, 37] and multi-pass cells [38]. Multi-pass cells appear to be the solution for
broadening and compression of picosecond and 100-fs scale pulses towards few tens of
femtoseconds, even at kilowatt power levels [38] or in the SWIR range [189]. Here, the fo-
cus will be on fiber-based approaches since they have proven their capability in generating
multi-octave supercontinuua [36,37,129].

In early times, the generation of additional spectral components in fibers was decoupled
from their temporal compression, which is nowadays referred to as post-compression [35–
37, 129]. Typically, dispersive multilayer mirrors were used [39, 40] in combination with
(wedged) materials or special crystals for higher order dispersion compensation [181].
The advantage of post-compression schemes is the intrinsic decoupling of the generation
and temporal shaping of the spectral components which allows to optimize the spectral
bandwidth independently. However, limitations arise when the spectral bandwidth reaches
the technical limitations of the dispersive mirrors demanding for light-field synthesis [53,
190–193], where different spectral regions are compressed separately and then coherently
overlapped. Another limitation of such approaches are transient nonlinearities in dispersive
mirrors at high intensities [194], which prevent their usage in high-power systems or require
sufficiently large beam diameters that might degrade the stability due to the increasing
size of the system. These limitations also transfer to multi-pass cells which are basically
limited by the available mirrors.

Novel approaches in fiber-based spectral broadening circumvent those issues by tweak-
ing the propagation dynamics in a fiber such that all dispersion is compensated and self-
compression is achieved [138,195]. Furthermore, soliton propagation [196] or the emission
of resonant dispersive waves in the UV [41,42,51] and mid infrared (MIR) range [197] have
been demonstrated. Such effects have also been observed in hollow-core photonic crys-
tal fibers [37, 41, 198–200], which favor high nonlinearity but have a more limited power
scalability than single-core hollow fibers. Nevertheless, gigawatt range systems have been
successfully implemented [50,201,202]. Recently, field-resolved studies of resonant disper-
sive waves in the UV have been presented [139,203].

For self-compression, the group velocity dispersion introduced by the gas and SPM
should balance with the waveguide dispersion [51, 195], which, according to Eq. (2.57),
have opposite signs (c.f. Ref. [51]):

β2 =
λ3

4πc2

(
ρ
∂2χ

∂λ2
− u2nm

2π2r2

)
. (4.1)

The first term accounts for the gas, whereas the second one is the waveguide dispersion,

which scales with r−2, where r is the fiber radius. For self-compression, β2
!
< 0 to com-

pensate for the positive contribution from SPM [204]. Consequently, small fibers tend to
support self-compression more, but limitations arise when focusing highly powerful beams
to small areas as the gas will be ionized and self-focusing might occur. Additionally,
waveguide losses (∝ λ2

r3
) increase drastically for small fibers, see Eqs. (2.54) and (2.55).
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In the following, I will present several design considerations for a spectral broaden-
ing system that allow to maximize the bandwidth while maintaining the beam quality,
throughput and temporal pulse integrity. I will also focus on constraints by the high peak
power the system is designed for and also consider the general design of the fiber parame-
ters to achieve significant spectral bandwidth. In addition, I will briefly discuss parameter
constraints by the waveguide dispersion and finally conclude with an optimum supporting
self-compression for the Horus SWIR laser system.

4.2 Design criteria of a spectral broadening system

As discussed in Chapter 2, the main effect responsible for the gain in spectral bandwidth
is self-phase-modulation, a χ3-process. Its strength depends on the non-linear refractive
index n2 and on the intensity I0 of the laser. Therefore, having high-intensity in a medium
with high n2 is crucial for achieving a large gain in bandwidth.

The high intensity required to drive the process competes with plasma formation and
with self-focusing, both effects degrading the broadening performance [205]. Following the
description of Refs. [205,206], a limit on the plasma formation can be defined by requiring

that the induced refractive index change by the plasma, ∆nP =
ω2
P

2ω2
0
, is much smaller than

the refractive index change by the Kerr-effect ∆n = n2I. Here, ω0 denotes the central
frequency of the laser spectrum, ωP is the plasma frequency. The latter depends on the free-
electron density in the gas ρe, the electron mass me and charge e via ωP =

√
ρee2/(meϵ0)

[205]. The free-electron density can be calculated by one of the methods described in
Sec. 2.2. Assuming a condition of ∆nP ≤ 10−3∆n and an ADK ionization rate, a minimum
fiber core-radius of

rmin = A
(τfwhm

1.665

)−α
Eβ, (4.2)

can be estimated [205], where A is a gas-type dependent constant, α and β are coefficients
between 0.44 and 0.52 and favor a wavelength dependence [207]. For the most common
Ti:Sa laser systems, α = 0.45 and β = 0.51 [205], or β = 0.50 [207], respectively. For
2.1 µm central wavelength, on the other hand, values of α = 0.457 and β = 0.516 can be
extrapolated from Fig. 2 in Ref. [207]. According to Ref. [205], the constant A for Helium
is AHe ≈ 2.62 × 10−9msαJβ, for Neon ANe = 1.14AHe and for Argon AAr = 1.79AHe.
For the parameters of interest here, 23 fs at 2.1 µm central wavelength, the values for the
minimum fiber radius are presented in Table 4.1, suggesting a minimum radius of 0.57,
0.36 and 0.32mm for Argon, Neon and Helium at a pulse energy of 3.75mJ, respectively.
The latter value is the energy available from our system after all diagnostics, compression
and beam steering optics.

rmin [mm] 1mJ 2mJ 3mJ 3.75mJ 4mJ 5mJ

Ar 0.27 0.41 0.50 0.57 0.59 0.66

Ne 0.18 0.26 0.32 0.36 0.37 0.42

He 0.16 0.23 0.28 0.32 0.33 0.37

Table 4.1: Minimum fiber radii due to
plasma formation for different pulse en-
ergies and gases according to Eq. (4.2).

Knowing those limits, the maximum gas pressure to prevent self-focusing can be esti-

mated by considering the critical power Pcr =
λ2
0

2κ2
of the medium [205, 208]. Here, λ0 is

the central wavelength, p the pressure and κ2 is related to the nonlinear refractive index
by κ2 = n2

p
p0
, p0 is the reference pressure at which n2 was measured, typically 1 bar.

Literature recommends limiting the maximum peak power of the laser to less than 30%
of the critical power, P0/Pcr ≤ 0.3 [205], which is equivalent to limiting the gas pressure
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to

pmax = 0.15
λ2
0p0

n2P0
. (4.3)

Since the literature values for n2 vary significantly, see Table 4.2, the influence of the
variation on the maximum pressure of

∆pmax =
∂pmax

∂n2
∆n2 = −0.15λ2

0p0
n2
2P0

∆n2 (4.4)

has to be considered. Resulting values are presented in Table 4.3, where the expressions
for the peak power introduced in Eq. (2.8) for a Gaussian pulse of 23 fs at 2.1 µm central
wavelength were used. The corresponding pressure limit, as calculated in Table 4.3, is
rather low in the case of Argon (0.43 bar) at the design pulse energy of 3.75mJ, but higher
for Neon (4.21 bar) and Helium (10.4 bar) due to their lower n2. However, a lower n2 also
results in reduced SPM and, therefore, a lower gain in spectral bandwidth which is to be
compensated by pressure or fiber length. With these limitations in mind, the expected
gain in spectral bandwidth can be estimated, including a discussion of the waveguide
dispersion for achieving simultaneous pulse compression.

n2 [m
2/W] value from Refs.

Ar (1.0± 0.2)× 10−23 [207,209–211]

Ne (1.0± 0.2)× 10−24 [209,211]

He (4.2± 1)× 10−25 [209,211]

Table 4.2: Average n2 values from the literature.
Note, another reference [212] suggests values dif-
ferent by more than one order of magnitude.

pmax [bar] 1mJ 2mJ 3mJ 3.75mJ 4mJ 5mJ

Ar 1.61± 0.29 0.80± 0.14 0.54± 0.10 0.43± 0.07 0.40± 0.07 0.32± 0.6

Ne 15.79± 3.82 7.90± 1.91 5.26± 1.28 4.21± 1.02 3.95± 0.96 3.16± 0.77

He 39.00± 9.97 19.50± 4.99 13.00± 3.33 10.40± 2.66 9.75± 2.50 7.80± 2.00

Table 4.3: Maximum gas pressure in a hollow waveguide for different pulse energies according to Eq. (4.3).

Broadening factor Knowing the constraints of plasma formation and self-focusing on
the fiber dimensions, I can now consider the expected gain in spectral bandwidth and
the output pulse shape. In the previous section, the gas type, pressure and fiber radius
were constrained. Now, the parameters left to determine are the fiber length and the
actual pressure needed to generate sufficient spectral bandwidth. Finally, the waveguide
dispersion must be considered which is necessary for self-compression of the pulses during
spectral broadening.

To this end, it is illustrative to use an analytical estimation of the expected broadening
factor G due to SPM for a fiber of length L according to Ref. [205, Eq. (7)] that is defined
as

G =
∆ω

∆ω0
=

√
1 +

4

3
√
3
φ2
m (4.5)

with the maximum phase shift φm = ξP0Leff. The peak power P0 enters the equation
together with the effective length Leff = 1−exp(−αL)

α , the nonlinear parameter ξ = κ2ω0
cAeff

, the

attenuation constant α, and the effective mode area Aeff ≈ 0.48πr2, adapted from [205].
The attenuation constant is given by Eq. (2.54) or Eq. (2.55). Due to the variations of
n2, see Table 4.2 and Ref. [212], the broadening factor varies significantly. Thus, instead
of calculating the error prone broadening factor for different configurations, I consider
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general scaling laws of Eq. (4.5). To this end, let the peak power P0 be the same in all
cases. Then, if the expected broadening factor is large, it scales directly proportional to ξ
and thus to the nonlinear refractive index at the experimental pressure κ2. Consequently,
a similar spectral gain is expected for different gases but similar κ2, neglecting the gas
type dependence of Leff. As an example, the n2 of Neon is roughly one order of magnitude
smaller than the one of Argon, thus requiring one order of magnitude more pressure. Since
the minimum fiber radius for Neon can be chosen smaller by a factor of 0.67 compared to
Argon, see Table 4.1, the effective mode area can be smaller by a factor of 0.45. Therefore,
the required pressure would be less than 5 times as much when transferring from Argon to
Neon. However, the scaling of the effective length for different gas types and fiber radii has
been ignored so far, which partially counteracts that scaling law. The gas type dependence
enters via the linear refractive index to α (Eq. (2.54)), therefore its dependence is rather
weak compared to the dependence on the radius α ∝ 1

r3
. As a result, a more than 3 times

higher attenuation constant is expected for Neon compared to Argon that reduces the
expected spectral gain, however, only for long fibers.

In conclusion, the spectral gain for gases with lower n2 can be enhanced to match that
of gases with higher n2 by increasing the pressure. However, a further reduction in fiber
diameter leads to increased attenuation, which can hinders this scaling law, particularly in
long fibers. It is important to note that this analysis does not account for self-steepening
and dispersive effects [205]. While self-steepening can increase the spectral bandwidth
towards the shorter wavelengths (as discussed briefly in Sec. 2.6), dispersive effects are ex-
pected to impact the dynamics significantly. Specifically, smaller fibers that favor higher
waveguide dispersion can compress the pulses during propagation, resulting in increased
peak intensity and therefore in higher nonlinear effects and more gain of spectral band-
width. These dispersive effects are expected to partially compensate the comparatively
poor performance of Neon compared to Argon, allowing for a reduction in pressure in the
first case. Therefore, a discussion of solitonic propagation behavior including dispersive
effects follows. An experimental comparison of selected gases and fiber geometries will be
presented in Sec. 4.4.

Soliton self-compression Before introducing the experimental setup and results, I
will discuss the nonlinear propagation in the context of optical solitons. To this end,
the characteristic length scales introduced in Sec. 2.6 will be used due to their intrinsic
coverage of linear, nonlinear and dispersive effects. For the parameters the experiments
were conducted with, the loss length is Lloss ≈ 23− 32m (Eq. (2.61)), assuming a central
wavelength in the range of 1.8 µm to 2.1 µm and a FS fiber with the refractive index
from [79]. The used fiber length of 2.4m, see below, is an order of magnitude shorter; and
therefore, losses by the waveguide attenuation play a minor role.

In addition, the dispersion length is Ldisp ≈ 7.5m (Eq. (2.62)) with |β2| ≈ 1.9×10−29 s2

m
from Eq. 2.57 and the refractive index data from Ref. [213] for a pulse with 21 fs FWHM
pulse duration. This value transfers to a nonlinear length of roughly Lnl = 0.5m to 0.77m
(Eq. (2.63)), considering an n2 value for Neon from Table 4.2 at 700mbar, which is the
pressure used in the final experiments. Consequently, the soliton order is N ≈ 3.1 to 3.8 ≈
4 (Eq. (2.64)) and the fission length is Lfiss ≈ 2.0 to 2.4m (Eq. (2.65)), which aligns with
the fiber length in the experiment. The large range of the values given originates in the
variations of n2. As the soliton fission is of the order of the fiber length, but the dispersion
length is much larger, a self-compressing scheme is present.

The detailed investigation of nonlinear propagation through gas filled waveguides re-
quires numerical treatment. With with Luna.jl [142] by John C. Travers and Chris-
tian Brahms, the presented system can be modeled including third-harmonic generation,
plasma effects, and waveguide losses. Details on the simulation can also be found in
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Ref. [204]. Simulations for a Gaussian laser pulse with τfwhm = 21 fs, a central wavelength
λ0 = 2.1µm, and a pulse energy of 3.3mJ entering a fiber of 2.4m in length, filled with
0.7 bar of Neon, are shown in Fig. 4.1. To elucidate the role of plasma effects in the fiber,
the simulations were performed considering the formation of a plasma obeying an ADK
ionization rate (panels a) and b)) and without plasma effects (c) and d)). Their comparison
reveals a minor influence of plasma formation for the parameters given, even though the
maximum peak power is slightly higher for the case without plasma. These findings agree
well with the constraints on the fiber parameters presented above. The pulse duration at
the exit of the fiber is 3.7 and 3.6 fs, respectively. As evident from the time domain plots
(part b) and d)), the pulse duration decreases during the propagation, whereas the spec-
tral bandwidth increases significantly, manifesting a self-compressing broadening scheme.
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Figure 4.1: Simulated nonlinear propagation with Luna.jl [142] with plasma effects (a) and b)) and
without (c) and d)).

Spectrally, see Fig. 4.1a), harmonic frequencies at 3f and 5f are generated. Especially
the 3f components interfere with the fundamental as soon as the spectral bandwidth
of both is large enough to overlap, which according to the simulations is possible from
1.5m fiber length on. This interference is experimentally observed, as will be discussed
later in this chapter. The parameters are designed such that the formation of dispersive
waves in the UV [51] or mid-IR [197] does not yet start, even though even shorter pulse
durations could be achieved [138]. Extending the bandwidth even further would require
the optical windows in the setup to be removed (see Section 4.3), which directly calls for
a differentially pumped scheme.

4.3 Optical and mechanical setup

Prior to the experimental results, the laser front-end is presented, followed by a discussion
of the mechanical properties of the fiber mount. Subsequently, the general optical setup
of the fiber broadening system and the details of the detection interferometer for the field
sampling measurements are presented.
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4.3.1 Laser front-end

TheHigh-powerOPCPA system for highRepetition rateUltrafast Spectroscopy (Horus)
is an in-house developed few-cycle SWIR laser system that has principally been developed
by T. Nubbemeyer and M. F. Kuthe. Details on the laser system can be found in Refs.
[214,215], whereas in the following, a short summary focusing on the main aspects will be
presented.

A kilowatt-class Ytterbium doped Yttrium Aluminium garnet (Yb:YAG) thin-disk
laser chain similar to Ref. [216] serves as pump source for a subsequent self-seeded optical
parametric chirped-pulse amplifier (OPCPA), see Fig. 4.2 for an overview. For generation
of CEP-stable SWIR seed radiation, a frequency doubled portion of the laser (second
harmonic generation (SHG)) is used for white light generation in Yttrium Aluminium
garnet (YAG) spanning a range from 650 nm to 750 nm. DFG between the white light and
SHG yields the SWIR seed in the range of 1.7 − 2.5 µm. This seed is CEP-stable by the
properties of the DFG. However, the setup is non-collinear, such that the interferometric
difference between white light and SHG results in a net CEP that can be controlled by
changing the delay of the SHG.

Yb:YAG thin-disk 

amplifier

1.1 ps, 465 W, 

10 kHz, 1030 nm

ZnSe

Sapphire
to experiment

DFG

OPA 1

WLSHG

OPA 2

OPA 3

mirror

dispersive mirror

thin-film polarizer

nonlinear crystal

beamdump

delay stage

1030 nm

515 nm

650 - 750 nm

1.7 - 2.5 μm

Seed Generation

Power OPA

1.1 mJ

3 mJ

38 mJ
4.5 mJ

< 2 μJ

50 μJ

30 μJ

250 μJ

Figure 4.2: Outline of the Horus - SHG: second harmonic generation, WL: white light generation, DFG:
difference frequency generation, OPA: optical parametric amplification, ZnSe: Zinc Selenide. Focusing
elements and telescopes are omitted for a better overview.

Subsequently, the SWIR seed is amplified in a first optical parametric amplifier (OPA).
After a dispersion control setup that stretches the pulse with Zinc Selenide (ZnSe) and two
types of dispersive mirrors that compensate for third-order dispersion and for the material
dispersion of sapphire, the seed is amplified in two consecutive OPAs. Finally, Sapphire
is used to post-compress the pulses by its material dispersion down to 23 fs FWHM as
confirmed via SHG-frequency-resolved optical gating (FROG) [217,218], see Fig. 4.3.

The CEP of the system is controlled with a piezo mirror in the SHG beam path. The
voltage applied to the piezo can then be used to correct for any drifts of the CEP. The
achievable stability depends on the stability of the generated white light and can reach
values below 100mrad after the third OPA stage [214].
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Figure 4.3: a) Measured and retrieved FROG trace (b)). c) Spectral intensity and phase c) Temporal
pulse shape.

4.3.2 Mechanical design of the fiber mount

Despite the large number of publications or patents [219–223] on stretched HCFs and
even their commercial availability in some parameter ranges1, few details on the exact
mechanical design of such fiber holders are known. It seems common to pre-stretch the
fiber and then permanently fix it to a supporting mount, as evident from the technical
details disclosed in corresponding patents [219,223], or to stretch it by means of threaded
mounts that allow to apply axial force on the waveguide [224]. Within the approach
chosen here, one of the fiber holders (either entrance or exit) is mounted to a linear stage
which is pulled by a spring. This way, the fiber tension can be adjusted carefully and
more importantly, thermal expansion of the fiber is compensated. The typical expansion
distance in the experiment is below 0.5mm, such that the movable part can be place at
the entrance as well, since the typical focal length is longer.

One of the individual mounts developed with aid of Tobias Kleinhenz is outlined in
Fig. 4.4. The key elements of the design are the integrated ceramic ferrule to protect the
fiber entrance, which is a feature employed by others as well [224]. More importantly, a
retainer ring with a spherical surface on the inside holds a spherical nut with the actual
fiber mount. The nut is pressed against a rubber gasket and custom-made KF flange for
vacuum sealing. Micrometer screws at the flange allow to adjust the tilt of the fiber tip
that can move due to the flexibility of the rubber gasket. The spherical surface of the nut
and the retainer are designed such that its center sits at the fiber entrance and any tilt
movement happens around that point. Due to this special design the tilt can be adjusted
without compromising the in-coupling efficiency by a transverse displacement of the tip.

This design of the fiber mount allows to stretch a HCF while each side is attached to
a vacuum chamber and pumped individually. The tension of the fiber must be adapted
to the required straightness for the compensation of losses due to the bending radius,
see Sec. 2.6.1. The influence of the fiber curvature is the term that can be minimized by
increasing the fiber tension since the radius and tension are related by

R = F/m̂, (4.6)

with the pulling force F and the weight per unit length m̂ [37]. Here, the available fibers
have a mass per unit length of m1 = 0.345 g/m [225] and m2 = 0.322 g/m [226], and
therefore, a pulling force of a few Newton results in the desired straightness of several
thousands of meters in radius of curvature. In the experiment, the pulling force is approx-
imately 20N according to the datasheet of the spring [227] and the expansion of 25mm.
This value transfers to a radius of curvature of ≈ 6 km.

1Suppliers are, for example, Few-Cycle Inc., UltraFast Innovations GmbH or IF Nano Göttingen
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Figure 4.4: a) Exploded view of the fiber holder. The retainer and the spherical nut are designed such
that the center of the sphere is at the fiber entrance. The laser enters from the left. b) Sectional view of
the assembled mount.

4.3.3 Fiber broadening system

The fiber broadening setup consists of a position and angle sensitive beam stabilization
with hybrid motor and piezo driven actors (Aligna, TEM Messtechnik GmbH), see sketch
in Fig. 4.5. The stabilization system features the definition of independent set points for
angle and position, which are used for alignment of the laser beam with respect to the
stretched fiber. The second motorized mirror is curved with a radius of curvature of
−2500mm. It is placed on a linear stage along the fiber axis allowing the focus position
to be shifted for maximum coupling efficiency. The desired focal size is derived from
Fig. 2.14, but the final combination of beam size, beam quality and focal length resulted
in an estimated coupling efficiency of 86%. The latter number originates in a numerical
evaluation of the overlap integral (Eq. (2.49)) with the experimentally determined beam
profile taken with a microbolometer camera. Since the beam profile could only be measured
in air and at low power, deviations from that value are expected due to a focal shift along
the propagation direction and spatio-temporal reshaping, as investigated in Ref. [228].
While the first effect can partially be compensated by moving the focusing mirror, the
influence of the latter is reduced by increasing the distance of the entrance window to the
fiber as much as possible within the geometrical constraints of the setup.

beam stabilization & 

diagnostics

R = -2500 mm

3.7 mJ 2.4 mJ

1mm CaF2
vacuum chamber

mirror

hollow-core fiber

TIPTOE,

2f-3f,
powermeter,

& diagnostics

⌀700 μm

OPCPA

2.1 μm, 10 kHz, 

23 fs, 4.5 mJ

Motor 2

Motor 1

wavelength [nm]

1700 2500

wavelength [nm]
750 1500 2250 3000

Figure 4.5: The output of the OPCPA system is compressed in the bulk (not shown) and focused into
a HCF. Active stabilization with motorized mirrors additionally allows alignment of the setup. After re-
collimation, the beam is guided in vacuum to the characterization setups. The ordinate for the spectra
shown is linear.

The fiber is mounted as described above, and both the input and exit parts can be
evacuated and filled with gas. Additionally, the fiber length can be varied in a large range,
but best performance is found for a 2.4m fiber with 700 µm core diameter filled with 0.7 bar
of Neon. The spectra shown in Fig. 4.5 are taken with this configuration. Other gases and
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fiber dimensions are investigated as well, see Sec 4.4.1, but this parameter set provides the
best compromise for achieving shortest output pulses.

4.3.4 Field-sampling setup

For characterization of the temporal pulse shape of the spectrally broadened fiber output,
the Tiptoe technique is used. Alternative and frequently used characterization schemes,
such as dispersion scan [182] and FROG [217, 218], both suffer from phase matching
limitations in the nonlinear crystal, which has to support broadband SHG over two octaves.
As an example, β-barium borate (BBO) has a phase matching bandwidth2 of 2535GHzcm,
as determined with Ref. [229], corresponding to 253.5THz for a 10 µm thin crystal, which
is barely enough to cover the spectral range of 300THz. For such a broad bandwidth, an
even broader phase matching bandwidth is required to prevent the suppression of spectral
components at the edge of the spectrum. In addition, the absorption of the crystal hinders
the measurement of wavelengths above 2.5 µm [230]. Therefore, field measurements have
to be preferred over those methods for the sampling of multi octave spanning laser pulses.
However, it is possible to phase-match the central part of the spectrum and to obtain
information about the pulse compression in that part from d-scan or FROG, similar to
what is used for initial characterization of the fiber output below.

For multi-octave spanning spectra, additional restrictions arise, primarily for the d-
scan [182], which is hindered by parasitic spectral interference of the generated 2f com-
ponents with the fundamental and third harmonic of the laser pulse, which spectrally
overlap. Despite the use of broadband polarizers, this interference could not be fully
prevented. Only approaches with spatially separated beams, like in a transient-grating
dispersion scan [135], allow to overcome that limitation. Despite that, a dispersion scan
requires that the GDD can be scanned over the maximum (otherwise the retrieval algo-
rithm might not work reliably anymore). Since the broadening scheme is self-compressing,
there is no large dispersion scanning range. Instead, dispersion can only be introduced to
stretch the pulse which hinders the measurement of peak of the signal. These constraints
in the dispersion transfer to the requirement of a dispersion-free interferometer for the
field-sampling experiments.

Generally, three different types of dispersion-free interferometers could be chosen:
Firstly, an annular mirror with an inner mirror shifted relative to the outer ring, in-
troducing a delay between the respective reflected portions of the laser beam. Secondly,
the usage of D-shaped edge mirrors allows to split the beam in two halves and to form
a Mach-Zehnder interferometer. Recombination is done with another D-shaped mirror.
Thirdly, holey mirrors that reflect the outer ring and transmit the inner part of the laser
beam. Two such mirrors can be used to form a Mach-Zehnder interferometer, as shown in
Fig. 4.6. For the following reasons, only the third option is appropriate for this purpose:
The first interferometer type is collinear, such that no optical chopper can be placed in
one of the beam parts, which hinders lock-in detection for current sampling. Nonetheless,
differential measurements as in Ref. [26] would be possible. The second type of inter-
ferometer would in principle allow an optical chopper, but when focusing two parallel
semi-beams with an offset, they will propagate through the focus under an angle with
respect to each other. This angle between the phase fronts transfers to different ion yield
modulations in a Tiptoe measurement, depending on the transverse direction of the fo-
cus. In sum, a cancellation of signal is expected if the phase difference in space exceeds
π. This is equivalent to the observation of interference fringes in the focus of two beams
with a parallel offset, see Sec. 2.7. For successful Tiptoe measurements, such situation

2In SNLO [229], this bandwidth is defined where the product of length and k vector mismatch, L∆k,
varies between −π and π.
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must be prevented. Therefore, only the third option remains since it allows for an optical
chopper and for Tiptoe measurements due to the concentric setup.

mirror

wedge

electrode

beamdump

delay stage

fiber output CW laser

camera
chopper

Figure 4.6: Interferometer for the Tip-
toe measurements. The beam is split
and recombined with perforated mirrors. A
co-propagating continuous wave (CW) laser
tracks the optical path length via its interfer-
ence pattern on a camera. The beam being
sampled is chopped. Both beams are focused
with an f = 100mm OAP.

For adjustment of the output power to the required level in the field-sampling setup,
a combination of different filter methods is used, e.g., a reflection at an uncoated IR-
FS wedge, or dispersion free diffractive attenuators (custom component from Lasnix and
TEM grids). In combination with the geometry of the holey mirror, an intensity ratio
of ISignal/IPump ≈ 3 × 10−4 is achieved ensuring that the perturbing field strength is low
enough to form a linear perturbation, 1.7% in this case. The beams are focused with an
f = 100mm OAP between two copper electrodes with an extension along the propagation
direction of 0.3mm only. This size constraint enables the detection of CEP effects in
Tiptoe since focal averaging effects due to the Gouy phase shift are prevented. The
perforated mirrors in the interferometer also alter the focal shape of pump and signal beam
after the Tiptoe interferometer. Since the signal beam is smaller, its focal size is larger
compared to the pump focus, see Fig. 4.7. This is an advantage for the measurement since
it ensures a spatially smooth perturbation of the ionization and reduces the intensity such
that a first-order perturbation is valid. The pump beam is larger and therefore its focus is
smaller than the one of the signal beam. This property ensures that no potential diffraction
rings of the signal beam caused by apertures of the holey mirrors are being sampled. In
addition, diffraction rings of the pump beam that could influence the measurement are
suppressed by the nonlinearity of the ionization process.
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Figure 4.7: Beamprofile in the focus of
the Tiptoe measurement taken with a silicon
camera and a 1µm longpass filter. a) Signal
beam b) Pump beam.

The optical path length is tracked and actively controlled with a co-propagating fre-
quency stabilized Helium-Neon laser. Its interference pattern is detected downstream with
a camera and evaluated in real time, with a cycle time of 16.5ms, similarly to what is
explained in Chapter 5. Feedback is applied to the piezo-driven delay stage in the trans-
mitted arm of the interferometer. The achieved in-loop stability is 2.99 nm over a time of
more than 80min, see Fig. 4.8.
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Figure 4.8: The interferometric stability
of the field sampling interferometer reaches
29.7mrad at 632.8 nm wavelength, corre-
sponding to 2.99 nm (rms) over a time of
81min.

4.4 Investigation on the achievable performance

To achieve best performance, it is essential to investigate both the spectral bandwidth
depending on the fiber geometry, gas type and pressure, but also the compressibility of
the pulses. I will first present data on the spectral bandwidth depending on gas type,
pressure and some selected fiber geometries and conclude with a parameter set to be
investigated afterwards.

4.4.1 Dependence of the spectral conversion on gas density and type

In order to find the most promising candidate for a fiber broadening setup, a comparison
of the performance of different gases regarding the gain in spectral bandwidth is necessary.
To this end, the noble gases Argon, Helium and Neon are tested. According to the limits
from Table 4.1, the minimum diameter for Argon is roughly 1mm, whereas for Neon and
Helium, smaller diameters can be used. For Argon, a 1m solid fiber is used, whereas for
Neon and Helium, a stretched fiber is used. Since the fiber tips must be adapted to the fiber
diameter, two different sizes are available: 530 µm [226] and 700 µm [225] core diameter.
Due to the limitations from Table 4.1, the smaller diameter could only be used with Helium.
However, in the experiment the losses with the small fiber are larger and therefore, the
700 µm diameter one is installed for both Ne and He. The smaller nonlinearity of He is
compensated for by the pressure, which is in accordance with Table 4.3. The stretched
fibers have a length of 2.4 to 2.5m, as suggested by numerical simulations.

A comparison of the different gas types in different fibers is presented in Fig. 4.9. These
spectra are taken with a broadband and fast scanning spectrometer (Mozza, Fastlite),
which, however, has limited capabilities in resolving spectral data in the range of 1 −
1.5 µm and deviated from the data taken by other devices. Therefore, only the long
wavelength side of the spectra is considered for further conclusions. The dynamic range
of the device appears small, but as opposed to the multi-device approach presented later
in this thesis, the straightforward implementation without complicated calibration is a
major experimental advantage. As shown in Fig. 4.9, all configurations yield a broad
output spectrum, but the case of Argon yields largest bandwidth. The bandwidths can
be compared by considering the drop in amplitude towards the long wavelengths, where
the arrows in Fig. 4.9 indicate a 2% of maximum threshold. Please note that a better
method would be to calculate the supported pulse duration by a Fourier transform limit.
Here, due to the strong performance issues of the device at the short wavelength side, this
method is yielding misleading results - in particular regarding the noise amplitude in the
He case.

The investigated pressures are chosen to prevent any distortions of the mode shape
or any reduction of the transmitted power. For Argon, the pressure aligns well with
the expected maximum pressure from Table 4.3, whereas deviations occur in the case of
Neon and Helium. In particular, the transmitted power started to decrease for higher
pressures than the ones shown, whereas the spectral bandwidth did not increase any
further. This finding is in contradiction to simulations with Luna.jl [142], which suggest



4.4. Investigation on the achievable performance 59

0.0

0.5

1.0

I
(λ

)
[a

rb
.

u
.]

0mbar

50mbar

100mbar

150mbar

200mbar

250mbar

300mbar

350mbar

0.0

0.5

1.0

I
(λ

)
[a

rb
.

u
.]

0mbar

200mbar

400mbar

600mbar

800mbar

1000mbar

1200mbar

1250 1500 1750 2000 2250 2500 2750 3000

wavelength [nm]

0.0

0.5

1.0

I
(λ

)
[a

rb
.

u
.]

0mbar

200mbar

200mbar

400mbar

600mbar

700mbar

800mbar

900mbar

a)

b)

d)

Argon

Helium

Neon

Figure 4.9: Pressure scan for different gases - a) Argon with fiber diameter 1mm and 1m length b)
Helium in a 2.5m fiber with 700 µm diameter c) Neon in a 2.5m fiber with 700µm diameter. The arrows
indicate the wavelength at which the spectrum dropped to 2% of the maximum.

an increase in bandwidth for higher pressures. Presumably, the observations are founded
in effects that are neither included in the simulations nor in the design criteria presented
above, such as impurities of the gas species that increase the plasma fraction, or pulse
reshaping before the fiber entrance due to the high gas density [228]. In the case of Neon,
a strong performance degradation appeared if a small amount of a different gas is present
in the fiber. Interestingly, the pressure did not change by an amount detectable with our
gauge (Swagelok), but the color of the plasma at the entrance changed from the typical
orange/red to include a blue hue. This stronger plasma formation portends the presence
of a gas with lower IP, such as Nitrogen or Oxygen. For the pressures presented in Fig. 4.9,
however, decent agreement with simulations of the fiber parameters is found.

Since the configuration with Argon results in most spectral bandwidth, which is es-
sential for short pulses, its implementation and characterization seems obvious. Temporal
characterization of the output pulses with FROG, however, has revealed that the pulses
downstream the fiber are not fully compressed, but rather showed a pulse duration of
≈ 11 fs, despite the Fourier limit in the retrieval being on a one-digit femtosecond scale,
see Fig. 4.10. For the case of Neon, FROG measurements showed better compression,
yielding a pulse duration of 7 to 8 fs. The retrieval turns out to be error-prone as the data
in any case is noisy. In addition, the direction of the time axis cannot be determined.
In case of Argon, the visible spectrometer is not used which explains the missing spec-
tral components below 800 nm. However, the data towards the long wavelength side also
shows less signal compared to the Neon case, evidencing poor pulse compression since the
spectral coverage of the output is provided (Fig. 4.9).

These insights are a manifestation of the low waveguide dispersion not being suffi-
cient to provide a self-compressed broadening scheme with Argon. Thus, either smaller
fibers (waveguide dispersion ∝ r−2) or longer fibers (dispersion ∝ length) are desirable.
Smaller fibers are possible with Neon, which will be investigated in the rest of this chapter.
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Figure 4.10: a) Measured and retrieved (b)) FROG traces for the case of Neon, respectively. c,d) for
Argon e) Temporal pulse shapes corresponding to the retrieval.

The results presented in the following demonstrate that a fiber diameter of 700 µm at a
length of 2.4m indeed constitutes a self-compressing scheme, as expected from the design
considerations above.

As a final remark of this paragraph, I would like to highlight the scaling laws of
fiber dynamics, as discussed in detail in Ref. [51]. The fiber dynamics are invariant
under scaling by a factor of ζ (except losses), if one scales the radius by a factor of

√
ζ,

gas pressure by 1
ζ and the length and peak power by ζ. These scaling laws suggest a

straightforward implementation of a self-compressing scheme from the literature at the
parameters provided by the laser used here. As an example, in Ref. [138], a 1.8 µm system
is compressed in an Argon-filled HCF to 2 fs. Scaling the 289 µJ system from there with
a 2.5m fiber to the parameters here requires ζ = 13, thus a fiber length of 32.5m. Such
fiber lengths are hard to implement, in particular regarding the mechanical stability, the
straightness, and the required laboratory space. Therefore, the approach of finding a set of
parameters that employs smaller core diameter fibers at shorter length is more promising,
which is why Argon cannot be used.

4.4.2 Power stability and beam shape

Strong field experiments investigating small signals can profit from high-power lasers that
allow to increase the interaction volume for more signal generation. Thus, having a high
field, high average power source is essential and the presented broadening scheme fulfills
those requirements, as evident from the data presented in Fig. 4.11. The achieved average
power at the fiber exit is 23.5W and only fluctuates by 226mW (standard deviation),
which is below 1%. The input pulse energy is 3.75mJ, which corresponds to a transmission
of 63%. This value is lower than the 90% that are theoretically expected from simulations
with Luna.jl [142]. With the incoupling efficiency of above (86%), a transmission of 77%
is expected. The residual difference must therefore be connected to non-linear effects
in the entrance window, the gas in front of the fiber [228], or plasma effects. Losses
by a curved waveguide can be excluded since the corresponding attenuation factor is
αcurvature ≈ 8.1× 10−6m−1, and therefore negligible for L = 2.4m.

The beam profiles of the fiber output are shown in Fig 4.11b) in the focus of a f = 40 cm
spherical mirror and for the collimated beam in part c) and d). In panel c), a 1 µm longpass
filter is added, which demonstrates that the short wavelengths are more in the center of the
beam when comparing the profile to the one without filter (d)). Since the holey mirror in
interferometer splits off a small portion of the very center part of the beam, it is expected
that the long wavelengths are underrepresented in the field-resolved data. This property
will be discussed in Sec. 4.5.3 and AppendixA.3.
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Figure 4.11: a) Power stability (23.5W) of
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4.4.3 Carrier-envelope phase stability

For single- and sub-cycle pulses, the CEP stability is the key parameter for guarantee-
ing waveform stability and controllability. Its characterization is thus important. Using
2f − 3f spectral interferometry, the relative drifts of the CEP over time are measured.
For this purpose, the backside reflection of the wedge (c.f. Fig. 4.6) is sent to a BBO
crystal for the generation of the second harmonic of the fiber output. A second wedge
compensates for spatial chirp. After passing through a 45◦ polarizer, spectral interfer-
ence with the third harmonic generated in the fiber occurs. It is split and detected by
two silicon-based spectrometers, one of them capturing signal for a feedback loop, the
other one for a reference measurement. The feedback loop controls the piezo stage in the
DFG part of the laser system, see Fig. 4.2, with a feedback signal derived from a soft-
ware proportional–integral–derivative (PID) control. The out-of-loop reference data for
a measurement of more than 50minutes are shown in Fig. 4.12. After detecting spectral
interference fringes (panel a)), the corresponding relative CEP is extracted via a Fourier
transform and the phase value at the point of the reciprocal frequency defined by the spec-
tral fringe spacing. The standard deviation of the extracted phase amounts to 138.2mrad
and is averaged over several laser shots. A dataset is acquired every 64ms in Fig. 4.12.
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Figure 4.12: a) 2f − 3f interference fringes as measured with a spectrometer for more than 50 minutes
b) Extracted relative CEP value over time with a standard deviation of 138.2mrad.

To obtain non-averaged data, the integration time of one of the spectrometers (Avantes
Avaspec ULS-4096CL-EVO-UA-10) is reduced to 90 µs, shorter than the laser repetition
time, and the device is triggered by the laser. Thus, the detected spectral fringes are
generated by a single laser shot only, see Fig. 4.13. However, due to a technical limitation
not every single shot could be resolved, but there is a deadtime of the acquisition of 698 µs
after each shot [231]. Therefore, at least 7 pulses are expected to be skipped between two
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consecutive measurements. Nevertheless, a CEP stability of 381.1mrad can be confirmed
in this measurement, which proves CEP stability from a near shot-to-shot basis to a one
hour time scale. These values are, to the best of my knowledge, the best values reported
in the literature for a multi-millijoule single-cycle SWIR laser system at a high repetition
rate.
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Figure 4.13: a) 2f − 3f interference fringes for single laser shots taken with a triggered spectrometer for
1000 shots b) Extracted relative CEP value with a standard deviation of 381.1mrad.

4.5 Field-resolved characterization of the output

Due to the limitations discussed above, measuring the electric field of the light oscillation
is the correct approach for its characterization. In this section, the Tiptoe technique as
introduced in Ref. [26] and in Sec. 2.5 serves as method for time-domain measurements.
Starting with a presentation of the time-domain data and the corresponding spectral am-
plitude and phase, the pulse duration and spectral coverage are identified. Subsequently,
its validity is confirmed by investigation of the origin of the spectral phase and by the
characterization of the complex spectral response function.

4.5.1 Time-domain sampling of the electric field

The results of a time delay scan and simultaneous detection of the generated ion yield
are shown in Fig. 4.14a). For the data there, a Tukey window in Fourier space is applied
between 0.03 and 0.5PHz to remove both low and high-frequency noise. The extracted
pulse duration is 6.9 fs FWHM of the intensity envelope, which is slightly shorter than a
single optical cycle of the driving wavelength. The measured pulse shape and the pulse
energy transfers to a maximum peak power of the generated pulses of 0.26TW. The
extracted Fourier limit is 3.8 fs, comparable to value obtained from simulations in Sec. 4.2.

The two curves in Fig. 4.14a) show the measured electric field waveform for two different
values of the CEP of the incident pulse, shifted by ≈ π/2 versus each other. In the case of
a relative CEP of φrCEP = 1.5 rad, higher frequency oscillations are visible as compared to
φrCEP = 3.1 rad, see inset. As will be evident from the systematic scans presented below,
this change of the waveform corresponds to the spectral response function of Tiptoe,
which suppresses high-frequency components depending on the CEP of the driving pulse.
Note that the CEP of the measured waveform does not change with the changing CEP of
the incident pulses, since both pulses are shifted simultaneously. According to the spectral
response function, see discussion in Sec. 2.5 and AppendixA.3, a simultaneous CEP shift
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cancels out. If only one of the two pulses in the interferometric measurement exhibited a
change in phase, such a change would be visible - I confirmed this effect in the framework
of Tiptoe measurements on nanometric needle tips, see Ref. [31, supplement]. Only the
waveform for a CEP of the pump pulse of 0 represents the real electric field of the signal
pulse. The case of φrCEP = 1.5 rad can be identified with a pump pulse CEP of 0, as will
be shown below in the section on CEP scans.

Spectrally, a suppression of the amplitude appears in the region of 0.3 to 0.4PHz
depending on the CEP, see Fig. 4.14b). The spectral phase is similar in both cases, except
that for the case of φrCEP = 1.5 rad, the retrieved phase value has a lower error bar at
0.39PHz than the other case, indicating a slightly larger bandwidth. Note that those
measurements are performed in an alternating manner, where the CEP is flipped several
times in series to eliminate the influence of drifts of the laser and of the detection setup.
The detected spectral amplitudes agree well with the data taken with spectrometer, see
black line in Fig. 4.14b). Residual differences are discussed below. For this measurement,
data from three different types of spectrometers, an Ocean Optics HDX (Si detector),
an Ocean Optics NIRQuest-512 (InGaAs detector) and a Spectral Products SM-301-EX
(PbSe detector), are used simultaneously. The devices are fed by a splitting unit where
the laser is coupled in with a ZrF4 fiber, and amplitude calibration of the entire setup is
performed using a calibration lamp (StellarNet). Details on the calibration procedure can
be found in AppendixC.

The spectral phase is not perfectly flat, as one would expect for a self-compressing
scheme. The origin of that dispersion is the material in the beam path, 1mm of CaF2,
0.3mm of FS, and 0.7m of Neon at the exit of the fiber. This combination results in the
phase shown as a dashed line in Fig. 4.14b) and overlaps decently with the spectral phase
from the field measurement. The material phase is derived from Sellmeier expressions
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[77,78] for the refractive index of CaF2 [80], FS [79] and Neon [213], where constant and
linear terms are subtracted to match the data. The good agreement of both curves verifies
that the phase at the fiber exit is flat and the presented scheme is self-compressing. The
slight mismatch of the phase for the low-frequency part might originate in the available
refractive index data, which is extrapolated to the required bandwidth. The pressure in
the Tiptoe chamber is 10mbar. When measuring the output pulses in ambient air, in
total 0.6mm FS are required for compression. However, the signal to noise ratio in the
Tiptoe measurements is worse and side pulses appear, which are most likely caused by
higher-order dispersion of the gas and the material. The decreasing signal-to-noise ratio
can be connected to the bias voltage (10V), which is appropriate at lower pressures but
may be too low at ambient ones, similar to Ref. [26].

4.5.2 Investigation of carrier-envelope-phase effects

Above, I introduced the effects of changes of the CEP on the detected spectral amplitude
by showing the two opposing cases. A systematic investigation of the resolved spectral am-
plitude depending on the incident pulse CEP is shown as an asymmetry map in Fig. 4.15a).
There, the asymmetry A defined by

A =
|E(f)| − ⟨|E(f)|⟩

⟨|E(f)|⟩
, (4.7)

is shown. It is a measure for the normalized difference of the spectral amplitude from
its mean (i.e., CEP-averaged) value. The results show two distinct features at the high-
frequency side: First, in the region of 0.3 to 0.37PHz, the amplitude is modulated with
CEP and a periodicity of π. Second, in the region of 0.37 to 0.4PHz, a diagonally oriented
fringe pattern is present. Comparison of the experimentally determined asymmetry map
with simulated ones manifests the origin of both kinds of spectral modulations. The first
kind originates in the Tiptoe response, which appears as an asymmetry map as shown
in Fig. 4.15c). The second type of fringes, the diagonal ones, are f − 3f interference
fringes that originate in the fiber, where the third harmonic in the gas is generated. A
simulation of the nonlinear propagation through the HCF with Luna.jl [142] confirms the
spectral interference pattern. The asymmetry map shown in Fig. 4.15d) is calculated for
different values of the CEP of the pulse before the fiber. The combination of both the
Tiptoe response and the f − 3f interference in the fiber reproduces the experimentally
determined asymmetry map as shown in Fig. 4.15b). There, a CEP shift between the
fiber and the Tiptoe measurement is introduced, which determined the relative shift of
both features versus each other. Comparison of the simulations, which take the absolute
CEP into account, with the experiment, which only determines a relative CEP value, now
fixes the latter. The minima occurring at φCEP = 0, π and φCEP = 2π are present in
the data at φrCEP ≈ 1.5 rad and φrCEP ≈ 4.6 rad, identifying a relative CEP of 1.5 rad
with an absolute (pump) CEP of 0 rad or π. Consequently, this scan allows an absolute
CEP calibration up to a factor of π, which, by the inversion symmetry of space, cannot be
determined. Therefore, the waveform shown in Fig. 4.14a) for the case of φrCEP = 1.5 rad
corresponds to the real waveform, up to a pre-sign.

Note that a similar spectral modulation is expected at DC frequencies, see Fig. 2.13.
However, the modulation is only pronounced clearly for frequencies below 0.1PHz, which
is outside the generated spectral bandwidth.

4.5.3 Spectral amplitude response of the field sampling procedure

In the previous section, I presented the electric field measurements and discussed properties
of the CEP and spectral phase as well as the relative change of the spectral amplitudes
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Figure 4.15: Spectral CEP dependent asymmetry map a) experimental data (relative CEP), b) simu-
lated, c) Tiptoe only, d) fiber output only. The simulated data take the absolute CEP into account.

with CEP. Here, I would like to focus on the absolute value of the spectral amplitudes. For
a perfect field measurement with a response of unity over the entire spectral bandwidth,
the comparison of the spectral amplitudes extracted from the Fourier transform of the
waveform, |Emeas(f)|, to those taken with a spectrometer, |Espectrometer(f)|, should yield
no difference. Comparison of the data in Fig. 4.14b) reveals that there are deviations
between both curves. To determine their origin, an experimental spectral response can be
defined as

|Hexp(f)| =
|Emeas(f)|

|Espectrometer(f)|
. (4.8)

The extracted experimental response should resemble the expected response function of
Tiptoe. The direct comparison, see right panel in Fig. 4.16, indicates a blue shift of the
measurement, since the experimental response function suppresses the low-frequency part
more than expected. This spectral shift originates in the geometry of the interferometer:
The perforated mirror selects the inner part of the collimated laser beam and therefore
spectrally selects more short wavelengths, see Fig. 4.11c) and d) for a comparison of the
beam profiles with a spectral filter. Similar effects have been observed and characterized
in the literature [232], but since the spectrum covers a larger bandwidth than Ref. [232],
the effect is even more prominent in this case. The spectral distribution in the collimated
beam can be modeled by assuming that the beam exiting the fiber forms a homogeneous
disk3 of the size of the effective mode area, see AppendixA.3 for details. The wavelength-
dependent far-field distribution can be transferred to a spectral response curve that the
experimentally detected one can be corrected for, see right panel of Fig. 4.16. The corrected
experimental response reproduces the expected Tiptoe response within the error bars and
confirms the validity of the field-resolved measurements.

4.6 Discussion and conclusion

In the last sections, I demonstrated that a multi-millijoule SWIR laser system with a high
repetition rate can be spectrally broadened and simultaneously compressed in a stretched

3Following discussions with Nick Karpowicz
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HCF. The achieved peak power of 0.26TW sets a new milestone among laser systems in
the SWIR region with a comparable repetition rate, see Fig. 4.17 for an overview. There,
SWIR laser systems with a repetition rate from 1 to 100 kHz are compared to the presented
system. To estimate the peak power of the systems, I assumed that 90% of the pulse energy
is confined in the main pulse of sech2 shape and used Eq. (2.8), unless specified explicitly.
Since a high peak power can be achieved in two ways, by boosting the pulse energy or by
decreasing the pulse duration, the comparison of pulse duration to peak power reveals the
technical approach. In particular, the combination of both high pulse energy and short
pulses is unique for the presented system; only Ref. [56] achieves even shorter pulses with
a peak power above 200GW. The system there is a light-field synthesizer operating at one
tenth of the repetition rate. There are other systems in the literature with lower repetition
rate but high pulse energy, e.g. Refs. [233,234], and Ref. [235] as an example for the MIR.
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By self-compression in a fiber with carefully chosen parameters, the necessity of multi-
octave spanning dispersive optics or light-field synthesis is avoided. Despite the freedom
in waveform shaping such a synthesis system provides [5, Fig. 14 therein], the approach
presented here is appealing due to its reduced complexity and competes in cases where
the desired pulse form is close to the transform limited one. Here, single-cycle pulses of
a duration of 6.9 fs are generated and compressed without any further dispersive mirrors
required. Since a static pressure can be used, the presented scheme is suitable for outside
vacuum applications, such as the single-shot CEP detection presented in Sec. 3.3. The
system lacks polarization-dependent optics for the generation and compression of the su-
percontinuum, and therefore, the extension to arbitrarily polarized laser beams appears to
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be straightforward. In particular, spectral broadening of radially or azimuthally polarized
laser beams has been demonstrated [254], and the self-compressing method I presented
would enable the generation of millijoule level single-cycle vector beams, if the parame-
ters are adapted accordingly. Such beams open up new perspectives in the generation of
strong magnetic impulses from ring-shaped electric currents induced by the laser [27,255].
However, their temporal compression has hitherto been hindered by the polarization sen-
sitivity of dispersive mirrors. Even though there are concepts for dispersion independent
chirped mirrors in certain wavelength regions [256], the bandwidth is still limited. Self-
compression overcomes these limitations.

The demonstrated CEP stability is, to the best of my knowledge, the best value re-
ported for a multi-millijoule single-cycle SWIR laser system; only sub-millijoule systems
with better values have been reported, e.g. Refs. [56, 241, 257]. With a precision of
138mrad, corresponding to a timing jitter of the waveform of 150 as, the laser system is
an excellent driver for field resolved experiments. As first application profiting from that
phase resolution, the Tiptoe response function is investigated. Owing to the multi-octave
bandwidth of the generated supercontinuum, no second-harmonic generation (e.g., as dis-
cussed in Ref. [26,28]) for the observation of the 2f spectral components is required. Due
to the modulations of the retrieved spectral amplitudes with the CEP of the driving pulses,
an absolute phase calibration is possible. However, the sign of the wavefunction cannot
be determined since the entire detection setup is symmetric for a change E(t) → −E(t).

The field-resolved data presented above not only characterize the output of the laser,
but the remaining differences between the spectral amplitude and spectrometer data can
entirely be explained by the spectral response amplitude and the geometry of the interfer-
ometer. In addition, this good agreement verifies the validity of the Tiptoe measurement,
also regarding the underlying first-order approximation. If already second order correc-
tions to the perturbation of the ion yield were required, enhanced spectral amplitudes at
the sum and difference frequencies of the spectrum would be expected [26, 31]. In such a
case, the comparison of the spectral amplitudes with the spectrometer data would differ,
therefore, the first-order approximation is valid.

The short nature of the laser pulses allows amplitude gating in HHG [4,5], and thanks
to the high average power, the HHG process could be upscaled compared to related works
using lower pulse energies in the SWIR range [56, 127, 193, 236, 239, 242, 248, 258]. I will
study the technical challenges connected to the high average power in such experiments
thoroughly and present solutions for some of them in Chapter 5.
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Chapter 5

Characterization of an attosecond
beamline

In this chapter, I will present a characterization of an attosecond beamline. The work here
builds upon a first design of a beamline by Shubhadeep Biswas, Sambit Mitra, and Kilian
Unterguggenberger. However, the general setup will be modified. In addition, several novel
aspects are investigated, among them a UHV-compatible soft X-ray (SXR) spectrometer,
which is an extension of an existing device developed in the group. The main focus of this
chapter is the interferometric stabilization scheme of the beamline, which is subject of a
pending patent by Blöchl et al. [259].

In the following, I will motivate the necessity of a high-power XUV-SXR beamline
for attosecond science and comment on the difficulties arising from the demand for high
energetic photons, the high average power, and the broadband spectrum in the XUV-SXR
region. I finally present solutions for the power handling, interferometric stabilization of
the delay line, and the XUV-SXR spectrometer. The latter has been designed with the
aid of Andreas Küchler. The beamline is driven by the OPA output of the Horus system,
as described in Sec. 4.3.1 and in Ref. [214].

5.1 Introduction

In the previous section, the demand for high-power phase-stable SWIR lasers for driving
HHG was motivated. In brief, the scaling of the cut-off energy with λ2 [60] allows for the
generation of high-energetic radiation with sufficiently long-wavelength driving lasers. By
doing so, a large bandwidth can be generated, demanding suitable detection, i.e., in form
of broadband and precise spectrometers. Additionally, since the low conversion efficiency
(∝ λ−4 [66] to ∝ λ−6.5 [69]) is to be compensated with power and an increased interaction
volume, problems arise. Especially the high peak and average power can cause issues
regarding the damage threshold of the required components, e.g., the HHG gas target or
filters. For the HHG gas target, the use of ceramic targets has emerged over the years and
turned out to be among the best solutions in our lab.

Guiding the generated high-energy radiation to an experiment is challenging due to
the low reflectivity of the available mirrors, which typically requires grazing incidence and
a surface quality reaching the single nanometer level, see Fig. 5.1b). The usage of XUV
multilayer mirrors is possible, but the reflectivity is limited especially for high energies
[260].

In addition, filtering HHG from the driving laser requires more attention. Firstly, a
high IR suppression of several orders of magnitude is desirable while ensuring a high XUV-
SXR transmission. To this end, thin metal foils are used since they act as a high-pass filter.
For high XUV-SXR transmission, however, the thickness of such foils typically has to be

69
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below 500 nm. Therefore, such foils are very sensitive to both mechanical disturbances
and high laser power. Especially the heat deposited on the foil can only dissipate through
the material (no cooling gas in vacuum), which limits the power threshold even more.
Moreover, some metals have lower heat conductivity than others (like Zr compared to Al,
see Table 5.1c)) and thus, they cannot be simply interchanged when working close to the
damage threshold.
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Figure 5.1: a) XUV transmission through a 200 nm thick sample. Data retrieved from Ref. [262]. b)
Reflectivity of solid mirrors for no roughness (solid) and 6 nm rms surface roughness at 4◦ grazing angle.
Data retrieved from Ref. [262]. c) Thermal conductivity κ of selected elements at 300K.

Secondly, these metal foils have very characteristic transmission curves, see Fig. 5.1a),
which might be used to select certain spectral regions. However, they also represent a
challenge in case there is no suitable material providing high transmission in the desired
energy range. Thus, a broadband high-pass filter that transmits a large portion of the
XUV-SXR is desirable.

Such high-pass filters exist for applications in the MIR to far-infrared region [263–265].
They are based on waveguide properties as discussed in Sec. 2.6. In detail, if the size of
the waveguide reaches the wavelength, the attenuation increases according to Eq. (2.52),
where the complex refractive index of the material is considered. Figure 5.2 shows an
example for a Gold waveguide. In panel a), the transmission of a laser with 2.1 µm central
wavelength through waveguides of different sizes is shown. A waveguide length of 10 µm
is assumed. Clearly, if the waveguide is smaller than half of the wavelength, significant
attenuation of the radiation is expected.
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Figure 5.2: a) Transmission through a metal waveguide of different diameters for a central wavelength
of 2.1µm (dashed line). The refractive index data vary but generally reproduces the cutoff at around half
of the wavelength. b) Transmission through a waveguide with radius 1µm. The refractive index data are
taken from Werner et al. [266], Babar et al. [267] and Ordal et al. [268].

On the other hand, the transmission through such a waveguide for very short wave-
lengths can still be high, as indicated in panel b) of Fig. 5.2. There, the transmission
through a waveguide with a radius of 1 µm is shown. While the transmission in the in-
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frared is significantly reduced, the XUV-SXR transmission, that is below 10 nm (see inset),
is still close to unity and therefore much higher than that of metal foils (see Fig. 5.1).

As a consequence of beam sizes of the order of millimeters, such small waveguides
have to be arranged in a regular pattern. On that ground, the XUV-SXR transmission is
reduced according to the open area of the structure. However, the diffractive effects ap-
pearing due to the grating like arrangement need to be considered. At first, the diffraction
of the IR increases its attenuation and also attenuates the IR beam if the waveguide size
is larger than the wavelength. This is the working principle of the commercially available
laser attenuators by Lasnix, as disclosed and investigated in Refs. [263, 264, 269]. The
approach allows to design the desired IR attenuation carefully; however, it will be less
than the values presented in Fig. 5.2a) for the case of waveguide sizes much smaller than
the wavelength.

Additionally, such large waveguide arrangements can still be used as XUV filters,
and the attenuation and diffraction effects on the XUV-SXR will be even less since the
difference of the wavelength and the waveguide size is large, more than three orders of
magnitude in this case. Similar approaches were proposed as diffractive XUV filters in
Ref. [270] 55 years ago, where a tunable slit provides transmission characteristics similar
to the waveguide presented in Fig. 5.2. XUV filters consisting of a microchannel plate have
been used for the separation of IR and XUV-SXR in Refs. [271,272]. Microchannel plates
share similar properties with the metallic waveguides discussed here, but they are made
from lead glass and have the holey structure fabricated at an angle to their front face [273].
In the experiment, I could not demonstrate that a microchannel plate withstands the high
average power of the laser, whereas the metal mesh filters did.

However, the occurrence of surface (plasmon) or Zenneck waves can lead to transmis-
sion through the mesh filter for wavelengths longer than the cut-off wavelength as propa-
gating surface waves couple incident light to the backside of the metal mesh [263,264,274].
The corresponding inhomogeneities in the transmission curve, similar to Wood’s anoma-
lies [274,275], must be considered.

Making use of such methods, the filter properties can not only be tuned, but the
diffractive parts can be used for diagnostics without the insertion of any beamsplitter
that introduces material dispersion and/or absorption of short wavelengths. This is the
main motivation for using free-standing metal grids for filtering IR and XUV-SXR as they
provide a reference beam. The importance of the reference is the typical time resolved ex-
periment, which requires interferometric scanning of the delay between the XUV-SXR and
another beam, usually derived from the driving laser via a Mach-Zehnder interferometer.

In addition to high-pass filters, spatial filter methods can be used, such as a pinhole
that separates different spectral components based on the different divergence angles of
the IR and the XUV/SXR. Such approaches have been employed since the beginning of
attosecond science [62] and can now be used to reduce the power load on the filtering
techniques described above.

5.2 General setup, interferometer and spectrometer

Summarizing the constraints described in the introduction, the beamline must provide
solutions for power handling and proper filtering but also provide high XUV-SXR trans-
mission. Starting with the latter, the consequence is that the number of optics in the short
wavelength part of the beamline must be reduced to the bare minimum, that is a single
focusing element, and its reflectivity must be enhanced. Since the reflectivity of typical
mirror coatings, see Fig. 5.1b), is only high for grazing incidence, the XUV-SXR beampath
can only be deflected by a few degrees. Consequently, toroidal or elliptical mirrors de-
signed for such grazing angles must be used for focusing the short wavelength beam. The
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drawback of such a setup is the low flexibility with the delay line: Attempts to split-off
and recombine the driving laser after the HHG, e.g., as in Ref. [276], are hindered by the
low deflection angle of the XUV. Therefore, the IR laser for the pump probe experiments
has to be separated before HHG which extends the arm length of the interferometer by a
significant amount.

In Fig. 5.3, the general setup of the XUV-SXR beamline is presented. In brief, the
beamline is split into several UHV chambers, each of which fulfills a different task. The
first one, the incoupling chamber, splits the driving laser beam (the OPA output of the
Horus laser, see Sec. 4.3.1) into a strong portion used for the HHG process and a weak
portion that is from now on referred to as “bypass” (arm). The latter contains a telescope
made from OAPs that contains a chopper near the focus for repetition rate reduction,
which is equivalent to an amplitude modulation for future lock-in detection measurements.
The chopper is mounted from the chamber wall and is therefore decoupled from the optical
breadboards as those are vibrationally isolated by UHV edge-welded bellows. The strong
portion is sent to the HHG chamber, generating HHs in a conversion cell made from
Markor, see Fig. 5.6a), which can be backed with different gases at controlled pressures.
All chambers are equipped with turbomolecular pumps. The small connectors between
the chambers allow to reduce the pressure towards the experiment to below 1×10−8mbar
while the HHG chamber is at 1 × 10−3mbar due to the high gas load of the target. The
gas pressure is below 1× 10−8mbar in the HHG chamber and downstream when idle.

HHG 
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Interferometer
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Spectrometer
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IR

Toroid

Chopper

to Aligna
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Experiment
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CW
Mirror
CW laser
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XUV/SXR
Metal filter
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stabilization
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Figure 5.3: Sketch of the XUV-SXR beamline. Each chamber is equipped with a turbomolecular pump
(not shown).

After HHG, the driving laser and the generated XUV and SXR radiation propagate
towards the interferometer chamber, which is used for recombination of the bypass laser
with the XUV-SXR. A variable temporal delay can be introduced via a piezo retroreflector
in the bypass arm. Bypass beam and XUV-SXR are recombined, and the optical path is
controlled in the stabilization unit, which additionally serves as filter unit for suppression
of the driving IR laser, see below. Both the bypass laser beam and the attosecond pulses
are sent via a toroidal mirror to the experimental chamber for ultrafast light-matter inter-
action studies and further downstream to an XUV-SXR spectrometer for characterization.
Details on the spectrometer are presented below and in AppendixD.

The stabilization and filter unit is the core element for any subsequent time-resolved
measurement. A detailed sketch can be found in Fig. 5.4. The incoming laser co-propagates
with the generated XUV-SXR. The different divergence of both beams [5] is exploited
in a first perforated mirror that spatially filters a significant portion of the driving IR
laser. After the residual IR and the less divergent XUV/SXR are transmitted through
the aperture, a metallic grating acts as filter element similar to that presented in the
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introduction. The metal mesh is square shaped with a period of 51 µm as determined
by the diffraction pattern of a CW laser. Its open area of 57% corresponds to an XUV
transmission that is comparable to a 200 nm Zr filter. Subsequent thin metal foils allow for
additional contrast enhancement and spectral selection of the desired part of transmitted
XUV/SXR light. By means of a second perforated mirror, it is collinearly recombined with
the bypass arm laser beam. Note that a metal filter foil alone could not withstand the
laser power, making the mesh filter a necessary component. A CW laser can be collinearly
coupled into the beamline and serve as a reference.
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Figure 5.4: PM 1,2: perforated mirror 1,2;
G: grating; M1,2: mirrors; BS: beamsplitter;
the numbers −3, . . . ,+3 enumerate diffraction
orders.

Overlapping one diffraction order of the grating with the leakage of the bypass arm
beam through the perforated mirror forms a reference interferometer that allows for control
of the optical path length difference between both arms of the interferometer. Since the
interferometric distance between the XUV/SXR and the reference interferometer is small
(few cm) compared to the size of the total interferometer (several meters of arm length),
the reference is measuring the stability of the main interferometer in good approximation.
A detailed presentation of the principle and achievable performance as well as a discussion
of bottlenecks and capabilities is presented below in Section 5.4.

The characterization of the generated HHs requires a spectrometer capable of resolving
the full bandwidth while being compatible with the UHV environment. Basic development
of such a device has been performed by Kilian Unterguggenberger in his BSc thesis [277],
Shubhadeep Biswas and Sambit Mitra. Their first prototype was capable of measuring
HH spectra in a limited range, since the detector was fixed and could therefore not resolve
the complete signal range. Thus, a technical development that allows to scan the detector
under UHV conditions is required. With the help of the MPQ technician Andreas Küchler,
I developed such a UHV compatible spectrometer with a variable detector based on the
previous design. A 3D view of the device can be found in Fig. 5.5, and a more detailed
sketch with a description of the individual components is presented in AppendixD. There,
more information on the resolution, wavelength calibration and software is presented. The
spectrometer is used for characterization of the generated HHs as presented in the next
section.

Figure 5.5: 3D view of the XUV spectrom-
eter. The setup is entirely UHV compatible.
The core element is the movable detector that
travels across the entire image plane while be-
ing under UHV conditions.
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5.3 High-harmonic generation

For the generation of HH with more than 35W of average power, gas conversion cells
made from Markor are used, see Fig. 5.6a). The cell is backed with 10 to 100mbar of
Argon for initial tests. The corresponding XUV beamprofile at the exit of the beamline is
shown in Fig. 5.6b). It is taken with the spectrometer camera after the grating is replaced
by a plane gold-coated mirror. The round aperture is caused by the perforated mirrors,
whereas the fine linear sub-structures in the beam are caused by the metal mesh filter.
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Figure 5.6: a) HHG conversion cell filled
with Argon driven by the SWIR laser. b)
XUV beamprofile measured with the spec-
trometer camera.

The spectral data of the HH generated are shown in Fig. 5.7. For calibration, charac-
teristic features of Zr, Pd and Mo filters are used to determine wavelength reference points
to which the grating equation can be fitted [277], see AppendixD. The observed cut-off
is in the region where the transmission through the Zr filter and over the gold coated
toroidal mirror drops significantly but reaches 200 eV in Argon. The incident intensity
on the HHG target is reduced with a 56% transmission filter (Lasnix Mod. 102-C option
2.5-3.6-4.3-5-10 dB) for best conversion efficiency. Scaling for even higher cut-off energies
with higher ionization potential gases, such as Neon or Helium, is therefore possible since
the intensity can be increased without decreasing the focal volume.

75 100 125 150 175 200

energy [eV]

0

50

100

150

200

250

co
u

n
ts

HHG in Ar, eV

0.00

0.02

0.04

0.06

0.08

0.10

0.12

fi
lt

er
tr

a
n

sm
is

si
o
n

Zr + Mo

incl. mirror

Figure 5.7: XUV spectrum of HH af-
ter passing through a 500 nm Zr and
150 nm Mo filter. The filter curves do
not include the grating efficiency.

To determine the focal size, a knife edge is scanned through the focus at the experi-
mental site. Assuming a Gaussian beamprofile of the XUV in the focus defined by Eq. 2.9,
and an infinitely sharp edge, the resulting signal can be modeled as

S(x0) =

∫ ∞
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A least-squares fit to the experimental data, see Fig. 5.8 taken at different positions along
the propagation direction yields a beam waist of w0 = 42 µm.
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Figure 5.8: Knife edge measurement and fit
yielding an XUV beam waist of 42 µm.

5.4 Characterization of the interferometric stability

For precision experiments aiming to resolve shortest timescales, the interferometric stabil-
ity is the key parameter for their success. There are three main aspects characterizing the
novel stabilization approach: First, the passive stability in a free-running scenario without
active stabilization of the optical path length for both the reference and the SWIR beam
path; second, the stability of the actively stabilized interferometer, both in an in-loop and
out-of-loop measurement; and third, the correlation between the in and out-of-loop mea-
surement. All of them are investigated and quantized in this section after an introduction
of the detection scheme in general.

5.4.1 Optical setup of the detection scheme

To characterize the interferometric stability of the main interferometer, the SWIR laser
beam after the toroidal mirror is detected in an out-of-loop measurement. The interfer-
ence pattern is shown in Fig. 5.9a). For its detection, the recombination mirror (PM2
in Fig. 5.4) is slightly tilted to generate a stripe-like pattern instead of a perfectly con-
centered one. Since the detected wavelength lies far outside the silicon detection range,
a microbolometer camera (Swiss Terahertz Rigi) has to be used. Its automatic shutter
moves every 300 s such that data for around one second has to be removed for every shutter
event from the long-term scans.
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Figure 5.9: a) Interference pattern of the SWIR laser beam measured after the toroidal mirror. b)
Interference pattern of the CW laser. The marked spot shows the position of the SWIR laser beam coming
from the bypass arm. c) Interference pattern as in b) after the measurement. The position of the SWIR
beam has drifted. The delay value is not the same and thus the interference pattern is not expected to be
similar in b) and c).

The in-loop camera is used for the generation of the feedback signal to the actuator and
placed as indicated in Fig. 5.4. For generation of the interference pattern, a stabilized CW
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laser diode with long coherence length (LD-PD INC PL-LN-1064-B-A81-PA) with 1MHz
linewidth at 1064 nm wavelength is coupled into the interferometer and co-propagates to
the pulsed SWIR beam. The fringe pattern (Fig. 5.9b)) is detected on a silicon camera
(IDS Imaging UI122xLE). The beamsplitter (BS in Fig. 5.4) is again slightly tilted to
generate several interference fringes.

Both cameras allow to select a region of interest, which is set to 256 × 256 pixels to
profit from the performance of a fast Fourier transform (FFT) algorithm (FFTW [278]).
The latter comes into play for the real-time analysis of the data. Each image retrieved
from the camera is Fourier-transformed for the extraction of the delay, as described in
Sec. 2.7. Extraction of the phase at the spatial frequency corresponding to the fringe
pattern yields the relative optical path of the beam in radians of the central wavelength.
It is beneficial to have more than two full periods of the interference fringes such that
their spatial frequency is well-defined and not a broad range. In fact, if there is less than
one period of the fringes, the spatial frequency of interest in Fourier space might change
with delay making this method inapplicable. Nevertheless, this approach is more robust
than the detection of the intensity of the interference pattern at a single point in space
with a photodiode, since it can detect the phase in a [0; 2π] interval and is insensitive to
amplitude changes since they don’t influence the phase value.

On the other hand, similar to a photodiode, the beam position on the sensor does
influence the detected phase, such that pointing instabilities couple to detected phase
value and therefore to the optical path length. This property is particularly important for
long-term stability measurements, since in the experiment, the relative position between
the CW and the SWIR laser is suspect to drifts, as apparent when comparing the beam
position (Fig. 5.9) before and after the measurements presented below in Fig. 5.11. The
SWIR beam exhibits a drift of a few hundred microns over a period of several hours. Such
a drift can be perpendicular to the plane the interferometer arms define, such that it does
not affect the optical path length in the same amount. However, if it is an angular drift
or within the plane of the interferometer, a change of the optical path length is expected.

The origin of the drift is most likely a thermal one since the amount of movement is
close to the expected value for a thermal wedge in the incoupling setup before the vacuum
chambers, but after the beamstabilization detectors. There, the beam with diameter
15mm propagates for around 20 cm in a closed box of 10 cm in height. Assuming that the
box heats up to 25 ◦C on the top side, whereas the bottom side is at 22 ◦C, a deflection
of the beam of 4.5 × 10−5 rad towards the downside direction can be estimated. Here,
the temperature dependence of the refractive index of humid air from Ref. [279] entered
and a temperature difference from the lower side of the beam to the upper one of 0.6K is
assumed. After a propagation of 4m, which is roughly the distance to the camera, a beam
position change of 184 µm is expected. The refractive index for warm air is lower than for
cold one [279], therefore, a deflection to the upwards direction is expected. However, the
telescope in the bypass arm flips this to a downwards direction. Note that even though an
angular change by the air wedge is expected, it basically appears as positional translation
due to the small angle and the large distance. Another possible reason is a drift of the
OPA alignment, which can change the beamprofile of the SWIR output and therefore its
center of mass. The beam stabilization system, on the other hand, regulates on the center
of mass and thus the beam position can shift if the beamprofile changes its shape.

5.4.2 Feedback signal generation

For the generation of a feedback signal, a software PID control is implemented. It compares
the retrieved phase value ϕ with a setpoint ϕset and calculates the feedback f to the piezo
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controller via the well-known relation

f = kp ·mp + ki ·mi + kd ·mp, (5.3)

where p, i and d denote the proportional, integral and derivative contribution, respectively.
The k parameters describe the behavior of the regulation loop and need to be adapted
once. The m values, on the other hand, are calculated for each newly retrieved phase value
ϕl for the l-th regulation cycle according to the following expressions, where ∆ϕl = ϕset−ϕl

denotes the current regulation error:

mp = ∆ϕl, (5.4)

mi =
l∑

j=l−N

∆ϕj · dtj , (5.5)

md = (∆ϕl −∆ϕl−1) /dtl, (5.6)

where N is the number of previous phase values to take into account in the integral part,
dtl = tl − tl−1 is the time interval. To prevent phase jumps larger than 2π, the maximum
value of |f | is restricted such that the piezo driver does not perform a sudden movement
that cannot be tracked.

Potential limitations on the maximum regulation frequency arise from several aspects:
Firstly, the mechanical eigenfrequency of the piezo-driven retroreflector, which depends on
the mass of the assembly; secondly, the capacitance of the piezo actor and the maximum
current of the power supply; thirdly, the speed of the interface to the power supply;
fourthly, the frame rate of the camera; and finally, the speed of the software routine.

The latter is benchmarked with pre-defined image data and a feedback to the device
by a simple function call, not waiting for any response from the device. A cycle time of
≈ 150 µs is easily possible using an image size of 256× 256 pixels, corresponding to more
than 6 kHz regulation frequency. This time interval basically covers the time needed for
the FFT, phase extraction and calculation of the error signal according to Eq. (5.3). Thus,
the software part is comparatively fast.

The frame rate of the camera depends on various settings, such as the exposure time
or the region of interest. This limits the regulation speed to more than 10ms, since the
camera could not be operated faster at sufficient signal level.

The serial interface to the piezo controller, supporting only up to 19200Baud (and a
minimum command length of 13 characters), does not allow any communication faster
than ≈ 0.8ms. The internal processing in the device (Piezosystem EDA 4) could not even
process the commands at that speed, such that an additional delay had to be added to
the regulation loop.

The mechanical properties of the piezo mirror (128 g for the mirror mount, 2 mirrors
with 19 g each [280]) influence the unloaded resonance frequency of the piezo (295Hz [281])
such that it is reduced finally. In addition, the capacitance of the piezo (13.6 µF [281])
limits the maximum frequency since the current the power supply can provide is limited
to 40mA. As an example, for a voltage step of 5V, the frequency is limited to roughly
150Hz.

The frame rate of the camera, the piezo driver, and the communication in combination,
limit the maximum cycle time to a bit less than d̄t ≈ 19ms, corresponding to a regulation
frequency freg = 1/d̄t ≈ 53Hz. Since the mechanical limitations of the piezo are less
than one order of magnitude larger, this regulation frequency is close to the maximum
possible. Enhancing the regulation speed is possible regarding the camera speed, but
more complicated measures are required for the mechanical properties of the piezo and
its control. To speed up the piezo response, both its capacitance and the weight of the
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attached mirror setup have to be reduced. A reduction in capacitance transfers to a lower
travel range (currently 400 µm), where 200 µm with an actor of the series would have 2.5 µF
and a resonance frequency of 625Hz [281], thus a factor of two to five improvement. In
addition, a more powerful power supply would improve the dynamic capabilities by the
maximum current it can provide. However, with the setup presented here, a voltage step
of 2mV (from 150V) in total could be clearly detected, thus the noise level of the power
supply is crucial. High-current power supplies are noisier in general; therefore, the choice is
a trade-off between speed and precision. The noise level of the device used is 0.3mV [282],
which corresponds to 1.6 nm precision and is therefore not yet a limitation.

5.4.3 Benchmarking of the stabilization performance

The stability of the interferometer is founded on passive stability by the design of the
setup and on active stabilization via fast detection and feedback to the delay line. The
design of the setup with isolated optical breadboards in all chambers reduces vibrations
from pumps or the optical copper since they are mounted to the vacuum chamber itself.
The chambers are decoupled and stand on separate metal frames on the floor without any
mechanical contact to the optical setup except via the edge welded bellows required for
keeping the vacuum.

In the following, I focus on the active stabilization and compare it to the free-running
case without stabilization. In all measurements, the CW laser (used as in-loop feedback
if needed) and an out-of-loop reference measurement with the pulsed SWIR laser are
detected. The SWIR laser is sent into the beamline at full power (≈ 40W). In Fig. 5.10a),
the open-loop measurement (i.e., without feedback from the CW measurement applied to
the delay line) is presented, revealing two main characteristics: Firstly, both the in- and
out-of-loop evolution of the interferometer shows a correlated drift of the absolute position
xabs of the order of a few microns. Although this drift might seem small, it corresponds
to a drift of the delay line of nearly 7 fs, which is the duration of an optical cycle of the
SWIR laser. Secondly, the in- and out-of-loop measurements drift with respect to each
other, as shown in Fig. 5.10b). The relative drift ∆x is strongest at the beginning of
the measurement, where possible thermalization processes take place. After this initial
warm-up phase, the drift between in- and out-of-loop measurement is smaller, as confirmed
below.

When stabilizing the interferometer, see Fig. 5.10c), the in-loop stability is 5.53 nm and
the out-of-loop stability amounts to 11.75 nm on a one-minute time scale. Without the
feedback loop, the stability is worse even on such short time scales, see Fig. 5.10d), which
yields standard deviations of 21.63 and 28.19 nm for the in- and out-of-loop measurement,
respectively. The stabilized precision in timing jitter is thus 18.4 as in-loop and 39.2 as
out-of-loop.

To demonstrate the capabilities of the stabilization scheme in long-term stabilization,
the interference fringes are detected and stabilized over a time of 4 h after the initial warm-
up phase, see Fig. 5.11. The achieved in-loop stability is 5.58 nm, which is similar to the
short-term stability and confirms that the stabilization scheme does not suffer from any
restrictions on the measurement time. The out-of-loop measurement exhibits a standard
deviation of 85.01 nm, slightly larger than shown above for a short interval of time. The
reason for this difference is the continuing drift between in- and out-of-loop measurement,
which was identified above and is caused by a positional movement of the SWIR laser,
see Fig. 5.9. The regulation speed of the in-loop stabilization is 18.6ms per cycle, whereas
the out-of-loop measurement cycle takes 20.0ms. The latter is slower due to camera
limitations, even though no communication to a piezo hindered the speed.

Until now, all data relies on the assumption that the in- and out-of-loop measurements
both detect the very same drift of the optical path length. To confirm that both measure-
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Figure 5.10: a) Free-running interferometer evolution. b) The in- and out-of-loop measurement drift
relative to each other by up to 1µm. c) Short-term closed-loop stability in an in- (CW) and out-of-loop
(SWIR) measurement. The in-loop stability is 5.53 nm in contrast to 11.75 nm out-of-loop. d) Free-running
scenario, the standard deviations are 21.63 nm and 28.19 nm for the CW and SWIR signal, respectively.

0 1 2 3 4

time [h]

−400

−200

0

x
a
b
s

[n
m

]

CW

SWIR

0 10000 20000 30000 40000 50000

counts

σ = 5.58 nm

σ = 85.01 nm

Figure 5.11: Long-term measurement of the interferometric stability. The in-loop standard deviation is
5.58 nm, corresponding to 19 as, whereas the out-of-loop measurement yields 85.01 nm. Here, a slow drift
is present.



80 Chapter 5. Characterization of an attosecond beamline

ments are indeed detecting the same quantity, the set point of the in-loop stabilization
is scanned, and the correlation between both detection sites is investigated, yielding a
measure for the dynamic response of the stabilization. As shown in Fig. 5.12a), both the
in- and out-of-loop measurements follow the set point decently. Even larger steps in the
set point are adequately reproduced, yielding an overall correlation of 0.999. In all cases,
the deviation between the in-loop and out-of-loop measurement is smaller than 100 nm,
see Fig. 5.12b). The residual differences are founded in the detection of the SWIR laser as
the number of detected fringes is low, and therefore the FFT detection scheme operates at
the edge of its possibilities. Additionally, the coherence length of the SWIR source is only
of the order of 5− 10 µm and therefore the fringe contrast varies with delay. Fortunately,
both restrictions do not apply to the CW measurement. Thus, having a better out-of-loop
detection could yield higher short-term and dynamic stability. Nonetheless, the long-term
drift would still be present.
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Figure 5.12: a) Scanning the set-point of
the optical path length demonstrates dynamic
performance of the stabilization. b) The de-
tected difference between the in- and out-
of-loop measurement is always smaller than
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5.5 Discussion and conclusion

Since the advent of attosecond science, the interferometric stability of interferometric
attosecond experiments has been the key for highest precision [5–7, 283]. Attosecond
beamlines, where such experiments are conducted, typically follow one of two major in-
terferometer schemes: The first kind is a collinear interferometer, using either a seg-
mented mirror following the HHG, where different coatings reflect the XUV or the driving
laser [190, 284–290], or using time plates [291]. The other common method is a Mach-
Zehnder-interferometer, where a part of the driving laser is split of before or after the
HHG and then recombined [258, 276, 292–311]. While the first method profits from com-
pactness and the stability related to the small setup, it suffers from a severe drawback:
the reflection of XUV or even SXR radiation under a small angle of incidence (i.e., a large
grazing angle). There, the reflectivity drops drastically for high energy photons. Even
specialized dielectric coatings can only reach the water window energies under grazing
incidence [260], which complicates the interferometric setup.

Figure 5.13 compares related attosecond beamlines regarding their interferometric sta-
bility as well as average power to the achieved values of 18.4 as in-loop and 39.2 as out-of-
loop and the average power of 40W. The achieved stability in the out-of-loop measurement
is among the best values reported. Most references, however, only specify the in-loop sta-
bility of their interferometers, where the stabilization scheme can definitely compete, even
though there are systems with better stability - but at much lower average power. In
particular, Refs. [309,310] achieve very good values. Ref. [309] employs a comparable de-
tection scheme with a camera, but their filter consists of a metal-foil mounted on a fused
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silica substrate. The in-loop data there yields 13 as precision, whereas the fast out-of-loop
data results in 50 as up to a kilohertz scale [309]. Ref. [310] achieves a resolution of 13 as
as well; however, the rms value is taken over a moving window of 1000 points (1.4min),
such that the long-term drifts of up to 10 fs were not accounted for. Interestingly, Wanie
et al. [310] observe a correlation between the slow drift of the interferometer and the
ambient temperature. In particular, they found that a temperature drift within 0.6 ◦C
is directly related to the total drift of 10 fs of the interferometer. This finding can also
be transferred to the observations made above, where a comparable amount of long-term
drift was discovered.
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Figure 5.13: Overview of the performance of state-of-the-art beamline stabilization schemes. All except
the yellow dots are in-loop measurements.

There are only few beamlines operated with more than 20W of average power, along
with the work presented here, there is a 100 kHz, 80W system at ELI ALPS (Ref. [305])
and one by a group from Heidelberg using a 49 kHz, 1mJ system [307]. Both works use a
holey mirror in combination with a metallic foil as IR filter technique. The combination of
high average power and high stability represents a major challenge since the high average
power obstructs the compactness of the setup and, therefore, the passive stability. In
addition, the design for high cut-off energies prevents the use of retro-reflecting segmented
mirrors for the time-delay scan. Thus, increasingly large setups are required. With a total
arm length of around 2.4m, the presented interferometer is kept as compact as possible
while preventing damage to optics subsequent to HHG. Increasing the size could reduce the
power load at the metal filters, a major problem in the experiment, since the divergence
of driving laser and XUV-SXR is different [5]. At a larger distance, the power content
of the IR within the beam size of the XUV-SXR drops. This scaling law is a potential
explanation for why the metallic filter technique is sufficient for other groups [305,307].

The stabilization scheme implemented in the presented apparatus captivates with the
entirely collinear CW laser for stabilization, which measures the exact optical beam path
of the IR laser. The concept of using an infrared high-pass filter that acts as filter for the
short-wavelengths generated and provides the reference for the interferometric stabilization
has, to the best of my knowledge, not yet been reported in the literature. Such filter
elements have a very high damage threshold, up to 200W in CW or a fluence of 20 J/cm2

[313]. In addition, following discussions with F. Keilmann, several metal meshes can be
stacked with aligned patterns, such that the diffractive effects attenuating the IR increase,
whereas the XUV transmission, which is proportional to the open area, stays the same.
This scaling is to some extent equivalent to extending the length of the waveguide, which
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increases its attenuation. However, diffractive effects can be enhanced for a multi-grating
stack. Thus, the contrast of the filter technique can be controlled and enhanced. Even if
the IR transmission is reduced so much that not even the diffraction orders have enough
energy for forming the reference interferometer, the back-reflection of the very first element
can still be used.

A limiting factor for SXR attosecond beamlines is the reflectivity of the toroidal mirror
and the accompanying spectral selection. Since its only purpose is focusing the XUV-SXR,
it can be replaced by novel approaches, such as XUVmetalenses [314]. Such devices exploit
vacuum guiding, i.e., waveguide effects of small structures. However, since the refractive
index of the material is smaller than unity for short wavelengths, such devices effectively
act as a high-index waveguide in a low-index substrate. A combination of the focusing
properties of such a Fresnel-like lens with the filter properties of the metal mesh filters
discussed here would thus not only solve the filtering problem but also eliminate the need
for a toroidal mirror.

In addition, the XUV-SXR divergence can be manipulated with multi grating stacks.
As an example, a collimator setup can be found that limits diffractive effects of the XUV
and creates a strong angle dependence, such that only rays parallel to the optical axis
transmit [315].

The generation of isolated attosecond pulses, that is, a single HH emission event per
laser pulse, is crucial for time-resolved spectroscopy. In the last decades various methods,
referred to as gating techniques, have been introduced [5]. The most prominent ones are
amplitude gating [63], polarization gating [316, 317] and its variants [286, 318, 319], or
ionization gating [320].

For amplitude gating, the different field strengths of neighboring half-cycles in a (near)
single-cycle pulse imprint on the energy of the emitted photon, and therefore, highest
energies are only emitted for the strongest half-cycle [63]. The cutoff is thus isolated in
time, provided that the pulses are short enough for a broad cutoff. The required short
pulse duration can only be provided by the frequency broadened Horus, as presented
in Chapter 4. Thus, a combination of both of the single-cycle pulses and the presented
beamline promises to become a unique XUV-SXR table-top source with isolated attosecond
pulses.

Polarization gating, on the other hand, is a temporal gating technique that makes use
of the strong reduction of the recombination probability of an electron with increasing
ellipticity of the laser field [316, 321, 322]. Thus, temporally-shaped laser fields that have
a time-dependent ellipticity can confine the recombination process, thus HH emission, to
a sub-cycle time interval. Consequently, an isolated attosecond pulse can be emitted. In
particular, for harmonic emission, the ellipticity ϵ has to be below ϵ = 0.2 for Ti:Sa laser
systems [286], but even below 0.1 for long wavelength drivers due to the longer excursion
time of the electron [323]. The generation of such polarization states typically consists
of a time plate and a quarter-wave plate [316, 317], which result in a time-dependent
ellipticity [324]. Its implementation seems straightforward, but since the leading and the
trailing edge of the pulse are not contributing to the HHG, the available pulse energy for
conversion is less than for amplitude gating where the same pulse energy is confined in a
shorter pulse.



Chapter 6

Conclusion and perspective

In summary, I have demonstrated cutting-edge techniques pushing the three main aspects
of modern attosecond metrology: the control and manipulation of both light-fields and
charge-carriers, and the stability of delay lines in time-resolved experiments. Petahertz
electronics-based techniques in the gas hereby serve as carrier-envelope phase diagnostics.
Solitons in hollow-core fibers have shown their outstanding properties in ultrashort pulse
compression and demonstrated sub-cycle electron control. The stabilization approach
integrated into the attosecond beamline offers new possibilities for high-power driven table-
top extreme ultraviolet and soft X-ray sources. These three key elements form a basis for
future high-precision time-resolved spectroscopy.

In detail, I demonstrated that laser-induced currents in the gas phase enable single-
shot tagging of the CEP with long-term stability and good precision. The performance of
the petahertz electronics device is found to be best in a confined intensity region around
the point of saturation of ionization. The saturation initially boosts the net momentum
imprinted on the free charges, but this effect is counteracted by the spatial intensity profile
resulting in a confined intensity region of a net boost in signal. The presented method is a
direct competitor to the spectral interference phasemeter and to the stereo-ATI phasemeter
and can replace the latter regarding the required pulse energy and achievable precision.
Compared to other developments in petahertz electronics, the presented scheme requires
more pulse energy due to the lack of local field enhancement but comes with a vast
wavelength independence of the detector setup.

The spectral broadening of the Horus based on a higher-order soliton in a hollow
waveguide generated single-cycle pulses at a high repetition rate with more than 2mJ
pulse energy. Its peak power of 0.26TW makes it the most intense light source of its class,
accompanied by an outstanding CEP and power stability. Therefore, the light source
is an excellent driver for strong field experiments like HHG. As first application of the
waveform stability, the CEP-dependent spectral response of Tiptoe was investigated.
The characteristic amplitude modulations in the spectrum at the second harmonic of
the fundamental frequency could be resolved owing to the large spectral bandwidth. In
particular, the data revealed that the waveform change with CEP alters the ionization
dynamics by confining the ionization event to either one predominant half-cycle or to
several of them. Thus, the detectable spectral bandwidth varied and an in-situ absolute
CEP calibration was possible, up to the pre-sign of the waveform.

The characterization of the attosecond beamline, especially regarding the stability
of the delay line, showed that a highly stable and yet high average power and high pulse
energy driven setup is feasible. Decent stability values could be achieved grace to the filter
mesh that provides both IR attenuation and separation from the XUV. By exploiting the
wavelength dependence of the propagation through the metal mesh, a reference can be
split off without diffracting the XUV transmission. The achieved stability is competitive
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with others, especially for systems with comparable average power. The detection of the
phase of the interference pattern of the stabilization emerged as robust and versatile,
whereas the mechanical properties limited the dynamic capabilities of the stabilization
loop. The generated HHs were characterized with an in-house developed spectrometer
and the harmonic comb was observed, confirming that the resolution and bandwidth of
the device are high enough (below 0.25 eV) and that the presented imaging conditions of
the grating are fulfilled. The cut-off energies in Argon exceed 200 eV (6.2 nm), confirming
that the approach using a SWIR driving laser is fruitful.

Future combination of the presented CEP detection scheme, the soliton propagation-
based spectral broadening scheme and the high-power XUV-SXR beamline promises to be
an excellent experimental apparatus for attosecond science. It offers accurate control over
the waveform, provides high peak intensity, is well characterized, and thus forms an ideal
basis for possible experiments ranging from transient absorption spectroscopy [325, 326],
ultrafast magnetism [327], time-resolved photoelectron spectroscopy [5], nanoplasmon-
ics [17], attosecond transient reflection spectroscopy [328], and many others [329]. The
generation of attosecond pulses with solitons was demonstrated recently using a combi-
nation of fiber and gas target HHG [330] as well as the same approach in addition to a
fully fiber-based one [331]. With the parameters of the laser source presented here, such
combination seems thus promising in pushing the flux of the generated high-energy radi-
ation. The single-cycle pulses provided by the self-compressing broadening scheme enable
the manipulation of charge carrier dynamics on sub-cycle timescales, as demonstrated by
the observed CEP effects. Other experiments, such as HHG, can profit from this precision
as well, e.g., for amplitude gating [63]. The novel stabilization scheme for the attosecond
beamline impresses with its excellent power-handling capabilities and long-term precision.
It promises further scalability, e.g., to higher repetition rates and thus a higher thermal
load.

An extension of the spectral coverage of the entire system towards the UV is possible
when launching resonant dispersive waves in fibers [41, 42, 51]. The large driving pulse
energy would allow the generation of a powerful UV source and to close the spectral gap
between the supercontinuum generated from 750 nm to 3 µm and the harmonics in the
XUV. Potential scalability of the cut-off energies to the water window and beyond is pos-
sible with different gas types, such as Neon or Helium [1, 65]. Other groups have shown
that, for the driving wavelength used here, cut-off energies as high as 700 eV (1.8 nm)
are possible [1, 332]. Thus, the presented methods would constitute a tunable supercon-
tinuum source spanning a frequency range starting from 0.1PHz (3 µm) towards more
than 160PHz (1.9 nm), therefore, a spectral coverage exceeding 3 orders of magnitude at
petahertz frequencies.

The self-compressing broadening scheme allows for the temporal compression of ar-
bitrarily polarized laser pulses, such as vortex beams. The high peak power approaches
the relativistic limit at a high repetition rate and promises to become a successful can-
didate in the generation of tesla-scale magnetic fields via laser-induced ring currents in
plasmas [27,333]

The simplicity and wavelength independence of the presented phasemeter make it
an ideal CEP tagging tool for future coincidence measurements, as desired in (atto-)
Coltrims measurements [146,293,334,335]. It is especially useful for facilities operating
at various central wavelengths or with tunable systems, guaranteeing single-shot CEP over
a wide range.



Appendix A

Mathematical helpers

A.1 Relation between pulse energy and peak power

Different pulse shapes in time alter the conversion from pulse energy to peak power, and
therefore the conversion to intensity, knowing the focal profile. Here, the two most common
cases are considered, Gaussian and sech2 temporal beam profiles.

sech2 pulse in time First, if the laser pulse is described by a sech2 power profile,
expressed via the FWHM pulse duration, the profile reads

P (t) = P0sech
2

(
2 ln(

√
2 + 1)

t

τfwhm

)
. (A.1)

If t = τfwhm/2, sech
2(ln(

√
2 + 1)) ≈ sech2(0.88) ≈ 0.5. The pulse energy then reads
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Consequently, P0 ≈ 0.88 E
τfwhm

.

Gaussian pulse in time Analogously to above, for a Gaussian pulse in time

P (t) = P0 exp

[
−4 ln(2)

t2
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]
, (A.5)

which transfers to a pulse energy of

E = P0
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√
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, (A.6)

and therefore, P0 ≈ 0.94 E
τfwhm

.

A.2 Ponderomotive potential

Given an electric field E(t) = E0 cos (ωt), the average kinetic energy of a free electron, the
ponderomotive potential, is

UP =
1

2
me⟨v2⟩. (A.7)
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With the velocity

v = − e

me
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is determined. This expression is the ponderomotive potential.

A.3 Definition of the Tiptoe response function

According to Eq. (2.46), the charge modulation is

∆Q ≈
∫

∂w(E)

∂E

∣∣∣∣
EPump(t)

· ESignal(t+ τ) dt =

∫
f(t)g(t+ τ) dt. (A.15)

Its Fourier transform reads

FT (∆Q) =

∫
R
dτ

∫
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dtf(t)g(t+ τ) exp (−iωτ) (A.16)
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(
−iωt′

)
(A.18)

= FT ∗ [f(t)] · FT [g(t)] , (A.19)

which is Eq. (2.47).

Comment on the sign of the response phase

Concluding from Fig. 2.13b) and Eq. (2.47), it might appear that the phase of H(f) ·
ESignal(f) is exactly twice the CEP and rather than zero when both pump and signal
beam are CEP modulated in the same way. At first, this may seem contradictory; however,
the CEP as introduced in Eq. (2.6) transfers to Fourier space with an additional minus
sign, ultimately yielding a cancellation of the response phase. This cancellation can be
shown by explicit calculation. Assuming a field analogously to Eq. (2.6) defined by E(t) =
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cos(ω0t− φCEP), the Fourier transform reads
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The first term accounts for the positive frequency components, and therefore, the CEP
enters as exp(−iφCEP). The phase of the response function ϕ = ∠H(f) is defined as
by exp(+iϕ), therefore, the CEP appears in the Fourier transform with a different sign
than that of the spectral response function. Consequently, cancellation occurs, which is
in agreement with the experiment in Chapter 4.

Response of the holey mirror interferometer

For the Tiptoe measurements, an interferometer with a perforated mirror for splitting
the beam is used. Since the holey mirror is placed in the collimated beam, it selects the
central part only, and therefore the selected spectral components differ from the ones of
the entire beam (see, for example, the beam profiles with color filters in Fig. 4.11). Under
the assumption that the fiber is equivalent to a source of radius aeff, which is related
to the effective mode area Aeff ≈ 3a2

2 for the ground mode [51], with fiber radius a,

via aeff = a
√

3
2π , the collimated beam forms an Airy pattern that favors a wavelength

dependence. For each spectral component with wavelength λ, the intensity distribution is
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where L is the distance of the collimation mirror to the fiber exit, 1m in this case, and
aeff = 242 µm, J1 is the first Bessel function. The energy transmitted through the hole
(radius R̃), Ein, is
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For the total energy Etot, the second integral is extended to ∞. Comparison of both values
yields a ratio of transmitted energy to total energy for each wavelength of
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Since the electric field scales with the square root of the energy, a field response function

|Hmirror| =
√

Ein
Etot

, (A.26)

can be defined, which is shown for a hole diameter of 1mm and the experimental param-
eters in Fig.A.1.
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Figure A.1: Relative spectral selection by
the holey mirror.

With this definition, the experimentally determined overall spectral amplitude response
|Hexp| can now be decomposed as |Hexp| = |Hmirror| · |HTiptoe|. Alternatively, the experi-
mentally determined Tiptoe response function given by |Hexp

Tiptoe| = |Hexp|/|Hmirror| can
be compared to the theoretically expected value, see Fig. 4.16.

A.4 Losses in curved waveguides

Following Ref. [132], the losses of the EHnm mode in a curved waveguide are (Eq. (2.55)
and notation from Sec. 2.6)

αnm(R) = αnm(∞) +
a3

λ2R2
ℜVnm(ν) (A.27)

with the loss term of a straight waveguide αnm(∞) and
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with δn(±1) = 1 for n = ±1 and 0 else. As an example, for a FS waveguide with refractive
index ν = 1.4366 [79], an EH11 mode and u11 = 2.4048,

V11 = 13.52 [1.42 + 0.26 cos(2θ0)] . (A.29)

Now, if the laser is polarized in the plane of curvature, i.e. θ0 = 0, the attenuation is
larger than for perpendicular polarization θ0 = ±π

2 [132]. The attenuation constants then
are

αnm(R) = αnm(∞) + 22.08 · a3

λ2R2
and (A.30)

αnm(R) = αnm(∞) + 15.68
a3

λ2R2
. (A.31)



Appendix B

Circuit diagram for the
carrier-envelope-phase detector

The essential part of the detection electronics for the phasemeter is outlined in Fig. B.1. It
consists of a timing circuitry that produces the integration and reset windows required for
the gated integrator. The circuits producing the time windows were provided by Harald
Haas; one of them (the integration one) is shown in Fig. B.1. It takes a trigger input (flag
TRG IN) on the Schmitt-triggered input pin 2. The delay and pulse width value of the
generated pulse are set via a digital potentiometer (MCP42100), which is controlled by a
serial-peripheral-interface from a microcontroller. The time constants of C2 and R2 as well
as of C3 and R3 define delay and pulse width, respectively.

The signal coming from the TIA is fed into the IVC102 gated integrator (Signal In

flag). The RSTpulse and INTpulse flags indicate the inputs from the timing circuits. The
output (Out SIG1) is then digitized and captured for each laser shot. In total, two such
integrators are used, synchronously controlled by one timing circuit for the integration
window and one timing circuit for the reset time window. The minimum reset window
length of 10 µs [336] limits the maximum repetition rate, which can be resolved, to around
50 kHz. Similar performance as compared to the SRS SR250 boxcar averager is observed
in the experiment. The capacitors C1,C4,C5, and C6 are decoupling the power supply.
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Figure B.1: The main parts of the electronic circuitry are two timing units (one of them is shown, the
other one is similar), a digital interface accessing each of them by setting a resistive value controlled from
a microcontroller and the analog integrator based on the IVC102.



Appendix C

Spectrometer calibration

The spectral detection of multi-octave spanning supercontinua demands for equally broad-
band detectors. Grating-based spectrometers therefore only cover a limited range, for
example, the Silicon range from the VIS to NIR. For longer wavelengths, Indium-Gallium-
Arsenide detectors are suitable (up to 2.5 µm wavelength), and for the mid to far-IR,
Leadsulfite or Leadselenide detetors can be used, among others.

The detection setup used for the spectrometer data presented in Fig. 4.14b) is outlined
in Fig. C.1. The laser beam is focused into a ZrF4 fiber and sent to a free-space splitting
unit. There, the beam is collimated and refocused into three different fibers by means of
OAPs and beamsplitters for specific wavelength regions. In addition, wavelength selective
filters can be placed in the specific beams.

Si

From
Laser

FS fiber

FS fiber

ZrF4 fiber

ZrF4 fiber InGaAs 
free-space
splitting

unit

PbSe

Figure C.1: Schematic drawing of the spec-
tral detection setup. The laser or the calibra-
tion lamp is focused into the first fiber. The
free space splitting unit consists of wavelength
selective beamsplitters and filters as well as fo-
cusing optics for subsequent fiber coupling.

For calibration, a black-body lamp (T = 2800K) is focused into the very same input
fiber, and the spectrum of all three spectrometers is captured for the same configuration.
The integration times are set to exploit the maximum dynamic range. Importantly, the
splitting setup and the spectrometer settings are not changed after taking the black body
lamp spectrum, such that subsequent measurements can be amplitude calibrated with that
dataset. Using this scheme, all wavelength-dependent reflection or transmission properties
of all optical elements are calibrated and therefore compensated for as well.

Having captured spectral data with different devices for different wavelength regions,
the construction of the total spectrum requires some processing. Firstly, the black body
spectrum [337,338],

Iblackbody(f) ∝
f3

c2
1

exp
[

hf
kBT

]
− 1

, (C.1)

Iblackbody(λ) ∝
c2

λ5

1

· exp
[

hf
kBT

]
− 1

, (C.2)

is used to calculate an amplitude correction factor for each individual device. Here, all
pre-factors have been dropped since the measurement devices deliver only integer values
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from the analog-to-digital converter; h denotes Planck’s constant and kB denotes Boltz-
mann’s constant. Secondly, the correction factor is applied to all spectral data for each
device individually. Thirdly, since devices with overlapping spectral coverage are chosen,
the overlap regions need to be corrected. Having spectral overlap between the individual
detectors allows for better compensation of the non-uniform response curve, which typi-
cally drops towards the edges of their spectral range. In this way, the very edges of each
individual detector range are not needed as they can be replaced with more reliable data
from another detector. To be precise, the silicon detector data is used in a range up to
1000 nm, the InGaAs data in a range from 880 to 1600 nm and the PbSe data from 1550 nm
on. Note that the InGaAs detector response curve is not found to drop at 1600 nm since
the detection range of the material could in principle be larger. In the residual overlap
regions, the data of both devices is averaged after interpolation of all data to an equal
wavelength axis.



Appendix D

Design of an XUV spectrometer

Design criteria for a spectrometer to be used with the presented beamline are the vacuum
compatibility, the spectral range from 60 to 600 eV, and a resolution that allows the
observation of the harmonic comb, that is at least 0.5 eV or below. Such devices use a
diffractive element, typically a grating, to spatially disperse the incident radiation. For
high precision, an entrance slit is imaged onto the detector, either by external focusing
elements or by a curved grating [277]. The precision of such devices depends on imaging
properties; the image plane can be cylindrical for gratings with spherical shape and uniform
line-space grooves [339]. Since typical detectors are linear, a linear image plane is desired
and can be achieved by using curved varied-line-space gratings [339]. The spectral range
and resolution additionally depend on the geometry of the device, specifically the choice
of the grating and the detector resolution. The coordinates used for the description of
the spectrometer are defined in Fig.D.1. Important parameters are the slit to grating
distance r, the grating to image distance r′, as well as the incident angle α and the exit
angle β. The detector is placed at a distance xd and yd, which mark the center of the
detector plane. The extension of the image is L. The angular dependence of incident and
exit beam is defined by the grating equation

sin(α)− sin(β) = mNλ, (D.1)

where m is the diffraction order, N the groove density and λ the wavelength.

Figure D.1: Coordinates for the descrip-
tion of the grating parameters. Adapted from
[277].

Following Refs. [277, 339], the focal curve of a varied-line-space grating parametrized
by a b2 parameter describing the space variation of the grooves is

r′ =
rR cos2 β

r [cosα+ cosβ − 2 (sinα− sinβ) b2]−R cos2 α
. (D.2)

Here, R is the radius of curvature of the grating, and b2 relates to the groove spacing σ
via

σ =
σ0

1 + 2b2
R x̃

, (D.3)

where σ0 is the groove spacing at the center of the grating, x̃ the spatial coordinate on
the grating. Equation (D.2) is taken from Ref. [339] but with a different sign in front of
sin(β). This change is necessary to reproduce the results in Refs. [277,339].
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Unterguggenberger [277] showed that the grating 30-001 from Shimadzu [340] can be
used for the detection of the given wavelength range above, if the design complies with
the following geometrical constraints: The extension of the flat-field image is L = 50mm
for xd = 236mm and yd = 55mm. The inclination angle θ = 16◦. The distance of the
slit to the grating is r = 237mm and α = 88.37◦, or α = 88.04◦ without slit. Under these
circumstances, the image plane of the flat-field grating is in the described detector plane,
thus the values of θ, xd and yd define the optical setup. The angle α has to be matched
rather precisely, since a deviation of 0.5◦ already shifts the image plane significantly [277,
Fig. 3.4]. The large image extension of 50mm requires a detector of similar size or
a movable one. This feature was implemented to the device by me and the according
technical drawings for the fabrication were created by Andreas Küchler.

The vacuum compatibility is fulfilled by the usage of UHV components, which is not
yet standard in commercially available products and manifests as an additional cost factor.
From a mechanical point of view, the movable detector under such conditions has to be
connected with an edge-welded bellow allowing for sufficient travel range. Here, a custom-
made product from Metallic Flex GmbH is used. FigureD.2 a) shows a 3D model of the
device including the movable detector. It is implemented in the laboratory in exactly
the same way. A sketch of the laser beam propagation through the device is shown in
Fig.D.2b). The main components are: the entrance slit; a filter wheel for thin metal foil
used for calibration of the device, see below; a grating mount that can be rotated and
displaced in x and y direction and carry up to three gratings; an additional filter in front
of the detector for stray light suppression; and the movable detector part with the CCD
camera (Andor Newton DO920P-BEN).

a)

b)

slit

filter
wheel

filter

gratings

CCD camera

manipulator 
stage

0th

flat field image

Figure D.2: a) 3D view from the top b) Cut-view at the plane where the radiation propagates. The
XUV-SXR beam is drawn in orange. The detector can be moved through the entire image plane by
±12.5mm.
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Calibration For calibration, a mapping of pixel number on the detector to wavelength
or energy has to be found. In theory, if all parameters are known, Eq. (D.2) provides
such a function. In reality, parameters entering this equation are either not precisely
known or inaccessible, therefore, an approximation has to be found [277]. Before that, we
consider the position on the detector and connect it to the wavelength by its dependence
on the angle β. Assuming the device images according to Fig.D.1, the parameter h can
be expressed via the position on the detector s [277]

h(s) =
yd

cos(θ)
+

L

2
− s (D.4)

In addition, the following relations hold according to the law of cosines and the law of
sines (c.f. Ref. [277]):

r′2 = h2(s) + x20 − 2h(s)x0 cos(90
◦ − θ) (D.5)

x0 = xd + tan(θ)yd (D.6)

and
h(s)

sin(180◦ − α− β)
=

r′

sin(90◦ − θ)
. (D.7)

Solving Eq. (D.7) for β and using Eq. (D.5) yields

β = arcsin

[
cos(θ)√

h2(s) + x20 − 2h(s)x0 sin(θ)
h(s)

]
. (D.8)

With the grating equation Eq. (D.2), the wavelength λ can be linked to a postion h on the
detector

λ(h(s)) =
1

mN

{
sin(α)− sin

[
arcsin

(
h(s) cos(θ)√

h2(s) + x20 − 2h(s)x0 sin(θ)

)
− α

]}
(D.9)

This equation maps a signal on a specific point on the detector to a wavelength. However,
it requires a precise knowledge of α, θ, xd and yd, thus the precise geometry of the device.
Eq. (D.9) can be approximated with polynomial or exponential functions [277, 341], e.g.
as

λ(s) = a0 + a1 exp(a2s), (D.10)

with parameters a1, a2 and a3. With this equation and several precisely known wavelength
references, the spectrometer can be calibrated. More precisely, for a fixed detector posi-
tion, characteristic spectral features have to be identified, e.g. characteristic filter edges.
Such features can be connected to a known wavelength, and therefore, the best fitting
parameters in Eq. (D.10) can be determined. Following this procedure, each position on
the detector can be mapped to a specific wavelength. If the detector is moved, calibration
has to be repeated. Alternatively, the movement ∆s can be tracked and accounted for
by shifting λ(s) → λ(s + ∆s). This feature, however, is not implemented in the current
version of the device.

Other aspects, such as the achievable wavelength precision and the free spectral range
are discussed in Ref. [277] to which the interested reader is referred. The control software
for the spectrometer is written in C++ and controls the camera as well as the placement
of slit and grating.
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Appendix E

Data archive

The experimental data as well as all the scripts for generating the figures are stored on
servers of the Laboratory for Attosecond Physics at the Max Planck Institute of Quantum
Optics. The root folder contains a readme file that describes which script was used for
which figure. In addition, it lists the datasets used. The responsible person for any inquiry
is Vladislav Yakovlev.
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Zilong Wang, Philipp Rosenberger, Peter Hommelhoff, Andre Staudte,
Paul B. Corkum, Boris Bergues and Matthias F. Kling. Spatiotemporal sam-
pling of near-petahertz vortex fields. Optica, Vol. 9, No. 7: pp. 755–761, 2022. URL
http://dx.doi.org/10.1364/OPTICA.459612.

[32] Dmitry A. Zimin, Vladislav S. Yakovlev and Nicholas Karpowicz. Ultra-
broadband all-optical sampling of optical waveforms. Science Advances, Vol. 8,
No. 51: p. eade1029, 2022. https://www.science.org/doi/pdf/10.1126/sciadv.
ade1029, URL http://dx.doi.org/10.1126/sciadv.ade1029.

[33] Najd Altwaijry, Muhammad Qasim, Mikhail Mamaikin, Johannes Schötz,
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Mücke, Cristian Manzoni, Giulio Cerullo, Giovanni Cirmi and Franz X. Kärt-
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Wang, Philipp Rosenberger, Meshaal Alharbi, Abdallah M. Azzeer, Matthew
Weidman, Vladislav S. Yakovlev, Boris Bergues and Matthias F. Kling. The
emergence of macroscopic currents in photoconductive sampling of optical fields.
Nature Communications, Vol. 13, No. 1: p. 962, 2022. ISSN 2041-1723. URL
http://dx.doi.org/10.1038/s41467-022-28412-7.

[105] W. Shockley. Currents to Conductors Induced by a Moving Point Charge.
Journal of Applied Physics, Vol. 9, No. 10: pp. 635–636, 1938. ISSN 0021-
8979. https://pubs.aip.org/aip/jap/article-pdf/9/10/635/18304047/635_

1_online.pdf, URL http://dx.doi.org/10.1063/1.1710367.

http://dx.doi.org/10.1103/PhysRevA.66.033402
http://dx.doi.org/10.1103/PhysRevA.66.033402
https://onlinelibrary.wiley.com/doi/pdf/10.1002/3527605606.app9
https://onlinelibrary.wiley.com/doi/pdf/10.1002/3527605606.app9
http://dx.doi.org/https://doi.org/10.1002/3527605606.app9
http://dx.doi.org/https://doi.org/10.1002/3527605606.app9
http://dx.doi.org/10.1103/PhysRevLett.98.013901
http://dx.doi.org/10.1103/PhysRevLett.98.013901
http://dx.doi.org/10.1140/epjd/e2004-00102-7
https://doi.org/10.1021/jp403118c
https://doi.org/10.1021/jp403118c
http://dx.doi.org/10.1021/jp403118c
https://doi.org/10.1021/jp510552a
https://doi.org/10.1021/jp510552a
http://dx.doi.org/10.1021/jp510552a
http://dx.doi.org/10.1088/1367-2630/abf583
http://nbn-resolving.de/urn:nbn:de:bvb:19-295851
http://nbn-resolving.de/urn:nbn:de:bvb:19-295851
http://dx.doi.org/10.1038/s41467-022-28412-7
https://pubs.aip.org/aip/jap/article-pdf/9/10/635/18304047/635_1_online.pdf
https://pubs.aip.org/aip/jap/article-pdf/9/10/635/18304047/635_1_online.pdf
http://dx.doi.org/10.1063/1.1710367


References 109

[106] S. Ramo. Currents Induced by Electron Motion. Proceedings of the IRE, Vol. 27,
No. 9: pp. 584–585, 1939. URL http://dx.doi.org/10.1109/JRPROC.1939.

228757.

[107] Zhong He. Review of the Shockley–Ramo theorem and its application in semicon-
ductor gamma-ray detectors. Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, Vol.
463, No. 1: pp. 250–267, 2001. ISSN 0168-9002. URL http://dx.doi.org/https:

//doi.org/10.1016/S0168-9002(01)00223-6.

[108] W. Riegler. An application of extensions of the Ramo–Shockley theorem to signals
in silicon sensors. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, Vol. 940: pp.
453–461, 2019. ISSN 0168-9002. URL http://dx.doi.org/https://doi.org/10.

1016/j.nima.2019.06.056.

[109] Homer Reid. scuff-static implementation of scuff-em. Accessed online on 2 May
2025, URL https://github.com/HomerReid/scuff-em.

[110] Christophe Geuzaine and Jean-François Remacle. Gmsh: A 3-D finite element
mesh generator with built-in pre- and post-processing facilities. International Jour-
nal for Numerical Methods in Engineering, Vol. 79, No. 11: pp. 1309–1331, 2009.
https://onlinelibrary.wiley.com/doi/pdf/10.1002/nme.2579, URL http://

dx.doi.org/https://doi.org/10.1002/nme.2579.

[111] A.M. Velasco and C. Lav́ın. Photoionization cross sections and asymmetry pa-
rameters for ethanol. A theoretical study. Journal of Quantitative Spectroscopy
and Radiative Transfer, Vol. 169: pp. 122–126, 2016. ISSN 0022-4073. URL
http://dx.doi.org/https://doi.org/10.1016/j.jqsrt.2015.10.010.

[112] John L Holmes, Mervin Fingas and FP Lossing. Towards a general scheme for
estimating the heats of formation of organic ions in the gas phase. Part I. Odd-
electron cations. Canadian Journal of Chemistry, Vol. 59, No. 1: pp. 80–93, 1981.

[113] A. Ansari, M. Kumar, H. Singhal and J. A. Chakera. Spatiotemporal re-
shaping of femtosecond laser pulses on interaction with gas sheath at ionization
saturation intensity regime. Journal of Applied Physics, Vol. 135, No. 14: p.
143103, 2024. ISSN 0021-8979. https://pubs.aip.org/aip/jap/article-pdf/

doi/10.1063/5.0198038/19874722/143103_1_5.0198038.pdf, URL http://dx.

doi.org/10.1063/5.0198038.
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Hayasaki, Vygantas Mizeikis, Ričardas Buividas and Saulius Juodkazis. Ul-
trafast laser processing of materials: from science to industry. Light: Science &
Applications, Vol. 5, No. 8: pp. e16133–e16133, 2016. ISSN 2047-7538. URL
http://dx.doi.org/10.1038/lsa.2016.133.

[189] Lucas Eisenbach, Ziyao Wang, Jan Schulte, Tobias Heuermann, Peter
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Kärtner. Wavelength scaling of optimal hollow-core fiber compressors in the single-
cycle limit. Opt. Express, Vol. 20, No. 8: pp. 9099–9108, 2012. URL http://dx.

doi.org/10.1364/OE.20.009099.

[208] Nenad Milosevic, Gabriel Tempea and Thomas Brabec. Optical pulse compres-
sion: bulk media versus hollow waveguides. Opt. Lett., Vol. 25, No. 9: pp. 672–674,
2000. URL http://dx.doi.org/10.1364/OL.25.000672.

[209] Carsten Brée, Ayhan Demircan and Günter Steinmeyer. Method for Computing
the Nonlinear Refractive Index via Keldysh Theory. IEEE Journal of Quantum
Electronics, Vol. 46, No. 4: pp. 433–437, 2010. URL http://dx.doi.org/10.

1109/JQE.2009.2031599.

[210] S. Zahedpour, J. K. Wahlstrand and H. M. Milchberg. Measurement of the
nonlinear refractive index of air constituents at mid-infrared wavelengths. Opt. Lett.,
Vol. 40, No. 24: pp. 5794–5797, 2015. URL http://dx.doi.org/10.1364/OL.40.

005794.

[211] Carsten Brée, Ayhan Demircan and Günter Steinmeyer. Kramers-Kronig rela-
tions and high-order nonlinear susceptibilities. Phys. Rev. A, Vol. 85: p. 033806,
2012. URL http://dx.doi.org/10.1103/PhysRevA.85.033806.

http://dx.doi.org/10.1364/OPTICA.4.001024
http://dx.doi.org/10.1364/OPTICA.4.001024
https://doi.org/10.1021/acsphotonics.2c00072
http://dx.doi.org/10.1021/acsphotonics.2c00072
http://dx.doi.org/10.1364/OL.566906
http://dx.doi.org/10.1364/JOSAB.31.000311
http://dx.doi.org/10.1007/s00340-004-1721-1
http://dx.doi.org/10.1007/s00340-004-1721-1
http://dx.doi.org/10.1364/OE.457477
http://dx.doi.org/10.1364/OE.20.009099
http://dx.doi.org/10.1364/OE.20.009099
http://dx.doi.org/10.1364/OL.25.000672
http://dx.doi.org/10.1109/JQE.2009.2031599
http://dx.doi.org/10.1109/JQE.2009.2031599
http://dx.doi.org/10.1364/OL.40.005794
http://dx.doi.org/10.1364/OL.40.005794
http://dx.doi.org/10.1103/PhysRevA.85.033806


References 119
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man. Robust Isolated Attosecond Pulse Generation with Self-Compressed Sub-
cycle Drivers from Hollow Capillary Fibers. ACS Photonics, Vol. 11, No. 4:
pp. 1673–1683, 2024. https://doi.org/10.1021/acsphotonics.3c01897, URL
http://dx.doi.org/10.1021/acsphotonics.3c01897.

[332] Seunghwoi Han, Jie Li, Zheyuan Zhu, Andrew Chew, Esben W. Larsen, Yi Wu,
Shuo Sean Pang and Zenghu Chang. Chapter One - Tabletop attosecond X-rays in
the water window. Vol. 69 of Advances In Atomic, Molecular, and Optical Physics,
pp. 1–65. Academic Press, 2020. URL http://dx.doi.org/https://doi.org/10.

1016/bs.aamop.2020.04.003.

[333] D Wu and J W Wang. Magetostatic amplifier with tunable maximum by twisted-
light plasma interactions. Plasma Physics and Controlled Fusion, Vol. 59, No. 9:
p. 095010, 2017. URL http://dx.doi.org/10.1088/1361-6587/aa77c5.

[334] Nora G. Johnson, O. Herrwerth, A. Wirth, S. De, I. Ben-Itzhak, M. Lez-
ius, B. Bergues, M. F. Kling, A. Senftleben, C. D. Schröter, R. Mosham-
mer, J. Ullrich, K. J. Betsch, R. R. Jones, A. M. Sayler, T. Rathje,
K. Rühle, W. Müller and G. G. Paulus. Single-shot carrier-envelope-phase-
tagged ion-momentum imaging of nonsequential double ionization of argon in in-

https://royalsocietypublishing.org/doi/pdf/10.1098/rsta.2017.0463
https://royalsocietypublishing.org/doi/pdf/10.1098/rsta.2017.0463
http://dx.doi.org/10.1098/rsta.2017.0463
http://dx.doi.org/10.1098/rsta.2017.0463
http://dx.doi.org/10.1038/s41586-019-1333-x
http://dx.doi.org/10.1038/s41467-021-21345-7
http://dx.doi.org/https://doi.org/10.1146/annurev-physchem-032511-143702
http://dx.doi.org/https://doi.org/10.1146/annurev-physchem-032511-143702
http://dx.doi.org/10.1364/OPTICA.530964
https://doi.org/10.1021/acsphotonics.3c01897
http://dx.doi.org/10.1021/acsphotonics.3c01897
http://dx.doi.org/https://doi.org/10.1016/bs.aamop.2020.04.003
http://dx.doi.org/https://doi.org/10.1016/bs.aamop.2020.04.003
http://dx.doi.org/10.1088/1361-6587/aa77c5


131

tense 4-fs laser fields. Phys. Rev. A, Vol. 83: p. 013412, 2011. URL http:

//dx.doi.org/10.1103/PhysRevA.83.013412.
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