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Light thinks it travels faster than anything but it is wrong. No matter how fast

light travels, it finds the darkness has always got there first, and is waiting for it.

-Reaper Man, Discworld, Terry Pratchett





Zusammenfassung

Wenig-Zyklen, Träger-Einhüllende-Phasen (CEP) stabile Laserpulse sind ein fun-

damentales Werkzeug zur Untersuchung von Licht-Materie-Wechselwirkungen.

Die Schlüsseltechnologie zu ihrer Erzeugung in einem großen Wellenlängen-

bereich ist die optisch-parametrische Verstärkung gechirpter Pulse (OPCPA),

gepumpt durch intensive 1 ps Pulse. Die meisten Entwicklungen des letzten Jahr-

zehnts zielten auf hohe Spitzenintensitäten bei geringer Wiederholrate im nahen

Infrarotbereich ab.

Demgegenüber wurde in dieser Doktorarbeit ein OPCPA-System entwickelt, das

Mikrojoule Pulsenergien bei langen Wellenlängen um 2 µm und hohen Repeti-

tionsraten von 100 kHz erzeugt. Es überwindet Limitierungen üblicher OPCPA-

Designs und erreicht dadurch einzigartige Laserpuls-Parameter. Die hohe Wie-

derholrate macht das System vorteilhaft für Experimente mit notwendiger Auf-

nahmestatistik oder limitierter Pulsenergie bei geringer Signalstärke. Die Arbeit

beinhaltet den Aufbau eines starken Pumplasersystems bei 100 kHz, der auch den

Seed für die OPCPA erzeugt. Dieser wird auf über 10 µJ verstärkt und auf 15.5 fs

komprimiert. Die CEP-Stabilität liegt bei 103 mrad auf kurzen und 136 mrad

auf langen Zeitskalen. Das Design kann für verschiedene Laserquellen angepasst

werden, weshalb weitere Entwicklungsmöglichkeiten beschrieben werden, die das

Potential des Ansatzes zeigen.

Im zweiten Teil der Dissertation wird zunächst die Anwendbarkeit des Systems

demonstriert. Die Bedeutung solcher Strahlquellen wird anschließend anhand

von Laser-induzierter Elektronenbeugungs (LIED) Experimenten verdeutlicht.

Diese erlauben die Untersuchung von Molekülen in der Gasphase mit hoher zeitli-

cher und räumlicher Auflösung, die eine direkte Beobachtung von strukturellen

Veränderungen ermöglicht. Die Experimente in dieser Arbeit untersuchten die

Deformation des C60 Fullerens in starken Feldern. Theoretische Berechnungen

sagten eine Deformation entlang der Polarisationsrichtung voraus, die im Experi-

ment direkt beobachtet wurde. Damit ist C60 das größte Molekül, das bisher mit

LIED untersucht wurde. Des Weiteren wurden erste Pump-Probe Untersuchun-
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gen durchgeführt, um einen Film der Bewegung zu erzeugen. Diese zeigen die

Notwendigkeit neuer Laserquellen wie derjenigen, die in dieser Arbeit entwickelt

wurde.



Abstract

Few-cycle, carrier envelope-phase (CEP) stable laser pulses are the basic tool to

investigate light-matter interactions. The key technology for their generation in

a broad range of wavelengths is optical parametric chirped pulse amplification

(OPCPA), pumped by intense near one picosecond pulses. Most developments of

the last decade were aimed at high peak powers at low repetition rates, operating

in the near infrared.

In this thesis an OPCPA-system is developed, generating microjoule pulse ener-

gies at long wavelength around 2 µm and a high repetition rate of 100 kHz. It

overcomes common limitations of standard OPCPA designs, resulting in unique

laser pulse parameters. The high repetition rate makes it beneficial especially for

experiments with statistical requirements or limited pulse energy with low signal

strength. The work includes the development of a powerful table-top pump laser

system operating at 100 kHz, which is also used for the seed generation. This

beam is amplified to more than 10 µJ and compressed down to 15.5 fs with a CEP

stability of 103 mrad short and 136 mrad long-term. As the design is applicable

to different laser sources, possible further developments are theoretically investi-

gated, showing the full potential of this approach.

In the second part of the thesis, the applicability of the OPCPA system is demon-

strated. Furthermore, the importance of such laser systems is elucidated by laser

induced electron diffraction (LIED). LIED permits the investigation of molecules

in the gas phase with high temporal and spatial resolution, to directly observe the

structural changes of molecules. The experiments undertaken within this thesis

aimed at the structural deformation of the buckminsterfullerene C60 in strong

fields. Theoretical calculations predicted a deformation along the polarization

axis, that could directly be observed in the present work. In addition, C60 is the

largest molecule successfully studied with LIED so far. First pump-probe exper-

iments are undertaken to create a molecular movie of the deformation. These

experiments illustrate the necessity to develop new laser sources, like the one

described in this thesis.
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1 Introduction

Due to its unique properties, light is nowadays the ultimate tool to investigate

the nature. On the one hand, it allows to look into the depths of the universe and

into the past, close to the birth of the universe. On the other hand, it is used to

measure smallest distances and shortest time durations with highest precision.

Light produced by lasers is one of the main discoveries of the past 50 years. Since

the advent of lasers in the beginning of the 60s [1], a lot of progress has been made.

Nowadays, attosecond pulse durations are available [2, 3], as well as petawatt

fields [4, 5]. Together with the development of lasers, their usage has spread not

only in science, but also in industry [6, 7]: Modern telecommunication is based on

optical fibers, photolithography is a key process in the production of integrated

circuits and in the future, laser light will probably also play a key role in the

development of autonomous cars. In the fabrication process of cars, it is already

important due to the unbeatable precision in micromachining.

From a scientific point of view, the development of sub-picosecond laser pulses

had a great impact [8], as they allowed to investigate molecules in motion [9].

This was fundamental for the understanding of inter- and intramolecular pro-

cesses like bond breaking. In 1999 the Nobel Prize in Chemistry was awarded to

A. H. Zewail "for his studies of the transition states of chemical reactions using

femtosecond spectroscopy" [10]. The invention of titanium-doped sapphire (Ti:Sa)

as ultrabroad gain medium [11] ranging from 660 nm to 1180 nm, Kerr-lens mode

locking [12], and chirped pulse amplification [13] allowed researchers to easily

generate femtosecond pulses with high energies.

Ultrafast spectroscopy nowadays is not anymore limited to femtoseconds, but to

attoseconds or even zeptoseconds [14]. This development was enabled by incorpo-

rating high harmonic generation (HHG), where an intense few-cycle laser interacts

with a usually gaseous medium, to generate an attosecond pulse (train) at short

wavelengths [15–18]. This not only allows the investigation of molecular motion

but also the one of electrons and their control [19–21].



2 1. Introduction

The development in laser science was one of the driving forces for strong-field

physics. One of the most prominent processes here is the recollision mechanism,

whereas the (semiclassical) simple man’s model (SMM) delivers an intuitive under-

standing [22]. In the first step an atom or molecule is ionized in the electric field

of a laser pulse. Afterwards, the electron is driven away from the parent ion (step

two) and recollides with it in the final third step. Besides the generation of an

attosecond pulse, which is a result of the recombination between electron and ion,

another important process can be observed - the emission of high-energy electrons

due to elastic (re-)scattering. Similar to the photons in HHG, the electrons contain

information about the interacting particles, allowing insights into the temporal

dynamics of the sample as well as into its structure.

Examples, where the photoelectron spectroscopy are of special interest, are metal-

lic surfaces and nanoparticles [23–25]. In these samples, near-fields have an

important influence on the electron emission from the surface, as shown in this

thesis.

For gaseous media it has been shown, that the process can be used to image

molecules in a way similar to standard electron diffraction [26]. This technique

is called laser-induced electron diffraction (LIED) [27, 28]. The key advantage in

comparison to other techniques is the high temporal resolution in combination

with the high spatial resolution of a diffraction technique. Within the framework

of this thesis, LIED was used for the first time for a large molecule, the buckmin-

sterfullerene (C60), giving insights into its deformation in strong laser fields.

The electron in the simple man’s model, also called three step model, is driven

by the electric field of the laser. Therefore, a lot of effort has been undertaken

to improve the laser sources by increasing the power of the pulses or decreasing

the pulse duration. In the few-cycle regime, the electric field of the laser pulse

becomes important, which is defined by the carrier-envelope phase (CEP) [29–31].

Hence, the control of the CEP is very crucial for these experiments. The frequency

comb technique that permitted CEP stabilization was awarded with the Nobel

Prize to Theodor Hänsch and John L. Hall in 2005 [32]. Nevertheless, it is still

a challenging task for the experimentalists to control and improve the different

laser parameters at once. Ti:Sa based systems, which were the first lasers offering

CEP control, are still widely spread, especially due to their ability to generate

broad bandwidth with pulse durations down to 5 fs, while the bandwidth can

be improved by the use of hollow core fibers. Such a system has been used in
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the investigation of the C60, where also the main drawback of this technology

can be illustrated: These lasers are limited in average power. Consequently, for

high pulse energies, the repetition rate has to be small, resulting in bad statistics.

To overcome this problem, Ti:Sa pulses are nowadays further amplified with a

second pulse, often generated by Ytterbium:Yttrium aluminum garnet (Yb:YAG)

based systems [33]. These lasers exhibit a relatively long pulse duration (usually

around 1 ps), but very high average powers up to the kW level, delivering the

pump pulses. The energy is then transferred by optical parametric amplification

(OPA) to the Ti:Sa pulses, which are the seed pulses. Those laser systems are often

limited to Ti:Sa wavelength, while for strong-field physics longer wavelengths

are favorable, as the energy of the electrons scales with ∝ ILλ2
L. The quadratic

dependence on the wavelength thereby underlines the importance of longer laser

wavelengths. Furthermore, this design needs several electronics, like an active

synchronization between the pump and the seed laser, which are complex and

expensive.

These are the reasons, why a lot of effort is undertaken to find alternative designs

for long wavelengths based on OPA technology. Until now, these approaches are

not fulfilling one of the following criteria:

1. high pulse energy

2. high repetition rate

3. few-cycle pulses

4. CEP-stability

The second point is of special importance, since the data acquisition of the experi-

ments is limited to the stability of the laser system. Usually after a couple of days,

the laser has to be realigned, which prevents further measurements. Since high

statistics are important for many strong-field experiments as shown in chapter 6,

this limits the signal-to-noise ratio in the experiments.

This can be exemplified by one system that has also been used within the frame-

work of this thesis ([34, 35], see also chapter 7 for more details). It delivers

adjustable output parameters around 3 µm. The shortest pulse was 32 fs at 3.1 µm

with 2 µJ, whereas the high power parameters were 55 fs (5.4 optical cycles) at

20 µJ.
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Very recently, another laser setup has been published [36]. Although being

quite complex due to the use of an acousto-optic programmable dispersive filter

(AOPDF), the pulses are long (38.3 fs at 3.1 µm ≈ 3.7 optical cycles), but high

in energy 40 µJ. Both systems can not entirely be compared to the one shown

here, due to the longer wavelength. High repetition rate sources at around 2 µm

wavelength are uncommon. One has been shown by Homann et al. [37] with

similar pulse parameters, but much lower pulse energy. Other systems at this

wavelength are operating at lower repetition rates [38, 39].

This thesis shows, that the requirements mentioned above can be fulfilled in a

comparatively compact and simple setup. In contrast to the Ti:Sa system described

before, the laser system uses only a single laser output, delivering seed and pump

to generate few-cycle, CEP-stable, mid-IR pulses, whereas few-microjoule pulses

are obtained within this thesis.
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Structure of the thesis

The thesis is divided into two parts. In the first part (chapters 2-4) the develop-

ment of a µJ-level, CEP-stable, 100 kHz system at long wavelength is described.

Chapter 2 contains the description of the developed laser setup, pointing out

the important details for a stable OPA operation.

Chapter 3 is dedicated to the first nonlinear stages of the setup, which generate the

mid-IR seed laser for the main amplification. This includes the seed generation

via supercontinuum generation (SCG), a noncollinear optical parametric amplifier

(NOPA) setup and a difference frequency generation (DFG) stage. This part also

describes the fundamental theory of OPA-design.

Chapter 4 gives an overview about the more difficult aspects of OPCPAs, necessary

for building a high power, few-cycle CEP-stable laser setup. Therefore, a new

dispersion measurement technique is presented in this thesis. Furthermore the

important features and fundamental ideas of the OPCPA design are discussed,

including dispersion management and CEP-stability.

The second part addresses some applications of the presented system and gives

an overview of possible improvements of the laser and the experiments.

Chapter 5 provides information about the first experiments on nanotips under-

taken with the laser system.

Chapter 6 is dedicated to the LIED experiments investigating the C60 molecule.

This work was done in collaboration with the group of Prof. Louis DiMauro at the

Ohio State University (OSU), Columbus.

Chapter 7 will present possible further developments, scaling wavelength, repeti-

tion rate and pulse energy. Furthermore information about future experiments

will be given.





2 Pump laser system

Nowadays, ytterbium-doped laser crystals, especially Ytterbium Doped Yttrium

Aluminum Garnet (Yb:YAG), are widely spread to generate picosecond high power

laser pulses [40]. These crystals are the basis for three different designs, that

are competing with each other: fibers, slabs and disks. They all are capable of

generating kW powers [41–43] with sub-picosecond pulse durations. Each of them

is working at different repetition rates, where the disks are usually operated at

kilohertz and fibers at megahertz repetition rates. Recently an exception has been

published [44], where a high power, kHz repetition rate source was achievable by

the combination of several amplification channels.

Nevertheless, the slab design can be placed inbetween the other two designs: Built

for MHz, it can also be operated at 100 kHz, as shown in this chapter. For this

repetition rate the Innoslab amplifier is still one of the most powerful sources,

delivering up to 500W.

2.1 Seed laser requirements of the Innoslab amplifier

Designing such a high-power, high-repetition-rate laser system exhibits a couple

of different challenges that have to be adressed: First of all, laser safety becomes a

serious issue. This not only requires proper safety equipment, but also a reliable

design of the whole setup. For the front-end of such a laser system, it is also

important to achieve stable operation to exclude damages to the main amplifier

and to run the whole setup on long time scales. In case of the Innoslab system,

which is used as the pump laser source for the following stages, another problem

occurs: The 100 kHz repetition rate is at the lowest limit for the amplifier, since it

is designed for MHz repetition rates. This results in higher requirements on the

seed laser, due to the increased pulse energy. The parameters are:

1. bandwidth 1.5-3 nm FWHM

2. central wavelength 1030 nm
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3. average power 5 W

4. beam quality at the entrance of the Innoslab amplifier: M2 < 1.2; for an

optimal output beam profile M2 < 1.1

5. pointing error <1/10 of the beam diameter for frequencies >0.1 Hz

6. beam diameter and beam divergence should not vary on short and long

timescales by more than 10 %

7. the stretching factor has to be at least 250 ps/nm, ideally 500 ps/nm

To reach the high average seed power around 1030 nm, an Yb:YAG based

preamplification is best suited. In the beginning of this work, it was planned to

use a Ti:Sa oscillator in combination with a highly nonlinear fiber to broaden the

spectrum and to generate a 1030 nm seed beam. Afterwards the pulses would have

been further amplified in a regenerative disk amplifier. It turned out, that the Ti:Sa

oscillator together with the highly nonlinear fiber were not stable enough to ensure

a robust operation of the high power amplifier. Furthermore, the regenerative

amplifier itself is a complex system, which can further decrease the stability of the

whole setup. Another difficulty is the temporal stretching to at least 250 ps/nm.

This makes the stretcher more than 2 m long (for details see 2.3), which in turn

affects the beam pointing stability.

To overcome these problems, a new seed laser was implemented, based on an

Yb:YAG fiber oscillator, followed by a fiber amplifier, where the overall setup will

be described in the following.

2.2 Oscillator

As shown in figure 2.1, a turn key oscillator (Active Fiber), delivering pulses of

~10 nJ within ~10 nm bandwidth (figure 2.2) with 5 ps pulse duration, is followed

by the grating stretcher and a fiber preamplifier. It is passively q-switched by a

semiconductor saturable absorber mirror (SESAM) delivering pulses at 18.5 MHz

repetition rate. Due to the use of the fibers the beam pointing is inherently stable

and the beam quality is high (M2<1.2 in both directions). Afterwards, an Innoslab

amplifier is used as final amplification stage and the pulses are recompressed in a

grating compressor.
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Innoslab 
amplifier 

Fiber 
amplifier 

Grating 
stretcher 

Yb:YAG 
fiber oscillator 

3 ns, 50 µJ 

100 kHz 

10 ps, 10 nJ 

18.5 MHz 

compressor 

18.5 MHz 

3 ns, 2 nJ 

3 ns, 300 µJ 

100 kHz 

1.1 s, 200 µJ 

100 kHz 

Figure 2.1: Scheme of the laser setup. The pulses of a turn-key fiber oscillator are
stretched to 3 ns. These pulses are afterwards amplified in two stages: The fiber
amplifier preamplifies the pulses for the Innoslab amplifier, which delivers about
300 µJ. These pulses are compressed again down to 1.1 ps.

2.3 Theoretical foundations of chirped pulse

amplification

2.3.1 Basic considerations

Yb:YAG based systems deliver powerful ultrashort laser pulses. Due to the high

intensities achievable within those systems, nonlinear effects have to be taken into

account [45, 46]. This is described by the intensity, I(t), dependent refractive index

n:

n = n0 +n2I(t), (2.1)

where n2 is the nonlinear refractive index. Going towards high intensities

thereby leads to beam distortions due to effects like self-phase modulation (SPM)

and self-focusing (SF), which will be described in more detail in chapter 3. The

magnitude of these effects can be estimated by the B-Integral:

B =
2π
λ

L∫
0

n2I(z)dz, (2.2)

which is a measure of the nonlinear phase, accumulated over propagation dis-

tance (L) of the laser pulse in the nonlinear medium. It should be kept below

~1 rad to avoid severe beam distortions. The value can be reduced if the peak
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Figure 2.2: Normalized spectra of pulses from the oscillator (black), after the
stretcher (red) and after the fiber amplifier (blue).

intensity is lowered, which is typically done by stretching the pulses in time. This

can be achieved by modifying the phase velocity, either by introducing material

into the beam path or changing the beam path length for different wavelengths.

Afterwards the pulses are amplified and recompressed. This scheme is referred to

as Chirped Pulse Amplification [13]. Both schemes are used in the setup, where

the first one will be described in chapter 4.

The spectral phase (ϕ) at frequency ω can be written as a Taylor expansion:

ϕ(ω) =
∞∑
m=0

(ω −ω0)m

m!

(
∂m

∂ωm
ϕ(ω)

)
ω=ω0

. (2.3)

The second term includes the so-called dispersion coefficients (Dm), where D1 =
∂ϕ
∂ω

∣∣∣
ω=ω0

is the group-delay (GD), D2 = ∂ϕ
∂ω2

∣∣∣
ω=ω0

is the group-delay dispersion

(GDD) and D3 = ∂ϕ
∂ω3

∣∣∣
ω=ω0

is the third order dispersion (TOD). Higher orders are

usually negligible.

2.3.2 Stretcher and compressor design

By diffracting the beam with a grating, the different wavelengths are separated.

The GDD can reversibly be changed, as will be discussed in this section.
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The first order diffraction of a grating is given by [47]:

sin(β) + sin(α) =
2Nπc
ω

, (2.4)

where α is the angle of incidence, β the diffraction angle, N the groove density

and :

d =
1
N

(2.5)

is the grating constant. If two gratings are separated by the distance b, it can be

shown that the GDD for a given laser wavelength λl is given by:

GDD = − λl
2πc2

(λl
d

)2 b

cosβ3
l

. (2.6)

In terms of the beam path length:

LC =
b

cos(β)
, (2.7)

between the gratings it can be written as:

GDD = − λl
2πc2

(λl
d

)2 LC
cosβ2

l

. (2.8)

This configuration is referred to as Treacy-type compressor [48], which results

in a longer beam path for longer wavelength. To reverse the GDD a telescope is

used in a so called Martinez-type stretcher[49]. There the dispersion is determined

by the offset (corresponding to LC) from the focal planes of the telescope[50], as

shown in figure 2.3. In this case the GDD is obtained by [46, 47]:

GDD = −ωl
c

 2πc

ω2
l d cos(βl)

2

[LS − 2(f1 + f2)]
(
f1
f2

)2

. (2.9)

2.4 Stretcher

As written in section 2.1, the laser pulses have to be stretched to 250 ps/nm

with an optimum of 500 ps/nm, while a spectral bandwidth of 6 nm for the

fiber amplifier was required. The achievable GDD was then limited by the size

of the transmission grating (1740 lines/mm) and by the focal length of the lens

(f = 1,188 m) to 1.8x108 fs2. This corresponds to a pulse duration of 500 ps for
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Ls/2 

2 nJ, 3 ns

10 nJ, 10 ps

23 W 1.1 ps

α

β

LC/2 

20 W 3 ns

a)

b)

Figure 2.3: Stretcher and compressor design. a) the stretcher is shown in the
folded geometry. This reduces the length of the stretcher by a factor of two. In b)
the corresponding compressor is depicted.

1.5 nm bandwidth.

Due to the overall stretcher length of 2.6 m, the stretcher was folded to decrease

its length, which also eliminates alignment errors between the two gratings. The

incident angle was 59.5°, and the lens was placed 114 mm behind the grating.

As shown in figure 2.2 the spectrum of the oscillator is cut within the stretcher. The

additional bandwidth is not needed in the preamplifier and was thereby discarded

to achieve a higher stretching factor. The excess bandwidth was therefore used for

an interlock system, which had to be implemented during the development (for

details, see section 2.6.2) as another requirement of the Innoslab amplifier.
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2.5 Fiber amplifier

The stretched pulses with an energy of ~2 nJ are coupled with a single mode fiber

into the fiber amplifier. There the pulses are first preamplified, the bandwidth is

further cut and the repetition rate reduced by an acousto-optic modulator (AOM).

A final amplification stage, realized in a large mode area (LMA) fiber, delivers

pulse energies of up to 100 µJ at 100 kHz repetition rate, which exit the amplifier

after another AOM.
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Figure 2.4: M2-measurement of the fiber amplifier. The measured values are
1.12 in x-direction and 1.06 in y-direction (x and y direction are indicated by the
symbols).

As shown in figure 2.4, the M2 is within the required value and the beam profile

is round. The same applies to the beam stability, which was measured to be about

1/50 of the beam diameter at the position of the Innoslab crystal. It is worth to

mention, that only the fiber incoupling after the stretcher has to be readjusted,

less than once per week. Therefore, almost hands-off operation of the seed laser

for the Innoslab is achieved.

2.6 Innoslab amplifier

2.6.1 Design

The Innoslab is a special slab laser design, initially developed by the Fraunhofer

Institute for Laser Technology Aachen [51]. It delivers picosecond laser pulses at
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Figure 2.5: Cavity of an Innoslab amplifier: In comparison to other slab designs
the pump and the seed are entering the crystal from the narrow (end) side. The
seed laser is coupled in and out of the cavity by the sharp edge of the resonator
mirrors, passing several times through the Yb:YAG crystal. The pump beam enters
the cavity over dichroic mirrors. The picture is taken from [42].

high average power of up to 500 W. Initially developed for high repetition rates, it

was reconfigured in the framework of this thesis for the operation at repetition

rates down to 100 kHz.
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Figure 2.6: M2-measurements for the Innoslab at 100 kHz. The measured values
for a) 30 W: x-direction: 1.08 and y-direction: 1.32 and for b) 332 W: x-direction:
1.30 and y-direction: 1.24, respectively. The left picture corresponds corresponds
to the energy used in this thesis.

One specialty of the amplifier is the small cavity as shown in figure 2.5, which

allows a very compact design of the system.

Furthermore, this slab-design has the advantage that the heat produced in the
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crystal can be efficiently transported over a short length to the two cooling sur-

face sides. This leads to a basically one-dimensional heat flow and thereby to a

cylindrical thermal lensing effect, affecting the beam profile. It is thereby highly

defined in the horizontal direction, which can be further improved by using the

fast axis of the laser diode stacks [52] in this direction. The disadvantage of this

design is consequently the missing beam guidance in the slow axis corresponding

to the long edge of the crystal. In this direction the resonator is unstable and the

beam is expanding. Nevertheless the expansion of the beam is used to keep the

intensity increase of the pulses low, while working at constant saturation. This

results in a very efficient design, but also a lower beam quality in the vertical

direction, as shown in figure 2.6. The smaller thermal lens at lower pump energies

is the reason for the astigmatism visible in the left picture.

x

y

x

y

Figure 2.7: Beam profiles of the Innoslab amplifier in the near field (left) and the
far field (right).

The quality in the slow axis can be improved by careful homogenization of the

pump beam from the laser diode stacks. Nevertheless, a very high beam quality

of the seeder is needed in this direction (for comparison, see 2.1) to obtain a good

M2-value. Although the profile of the fiber amplifier is good, the beam profile

of the Innoslab at low powers remains elongated, even after optimization in a

three lens telescope (figure 2.7). More importantly for the following nonlinear

stages the focus is round allowing a good amplification. In comparison to other

designs, especially to regenerative amplifiers often used for disk lasers, the slab

design exhibits a low B-Integral and a small amount of dispersion. Although

the achievable output power higher, only 30 W were used for the OPA and first

OPCPA stage.
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2.6.2 Interlock system

To be able to operate the Innoslab amplifier at 100 kHz, it is crucial to implement

a reliable interlock system to prevent damage to the laser. A missing pulse can

potentially lead to the destruction of the system, due to the high population in-

version that can built up. Therefore, the following pulse will be amplified more

strongly, possibly destroying the optics or the crystal in the resonator. Similarly,

also an insufficient stretching of the pulses leads to the destruction of the amplifier,

due to the increased intensities of the pulses.

To avoid these problems, several seed laser parameters have to be monitored and

the amplifier has to be protected from a restarting of the seed laser, after failure or

stretcher misalignments. In case of the operation at 100 kHz that means, that the

time between the detection of the missing pulse and the beam blocking is 100 µs,

way to short for mechanical shutters. The only possibility to block or redirect the

beam are pockels-cells and AOMs, combined with fast electronics.

In the present case each pulse was monitored with photodiodes in the stretcher,

as described above, at the entrance of the fiber amplifier and at its output. All

photodiodes are compared to a threshold, ensuring the correct power levels of the

system. The photodiodes in the stretcher thereby ensure the correct stretching of

the pulses, whereas the other ones ensure the stable operation of the seed lasers.

Furthermore, the beams are monitored by the Innoslab amplifier, which has its

own additional interlock system.

Interlock 
box 

Fiber amplifier 

Innoslab 
amplifier 

Photodiodes 
stretcher 

Photodiodes 
fiber amplifier 

AOM and 
switch-off 

Emergency 
Shutdown 

button 

Processing Detection Safeguard 

Mechanical 
shutter and 
switch-off 

Figure 2.8: Scheme of the interlock system.
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As shown in figure 2.8, the signal processing is done at three positions. The

interlock box is of special importance, since it allows the communication between

the different parts of the system. Nevertheless, the interlock systems of the In-

noslab and fiber amplifier operate as standalone systems to increase the reliability

of the setup. This solution also decreases the fast response time of the AOM, which

is controlled by the fiber amplifier electronics. The system thereby controls the

second AOM after the LMA fiber and allows a complete beam blocking.

In addition, the interlock box has several other input channels, including a mov-

able emergency shutdown button to allow a fast response time, which is especially

important when working with high average powers. Furthermore, this box can be

used to built an automatic control system for the OPCPA and experiments in the

future.

2.7 Compressor

After collimation of the beam, the Innoslab output is compressed, as depicted in

figure 2.3. Like the stretcher, the compressor was folded to reduce its length down

to ~1.1 m. A pulse duration of 1.1 ps FWHM was measured, which is close to the

Fourier limit of 1.0 ps (figure 2.9). The overall energy throughput was measured

to be 66%.

Due to the enclosed construction of the whole pump chain and the internal beam

stabilization of the Innoslab, hands free operation of the setup is possible. Starting

the system takes about 15 min, since no thermalization is needed.

Good values are also obtained for the beam-pointing and the peak-to-peak stability.

Its noise can be kept below 1%, as shown in figure 2.10. The high stability of the

laser chain is important for the following parametric amplification stages, since

they are prone to beam instabilities, potentially leading to even higher fluctuations

in the end.
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Figure 2.9: Autocorrelation measurement after the grating compressor. The mea-
sured trace (blue) fits nicely to the retrieved one (red) and corresponds to 1.1 ps
FWHM.
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Figure 2.10: Stability of the laser system measured after the compressor. The peak
to peak stability is below 1%. Similar results were obtained on long timescales.



3 Seed generation by optical
parametric amplification

Optical parametric amplifiers (OPA) have a couple of advantages compared to

laser amplifiers. The most important ones are:

1. The broad bandwidth, that can be achieved in different wavelength regions,

when the geometry of the interaction and the crystal are chosen properly.

2. The gain, that can reach up to 6 orders of magnitude within a short crystal.

An efficiency around 30% can be achieved [40].

3. The thermal load is significantly reduced.

These properties make OPAs an excellent tool for generating pulses for strong-

field experiments. Especially in wavelength regions that are not accessible to

laser amplification, intense few-cycle pulses can be obtained. In addition, OPAs

can boost the energy of pulses generated in laser amplifiers, as it was shown in

chapter 1 for Ti:Sa front-ends. Nevertheless, there are also some drawbacks to the

parametric systems widely spread nowadays.

The main challenges for high power, few-cycle OPAs are usually the complex laser

systems and the electronics. For example the usage of active synchronizations

[53, 54] between pump and seed and the acousto-optic programmable dispersive

filters (AOPDF) make the setups complicated and expensive. The latter one also

limited the repetition rates until recently to less than 100 kHz.

Going towards higher repetition rates, typical techniques for broadband seed gen-

eration, like XPW [55, 56] and hollow core fibers (as described in the introduction)

are not favorable due to their high demands on intensity. Additionally, these

methods themselves don’t lead to carrier envelope phase (CEP) stable pulses (for

more details see chapter 4).

Nonetheless, high repetition rate OPCPAs have been published. Most of them

are not CEP stabilized at all [57–59] or above 400 mrad on long time scales [60,
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61]. Furthermore, the majority of them work at near-IR wavelength (<1.5 µm),

while there is still a lack of lasers in the mid-IR for strong-field experiments. Long

wavelength, high-repetition rate OPCPAs are rare and often too long in pulse du-

ration, that CEP-effects can be observed in the experiments [34, 62]. An exception

has recently been published, using a cutting-edge acousto-optic programmable

dispersive filters (AOPDFs) [36]. Nevertheless, the pulses reported there are still

relatively long (above three cycles).

11pμJ

35pμJ

140pμJ

11pμJ

BBO
2pmm

YAG
6pmm

BBO
4pmm

BBO
1pmm

BBO
3pmm

2°

620-740pnm
4pμJ

1600-2500pnm
10pμJ

CEPpstable

1030pnm,p197μJ
1.1ps,p100kHz

<1°
24pμJ

Figure 3.1: Scheme of the complete setup. In the beginning, the beam from the
compressor is divided into four parts. 11 µJ generate a supercontinuum in a YAG
crystal, which delivers the seed beam. 35 µJ are used for SHG, which is the pump
beam for the NOPA stage (4 mm BBO). There the red part of the supercontinuum
is amplified to 4 µJ. The mid-IR beam is generated in a DFG process (1 mm BBO)
using another fraction (11 µJ) of the fundamental beam. The main part of the
1030 nm beam amplifies the mid-IR beam in a last OPA stage, generating 10 µJ of
the mid-IR pulses. This will be discussed together with the pulse compression in
the next chapter. Courtesy of M. Neuhaus.

In the first part of this work a reliable seed for the OPCPA had to be built, which

allows to overcome these challenges. Consequently, the designed OPCPA follows a

different scheme, as shown in figure 3.1. First of all, only a single amplifier output

(fundamental) is used, which makes it applicable to a broad range of systems. A

portion of the pulse energy is used to generate a supercontinuum in bulk material,

which will be described in the first part of this chapter. Afterwards this seed

beam is amplified by the second harmonic of the fundamental in a nonlinear OPA

(NOPA) setup and overlapped with the fundamental in a difference frequency

generation (DFG) process, which are described in the second part. Thereby, broad-

band, passively CEP-stable pulses are generated, which are further amplified in a
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last OPA stage.

All presented stages are appropriately chirped. Pulse stretching and compression

will be discussed together with the last amplification stage and the CEP stability

in detail in chapter 4.

3.1 Supercontinuum generation

The first step in the OPA is the generation of spectral broad pulses. Different

techniques have been developed to broaden the laser spectrum, where the most

straight forward one, the supercontinuum generation (SCG) in bulk material has

been chosen in the present setup. It is also referred to as white-light generation. As

mentioned already in chapter 2.3 self phase modulation (SPM) and self focusing

(SF) are the main driving forces of the frequency generation, as well as the main

source of nonlinearities in the refractive index, which will be described in more

detail in the next section.

3.1.1 Theory

When a linear polarized laser pulse travels trough an isotropic medium, it distorts

the atomic motion and thereby introduces birefringence [63]. This effect is called

optical Kerr effect (equation 2.1). The disturbance usually leads to a positive

nonlinear refractive index n2. This changes the phase velocity vp, which is given

by:

vp =
c
n(I)

. (3.1)

For a Gaussian beam the phase front gets curved, when the energy of the pulse

reaches a threshold power P crit, which is given by [64]:

Pcrit ≈
0.15λ2

n0n2
, (3.2)

self-focusing will appear. After traveling some distance through the material

this process results in a focus, which, for a collimated beam, is reached after the

distance Lc [65]:

Lc =
0.367LDF√

[
√

Pin
Pout
− 0.852]2 − 0.0219

, (3.3)
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where LDF is the Rayleigh length of the beam [64]. For a convergent beam this

length is reduced by the focusing length of the beam

1
Lc,f

=
1
Lc

+
1
f
. (3.4)

This effect, which results in a collapse into a soliton, is limited by several effects

like plasma defocussing, multi-photon absorption and group velocity dispersion

[66, 67]. Like the other processes, they are also highly dependent on the intensity.

The interplay of these effects gives rise to the formation of a filament, which is

quite universal, as it appears in different media [65]. Filamentation can be under-

stood as an equilibrium state between the effects and thereby also highly depends

on the intensity. The filament can survive as long as energy from the pulse can

be deposited into the filament, which is described by the moving focus model

[68]. For high peak powers, multifilamentation can occur, due to fluctuations in

the beam profile. This results in an unstable, strongly rippled spectrum due to

interference.

The shape of the supercontinuum is mainly determined by three processes:

Firstly, the generation of the new frequencies is mainly driven by self-phase

modulation (SPM). The time dependent phase can be written as [69]:

ω(t) =
dφ(t)
dt

=ω0 −
n2ω0

c
L
dI(t)
dt

, (3.5)

where L is the propagation distance. Therefore, new frequencies are generated

due to the slope of the pulse, where lower frequencies are originating from the

rising edge, while higher frequencies are found on the falling edge of the pulse.

This corresponds to a positive chirp.

Secondly, self steepening appears, which arises from the dependence of the group

velocity on the intensity [70]. Since higher intensities travel slower through the

material (equation 3.1), the leading edge is stretched and the trailing edge is

compressed. This is visible in the spectra by a broad plateau at short wavelengths.

Thirdly, pulse splitting [71, 72], leads to the formation of two "sub-pulses", which

generates a peak at short wavelength: Close to the critical power in the center of

the peak, energy is redistributed to the side-bands of the pulses via SPM. Since

the intensity in the center is then lower than in the wings, the wings get split

following equation 3.1. As they are still overlapped for some time, the energy of
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the high frequencies can be redistributed to the higher wavelength via a process

similar to the three-wave mixing (section 3.2) [73, 74]. Nevertheless, a peak in

the blue region can survive this process, also visible in the spectra (figure 3.2)

presented here. This process also results in a chirp of the supercontinuum.

3.1.2 Experiment
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Figure 3.2: The supercontinuum spectrum generated by 1.1 ps pulses in 4 (blue)
and 6 mm (red) YAG. It was found, that the thicker crystal is the more appropriate
one in terms of short- and longterm stability for 1.1 ps pulses.

In case of supercontinuum generation a lot of parameters are coupled with each

other. Even with a given wavelength of 1030 nm and a pulse duration of 1.1 ps

in the present case, several variables have to be matched to each other. Focusing

conditions, the used input power and the material are influencing each other. This

makes it hard to find the optimal parameters. Furthermore, the optimal settings

can only be found for one quantity at once. An example for this behavior is the

stability of the supercontinuum based on peak-to-peak measurements. The best

value for the stability neither corresponds to the broadest generated spectrum

nor to the highest powers. The scope in this work was to find the parameters

leading to the most stable supercontinuum in the range of 600-750 nm, which is

the amplification bandwidth of the following NOPA stage (3.4.1). Thereby, it is
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highly relevant for most OPA-applications and can be used as a guideline for the

common 1030 nm pump beams.

For the supercontinuum generation a couple of different materials are available

[63, 75]. As described in the literature, YAG is the best material for long laser

pulses. To investigate the applicability of supercontinuum generation in bulk

with the Innoslab amplifier, 4 mm and 6 mm thick plates were used together

with different focusing lenses (50 mm, 75 mm, 100 mm and 125 mm) to find the

best focusing conditions. The same was done for different input energies (9 µJ

- 16 µJ). Recent results in the literature suggest that even thicker crystals might

lead to better results, but haven’t been applied here [36]. It was found, that the

filament in the 4 mm crystal spanned to the back part of the crystal. In contrast,

the supercontinuum generation wasn’t stopped by the crystal edge in the 6 mm

crystal. Therefore, also the spectrum was broader, as shown in figure 3.2, and

more stable. The best results in case of the 6 mm crystal for the stability were

obtained together with the 75 mm lens. Nevertheless, it is worth mentioning, that

the results for different focusing lengths and input powers don’t differ much.

The focusing conditions themselves are also very important. In contrast to other

nonlinear stages, where the crystal is usually placed in the focus to achieve a flat

wavefront, this is not the case for the supercontinuum presented here. It was

found, that for every change of input power it is necessary to move the crystal

slowly from behind closer to the focus. Thereby, the filament starts to appear at

the back part of the crystal and grows to a certain point. Meanwhile, also the

peak at high frequencies is broadening. After reaching this optimal configuration,

multifilamentation occurs and the supercontinuum becomes unstable. Finally, the

crystal gets damaged. The whole process takes place on a sub-millimeter scale

and is thereby prone to misalignment.

Another important improvement was achieved by inserting an iris in front of the

focusing lens. By aperturing the outer part of the 1030 nm beam, corresponding to

an energy throughput of 90-95%, the stability of the white-light could significantly

be improved. This is probably a cleaning effect of the 1030 nm beam, since the

Innoslab amplifier generates an elliptical beam profile (figure 2.7).

As shown in figure 3.3 for a laser pulse of 1.6 ps duration, the spectrum depends

on the input energy. Similar spectra were obtained for 1.1 ps pulses. All of them

included few nanojoules of energy in the NOPA wavelength range of 600-750 nm.

The final input power of 11 µJ was chosen only by the stability. At slightly higher



3.1 Supercontinuum generation 25

5 0 0 5 5 0 6 0 0 6 5 0 7 0 0 7 5 0 8 0 0 8 5 0
0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

 

 

W a v e l e n g t h  [ n m ]

   9  µ J
 1 0  µ J
 1 2  µ J
 1 4  µ J
 1 7  µ J

Re
lat

ive
 In

ten
sity

 [a
.u.

]

Figure 3.3: Spectrum of the supercontinuum at different input energies for 1.6 ps
pulses. Courtesy of M. Neuhaus.

input powers of 13 µJ, multifilamentation becomes visible and afterwards the

crystal is damaged.

With 11 µJ and a 75 mm lens the best stability on long time scales was achieved

(figure 3.4). These measurements done for different regions of the supercontin-

uum revealed, that some parts of the spectrum are fluctuating more severe. The

spectral region of highest stability can, to some extend, be chosen by the input

power and the focusing conditions. This way, the stability of the supercontinuum

could be kept stable for the spectral region of the NOPA. Nevertheless, small

variations of the input conditions don’t lead to noticeable change of the output

parameters, which is also important for the following OPA stages.

The recently reported difficulty of generating a stable supercontinuum for nar-

rowband pulses cannot be confirmed [76]. The observed stability of the supercon-

tinuum, as shown in figure 3.4, is excellent (<1% rms), and similar to the other

values in the literature. An explanation for the different results might be found in

the stability of the driving laser system. This would underline the importance of

the high efforts undertaken in this work, to build a robust pump source.

It is also important to mention, that no damage occurred to the YAG crystal for

weeks, while realignment is also fast and easy. In addition, the supercontinuum
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Figure 3.4: Stability of the supercontinuum around 700 +/- 20 nm measured by a
photo diode: a) peak-to-peak stability, b)short term stability measured for 20 ms:
0,6% rms and c) long term stability over more than 3 min: <1% rms. Similiar
results were obtained for other parts of the NOPA bandwidth.

Figure 3.5: Supercontinuum filament (left) and its beam profile (right). The beam
profile after the YAG crystal is more Gaussian than the fundamental beam.
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has a better spatial profile (fig 3.5) compared to the Innoslab output, which is

important for the following nonlinear stages.

Besides the good parameters obtained here, the present approach is probably not

easily scalable towards even higher repetition rates. It was found, that the crystal

heats up by almost 10 °C as shown in figure 3.6 and similar results were recently

reported for comparable parameters [36]. Nevertheless, white-light generation

has been reported for even higher repetition rates and pulse durations [63].

Figure 3.6: Thermal images of the YAG-crystal (left) and the NOPA setup (right).
The crystal heats up by ~10 °C. The rest of the setup has room temperature, except
for the beam dumpers.

3.2 Coupled wave equation

The following section is closely related to [77] and summarizes the important

equations.

The basis of optical parametric amplification, and therefore for all the following

parametric stages, is the three-wave-mixing process in a nonlinear medium, where

a strong pump beam transfers energy to a seed beam. This effect can be understood

by the nonlinear polarization which is given by:

P (t) = ε0(χ(1)E(t) +χ(2)E(t)2 +χ(3)E(t)3 + ...), (3.6)

where χ(1) is the linear susceptibility, while χ(2) and χ(3) are the second and third

order susceptibilities, respectively. The electric field of the laser pulses are given

by

En(t) = Ene
−iωnt + c.c, (3.7)
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where c.c is the complex conjugate.

In the case that two laser pulses n=1,2 are interacting with a material whose second

order suceptibility is non-zero, the second order polarization can be written as:

P (2)(t) = ε0χ
(2)[E2

1e
−2iω1t +E2

2e
−2iω2t + 2E1E2e

−i(ω1+ω2)t2E1E
∗
2e
−i(ω1−ω2)t]

+2ε0χ
(2)[E1E

∗
1 +E2E

∗
2].

(3.8)

The first four terms lead to radiation, where the first two belong to second har-

monic generation, the third one to the sum frequency and the fourth one to

difference frequency generation. The last term is the optical rectification, which

is not discussed here. These processes can be described by the coupled wave

equations. They can be derived from the Maxwell equations, giving:

O2E − 1
c2
∂2E

∂t2
=

1
ε0c2

∂P NL

∂t2
. (3.9)

Using the planar wave function 3.7 with:

En = Aie
iknz (3.10)

and the nonlinear polarization as:

PNL(z, t) = PNL(z)e−iωt + c.c, (3.11)

together with the polarization amplitude for the pump beam (p) in dependence of

the signal (s) and idler (i) beam:

Pp = 4ε0deffAsAie
i(ks+ki )z, (3.12)

where deff is the effective nonlinear optical coefficient, one obtains with O =
∂
∂z

:

[d2A(z)
dz2 + 2ik

dA(z)
dz
− k2A(z) +

εω2

c2 A(z)
]
ei(kz−ωt) + c.c = − ω

2

ε0c2P
NL(z)e−iωt + c.c.

(3.13)

Since k2 = εω2

c2 , two terms cancel out. The slowly varying envelope approximation

(SVEA) can be applied, giving:

d2Ap
dz2 << kp

dAp
dz

. (3.14)
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Thereby, the coupled wave equations are obtained, being:

dAp
dz

=
2ideffω

2
p

kpc2 AsAie
i∆kz (3.15)

dAs
dz

=
2ideffω

2
s

ksc2 ApA
∗
ie
−i∆kz (3.16)

dAi
dz

=
2ideffω

2
i

kic2 ApA
∗
se
−i∆kz. (3.17)

The first equation thereby describes the pump beam and the last two belong to

the signal and idler beam respectively. ∆k is the wave vector mismatch:

∆k = ki + ks − kp. (3.18)

In case of an undepleted pump (Ap = const.) the gain of the signal is given by [78]:

G =
Is(z)
Is(0)

= 1 +
Γ 2

g2 sinh
2(gL) (3.19)

with:

g =

√
Γ 2 −

(
∆k
2

)2

(3.20)

and:

Γ 2 =
8π2d2

effIp
ninsnpλiλsε0c

(3.21)

where Ip is the pump intensity and L the crystal length. Based on these equations,

there are a couple of constraints, that have to be taken into account. For an efficient

amplification it is important to control the wave vector mismatch. Employing:

k =
nω
c

(3.22)

into 3.18 with ∆k = 0 yields:

npωp = nsωs +niωi . (3.23)

This corresponds to the momentum conservation and can just be achieved in bire-

fringent crystals, which have two refractive indices. Furthermore, for broadband

signal beams, phase matching will be even more complicated, since the wave
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Figure 3.7: Phase matching for collinear and noncollinear geometry. The non-
collinear geometry is shown for the tangential phase matching condition. The
walk-off compensating phase matching is not used in the stages presented in this
work.

vector mismatch has to be small over the whole frequency range of the signal. This

can only be achieved for short crystal lengths, limiting the gain. By introducing

a noncollinear angle α, as shown in figure 3.7, the achievable bandwidth can be

extended. In the collinear case, all beams are propagating in the same direction,

which is only defined by θ, the phase matching angle [78]. The noncollinear

angle α thereby gives an additional degree of freedom, allowing to match more

signal momenta to the pump momentum. The idler thereby exhibits an angular

chirp (β(λ)). Nevertheless, for the collinear geometry a broad bandwidth can be

achieved near the degeneracy point. This can be explained in terms of the group

velocity mismatch (GVM), which is derived from the wave vector mismatch and

the conservation of energy:

ωp −ωs −ωi = 0 (3.24)

as [79]:

GVM =
∂ks
∂ωs

=
1
νg,s
− 1
νg,i

, (3.25)

with νg = ∂ω/∂k being the group velocity. It thereby vanishes at the degeneracy

point, where the wavelengths of signal and idler are the same.

Besides the geometrical issues just described, the choice of the crystal has

important influence on the efficient amplification, as described by the gain. It

directly defines three fundamental variables: deff, the available interaction length

and the index of refraction. Indirectly, it also limits the achievable pump intensity

due to its damage threshold and the available wavelength due to absorption, which

is for beta barium borate (BBO) limited to <2.5 µm.
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3.3 Simulations with SISYFOS

To investigate the behavior of the OPA stages, simulations with the program: Sim-

ulation system for optical science (SISYFOS), developed by Dr. Gunnar Arisholm,

were performed [80, 81].

SISYFOS is based on a Fourier-space method, which solves the coupled wave

equations in the frequency domain. The pulses are simulated in 3D with their

electric fields, allowing to analyze even complex aspects of nonlinear amplification

as beam profiles and pump depletion. The propagation is simulated with disper-

sion, temporal and spatial walk-off for collinear and non-collinear geometries.

Furthermore, nonlinear effects, as SF, can be investigated as well as two-photon

absorption. In addition, thermal effects and pulse-front tilts can be taken into

account which haven’t been implemented here.

The BBO crystals were simulated based on the Sellmeier equations taken from

[82], while lithium niobate (LNB) data for chapter 7 can be found in [83]. The

simulations, shown here for the NOPA and the DFG, also include the temporal

stretching. This aspect will be discussed in detail in chapter 4.

3.4 Generation of broadband 2 µm pulses

The supercontinuum generation stage is followed by two additional ones to gen-

erate the seed for the main amplification stage. In the first one, the NOPA stage,

the pump beam for the DFG-process is generated. Afterwards, the idler of the

DFG is used as the seed pulse for the main OPA amplifier. It is worth mentioning,

that this scheme is theoretically applicable to basically all high average power

amplifiers, while being able to generate a few-cycle, CEP stable seed.

In comparison to the main amplification stage, the aims of the seed generation

are different. It is most important to obtain a broad spectral bandwidth, that can

afterwards be amplified. Therefore, the power and the efficiency don’t play a

significant role, since the overall efficiency of the setup is mainly determined by

the last amplification stage.

A lot of effort has also been spent to keep the fluctuations of the laser as small

as possible, as described in chapter 2. In case of the OPA stages, these not only

lead to power changes, but also to spectral ones. In addition, the CEP-stability

will highly depend on the stability of spectrum. Therefore, it was important to

operate the stages deeply in saturation, where small fluctuations aren’t amplified.
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As mentioned before (chapter 2.1), the intensity fluctuations in the saturated OPA

are mainly determined by the ones of the pump laser. The stability is also limited

by beam pointing drifts, which can be reduced by a stable pump laser system. In

addition, beam pointing instabilities can be reduced by a rigid design of the OPA

setup with few movable parts and a short beam path.

3.4.1 Nonlinear Optical Parametric Amplifier

The NOPA stage is basically the only noncollinear stage within the whole setup,

although the main amplification stage has a slight angle to separate the beams.

It serves in the following stage as the pump beam and has to deliver high pulse

energies. In addition to the power, the NOPA has to generate a broad spectrum,

since the 1030 nm beam in the DFG is narrowband.

To achieve a broad bandwidth two different approaches are possible. The easiest

approach, chosen here, is the usage of the second harmonic to amplify the super-

continuum. Another one would be to use the third harmonic of the fundamental.

This could be used to amplify shorter wavelengths in the NOPA, but unfortunately

the additional frequencies in the DFG would be generated at short wavelength.

Since the goal of this work was to generate a long wavelength output, this was not

considered, although the final pulse durations should be shorter and the tunability

better. Furthermore, the frequency tripling is less efficient, so that more energy

of the Innoslab output has to be used to generate a sufficient pump power for

the DFG-process. Finally, the absorption for short wavelengths is higher, so that

crystal damage occurs earlier. This can be a problem, especially when higher

repetition rates are used.

SHG To be able to pump the NOPA the fundamental beam had to be frequency

doubled. The intensity was set to 50 GW/cm2 with 3.6 W input power, focused into

a 2 mm BBO crystal. The achieved output energy was 2.4 W, the overall efficiency

thereby yielded 66 %. Going towards higher intensities is not recommendable,

because significant pump depletion was already visible in the spectra, as shown in

figure 3.8. Therefore, increasing the intensity could lead to beam distortions due

to reconversion of the pump. The power dependence of the SHG on the 1030 nm

is linear, resulting in a stable output.
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Figure 3.8: Pump depletion of the 1030 nm beam in the SHG. The red curve
corresponds to the fundamental in front of the crystal, whereas the blue and green
cures belong to the one after the crystal. The green curve and the blue curve show
the spectrum without and with frequency doubling.

Simulation The NOPA was simulated with the measured white-light spectrum

and the back calculated phase (for details, see chapter 4.1.2) (figure 3.9). The

pump beam was assumed as a Fourier-limited pulse with a duration of 1100 fs,

corresponding to the measured pulse. The intensity in the NOPA was set to

about 50 GW/cm2 in the pump beam, to avoid crystal damage. The beam of the

supercontinuum had a size of 100 µm, about 2/3 of the pump beam (160 µm),

with an energy of 2 nJ. The phase matching angle and the noncollinear angle were

21.4° and 1.9° for a broad amplified spectrum, respectively.

With these parameters the optimal crystal length was found to be around 4 mm

and an output power of 630 mW was achieved.

Experiment In the experiment with the same parameters an output power of

530 mW was obtained with a broad amplification bandwidth, as shown in fig-

ure 3.10. The discrepancy between experiment and simulation is expected due

to crystal imperfections and other small deviations. Especially the exact energy

of the supercontinuum was unknown and had to be estimated. Anyway, similar

differences of 10-15% will also be apparent in the next stages.

Besides the overall energy, the results are in good agreement to each other. The

spectrum is a little bit broader than expected, which can be attributed to the di-
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Figure 3.9: Simulation of the NOPA. The left column show the pump, the seed and
the idler results. The first two rows correspond to the spectral and the temporal
profiles within the crystal along the x-axis. The retrieved output energy of the
signal yielded 800 mW.

vergence of the pump beam, which allows to phase match additional wavelengths.

Furthermore, this stage is sensitive to the OPA angles and the beam parameters

of the supercontinuum. Besides that, in both cases a peak at around 640 nm is

observable and the OPA is saturated. A test with a 3 mm thick crystal led to a

significant decrease in power and higher fluctuations, proving the saturation of

this stage.

Another important feature found in the simulation and the experiment is the

small quadratic spectral chirp in the beam, as depicted in figure 3.11, which is not

present in the focus. This is a result of the phase matching conditions, which have

a parabola like shape. It cannot be avoided with the present configuration, but

also doesn’t influence the following stages significantly.
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Figure 3.10: Spectrum of the NOPA (red) and the theoretical prediction (black).

a) b) c) d)

Figure 3.11: Chirp of the NOPA in the far-field. The beam profile is shown for
different filters: a) Full beam, b) 630 nm, c) 700 nm, and d) 740 nm.

3.4.2 Difference Frequency Generation

Like the supercontinuum generation, special efforts were undertaken to generate

the optimal pulses in the DFG for the following main amplification stage. There-

fore, it was important that a strong seed beam could be used, as it is derived

from the 1030 nm fundamental beam. This allows an optimal amplification and

stability, also by using a big spot size for the seed beam. Since the idler at around

2µm is used in the following stage, the angular chirp of the idler has to be taken

into account, which can cause severe beam distortions.

Simulation Like for the NOPA, also the DFG was simulated with the 1030 nm

signal beam as a Fourier-limited Gaussian pulse with an energy of 11 µJ (fig-

ure 3.12). The NOPA spectrum was implemented with an energy of 4.5 µJ. The
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Figure 3.12: Simulation of the DFG process. The retrieved output energy of the
idler yielded 72 mW

beams focal spot sizes were 200 µm for the seed and 150 µm for the pump beam

with a propagation length of 1 mm in BBO at 20.1° in a collinear geometry.

The idler is thereby slightly oversaturated, which is indicated by the reconversion

visible in the center, and the peak at long wavelength from the NOPA is preserved.

Experiment In the beginning of this thesis a slightly noncollinear geometry

for the DFG was chosen, since no dichroic mirrors were available. It didn’t

show significant disadvantages to the collinear stage, except the relatively low

conversion efficiency compared to the theoretical predictions. The output energy

was about 36 mW. Later on, when the main amplifier stage was built (chapter 4),

its output showed a strong angular chirp and low amplification due to the wave

vector mismatch, introduced by the noncollinear geometry of the DFG. This can

only be compensated in a stretcher like setup [45, 84], which is complex and has a

couple of disadvantages:
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Figure 3.13: Spectrum of the DFG for different BBO thicknesses.

1. The long beam path leads to beam pointing fluctuations for the following

stages.

2. The setup is inflexible to changes in the spectrum of the pulses.

3. The chirp cannot be fully compensated.

Another, more simple approach, is the compensation with wedges, which would

probably result in even worse results.

These problems were avoided in the present setup by using the collinear geometry.

This improvement could be achieved with the design of dichroic mirrors for the

1030 nm and the NOPA beam by V. Pervak. As shown in figure 3.13, changing

to a complete collinear geometry leads to a broad spectrum, better than before.

Please note, that the spectra shown for the DFG are underestimating the long

wavelength part, since the used InGaAs spectrometer (nirQuest 512, Ocean Optics)

significantly loses sensitivity above 2.3 µm. The real spectrum is broader, which

will be visible in the last amplification stage (chapter 4.1.2).

Two crystals for the DFG were tested in the collinear geometry, leading to similar

results. Thereby, it was decided to take the thin one (1 mm). The maximum output

power was up to 60 mW with a broad spectrum and a round beam profile.

As shown in figure 3.14, the DFG can be operated in saturation, since the 1030 nm

beam serves as a seed in this stage. Therefore, a comparably high seed energy of
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11 µJ was used to suppress fluctuations originating from the laser. The additional

power is thereby small compared to the gain in stability. As shown in the insets,

also the spectrum does not depend on the power of pump and seed, which is

important for the overall stability of the setup. Due to the careful alignment and

the stable input beams, the fluctuations could be kept below 1%.
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Figure 3.14: Power and spectral dependencies of the DFG for a) seed and b) pump
beam. The insets depict the corresponding spectra.
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3.5 Summary

The results obtained in this chapter prove, that a stable seed for picosecond

pumped OPCPAs can be obtained, even without a broadband seed laser. Such a

"single output OPA" has a couple of advantages compared to other schemes: First

of all, the required laser system is simplified, since only one laser output is used

for the seed generation and its amplification. No broadband Ti:Sa based front-end

had to be implemented and only some requirements for the Innoslab amplifier

had to be fulfilled.

Furthermore, an all optical synchronization is favorable compared to the active

synchronization. Fluctuations in time are intrinsically compensated and do not

have to be taken into account. It is also important to note, that not much pulse

energy is needed for the seed generation in the present case. With about 50 µJ in

total, this corresponds to 5% of the maximum output for a 100 W amplifier and in

the present case of the 500 W Innoslab amplifier to even less.

The system proves, that even with 2 consecutive nonlinear stages and long pulse

durations a stable operation can be assured. The power stability of about ~1 % is

comparable to standard laser systems and allows stable operation of the following

OPCPA stage.

The novelty of the presented seed laser may also be illustrated by the possibility

of conducting experiments with the DFG output (chapter 5). Therefore, it also

important to mention, that the DFG is passively phase stable, which will be

discussed in the next chapter.





4 Dispersion management and CEP
stabilization

The basic principles of OPAs have already been discussed in chapter 3. This chap-

ter is therefore dedicated to the more difficult topics related to OPA-development.

It thereby introduces some ideas, that led to the scheme of the seed generation

reported before. By that, some additional advantages and how they can be imple-

mented in a complete OPCPA system are shown.

This chapter is divided into two parts, related to the most critical parameters for

OPAs: the pulse duration and the CEP stability. The first one deals with the disper-

sion management of the whole setup. As already reported, the super continuum

is intrinsically chirped, so that all stages built here are basically OPCPA stages.

In this chapter it will be shown, how the dispersion of the seed can actively be

engineered for an optimal extraction of energy in the main amplification stage

(in the following referred to as OPCPA stage in contrast to the other ones before).

The dispersion management is also important to obtain few-cycle pulses, close to

the Fourier limit. In most few-cycle OPAs a Dazzler corrects the spectral phase to

obtain an optimal compression in the end. This device was not available for the

repetition rates used in the present work, which makes the dispersion manage-

ment more difficult.

The system presented here uses the material dispersion to stretch and to compress

the pulses: The group velocity dispersion changes its sign for many materials

at around 1.3 µm. Therefore, material placed in the different spectral regions

(near-IR and mid-IR) in the consecutive stages can neutralize each others disper-

sion. Together with some chirped mirrors, this leads to a simple scheme of pulse

compression to the few-cycle regime, which will be discussed in 4.1. Additionally,

a simple technique to measure the dispersion will be described in this chapter,

that was developed during the construction of the laser system (4.1.1). It is ad-

vantageous for long wavelength, broadband pulses and especially at low energies.

Afterwards, it will be discussed, how the dispersion affects the main amplification



42 4. Dispersion management and CEP stabilization

stage and how the compression for the OPCPA stage could be achieved (4.1.2).

The second part of the chapter discusses the carrier-envelope phase (CEP) stability

of the laser system. In contrast to Ti:Sa based systems the CEP stability is achieved

passively through the DFG process. The CEP stability is important for many ap-

plications in strong-field physics, like the photoionization experiments reported

in chapter 5.

4.1 Dispersion control and measurement

As already discussed in section 2.3, the spectral phase can be described as Taylor

expansion with higher order terms, where the GDD and the TOD are of special

interest. As the value of the refractive index changes with the wavelength, it leads

to a wavelength dependent phase velocity. This effect is present for all transparent

media and has to be actively controlled. The wavelength dependent refractive

index for a material can be described by the empirical Sellmeier equation, which

is given by:

n(λ) =

√
1 +

∑
i

Aiλ2

λ2 −Bi
(4.1)

where usually i = 3. Values for the material used in the setup are shown in table

4.1.

material A1 A2 A2 B1 [µm2] B2 [µm2] B3 [µm2]
BK7 1.0396 0.2318 1.0105 0.0060 0.0200 103.5606

Fused Silica 0.6961 0.4079 0.8975 0.0684 0.1162 9.8962
Sapphire 1.024 1.0582 5.2808 0.0614 0.1107 17.9266

Table 4.1: Sellmeier coefficients for selected materials. Taken from [85]

An important feature of the group velocity dispersion (GVD) in material is the

change of its sign, typically at wavelength 1.2-1.5 µm. At near-IR wavelengths the

value is positive whereas it’s negative in the mid-IR. In the present case this allows

to compensate the GDD that is accumulated before the DFG, or in the other way

around, by introducing material in the NOPA beam, additional material behind

the DFG generation can be compensated.

The advantage of this compensation scheme is not only the relatively high flexi-

bility, but also the high efficiency in the compression, which is basically limited

to the reflexion (the anti-reflection coating) of the material used to stretch and
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compress the pulses.

Unfortunately, the TOD does not reverse its sign with the wavelength. Therefore,

large amounts of material still lead to long pulses. This effect can be compensated

by properly designed chirped mirrors.

4.1.1 Dispersion measurement in the seed beam

To be able to stretch and compress the pulses in the way just described, the spectral

phase of the pulses has to be known. To measure it for the weak, spectrally broad

and temporally long pulses obtained by the DFG is a challenging task with current

pulse characterization methods. Therefore, a new method was developed, which

is easier to implement.

Since the DFG output had to be measured, no suitable phase-retrieval method

was available. In the beginning the Frequency Resolved Optical Gating (FROG)

technique was unsuccessfully tested:

Typical spectrometers have a wavelength range up to 1100 nm (Si-detectors),

or down to 900 nm (InGaAs). Therefore, the second harmonic generated by a

source ranging from 1600 nm to 2400 nm cannot be completely recorded by a

single spectrometer, which is needed for SHG-FROG. Stitching them together is

complicated and needs a careful intensity calibration of the devices.

Since the SHG couldn’t be measured with a single spectrometer, the third harmonic

had to be used in the present case. There, the low average power and the long

pulse durations led to low intensities and thereby to an unmeasurable signal.

The spectrum was furthermore highly asymmetric (figure 3.13) with low spectral

intensities over a broad wavelength range. Therefore, the retrieval with THG-

FROG was impossible, because the long wavelength part could not be detected at

all.

The technique used in this thesis is also based on SHG, where the spectrum can be

described as [86]:

ISHG(2ω,φ) =
∣∣∣∣∣∫ +∞

−∞
|E(ω −Ω)||E(ω+Ω)|exp[i(φ(ω −Ω) +φ(ω+Ω))]dΩ

∣∣∣∣∣2. (4.2)

The shape of the SHG spectrum thereby depends not only on the spectral ampli-

tudes, but also on the spectral phase of the input pulse. Since the first terms are

amplitudes and positive, it maximizes, when the exponent equals to zero. Taylor
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expansion of the phase to the second order:

φ(ω ±Ω) = φ0 +φ1Ω+
φ2Ω

2

2
(4.3)

gives:

ISHG(2ω,φ) =
∣∣∣∣∣∫ +∞

−∞
|E(ω −Ω)||E(ω+Ω)|exp[i

∂2φ(ω)
∂ω2 Ω2]dΩ

∣∣∣∣∣2, (4.4)

since the first two coefficients cancel. It is obvious that the signal of the SHG

at given frequency maximizes, when the GDD (
∂2φ(ω)
∂ω2 ) is zero. By inserting a

known amount of material or chirped mirrors, the position of the zero crossing

can be changed. For a simple spectral phase this is visible by a peak shifting of

the SHG in the spectrum (figure 4.1).

The GDD of the initial pulse can then be calculated as:

GDDintially +GDDintroduced = 0 (4.5)

By introducing different amounts material, the higher order terms can be retrieved

by plotting the GDD versus the wavelength, which is shown in figure 4.1 for the

seed pulse. The retrieved GDD for the setup was 1923 fs2 and the TOD 7615 fs3.
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Figure 4.1: Chirp scan measurement with a 500 µm thick BBO. In a) the shift of
the SHG peak is shown. The amount of sapphire differs by 5 mm, shifting the peak
towards lower wavelengths. The GDD as a function of the doubled wavelength
position of the SHG is presented in b). The fit yielded a GDD of 1923 fs2 and a
TOD of 7615 fs3.
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It is important to mention that this technique has proven to be very reliable, as

shown later in this section. Especially in spectral regions were no spectrometer

can cover the full spectrum of the SHG the new technique is advantageous. Fur-

thermore, it is quite robust to noise and easy to implement.

Since it only relies on the position of the SHG peak, it is not prone to intensity

fluctuations and retrieval errors. In the chirp scan technique only wavelength

calibration is necessary. Furthermore, low intensity pulses can be measured as

shown here for 30 mW, which wasn’t possible with THG-FROG. Other measure-

ment techniques able to retrieve the spectral phase of the pulse, like multiphoton

intrapulse interference phase scan (MIIPS) rely on expensive and more complex

setups [87].

Nevertheless, there are some limitations on the usage: The shift of the SH-peak

is only visible in presence of TOD. Furthermore only simple GDD-curves can be

retrieved, for complex phases the chirp scan technique is not applicable. Anyway,

in most applications like OPCPAs, where the phase is mainly determined by

material dispersion, this technique can often be used.

4.1.2 Dispersion management in the main amplification stage

In contrast to the previous stages, the design of the main amplifier is more compli-

cated as pointed out before. As mentioned already in chapter 3, the efficiency of

the stage is sensitive to misalignments and imperfections like the angular chirp

in the DFG. This illustrates, how much this stage (and possible following stages)

depends on the quality of the seed beam. This is not only true for the laser pa-

rameters like the spectral bandwidth, intensities and beam sizes, but also optimal

pulse durations of seed and pump. Since about 65 % of the total power in this

setup is used in this stage, it has to be as efficient as possible. Therefore, several

parameters have to be matched, which are highly correlated to each other. This

will be illustrated by the comparison of an unoptimized and an optimized OPCPA

stage.

Main amplifier without material optimization

As shown in figure 3.1, in both cases a 3 mm BBO is used for amplification. For

an optimal amplification, the angle between pump and seed has to be kept as

small as possible, since the OPCPA is operated around the degeneracy point. In

principle, it would also be possible to use signal and idler together in a collinear
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geometry. This would lead to an even broader spectrum and higher pulse energies,

but wipe out the CEP stability (section 4.2), since the idler is not CEP stable.

Figure 4.2: Beam profiles of the OPCPA at crystal position. The seed is shown on
the left, whereas the pump is shown on the right.
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Figure 4.3: Power dependences for the a) seed and b) pump beam of the unopti-
mized OPCPA.

The beam sizes (FWHM) were 350 µm for the pump and 150 µm for the seed

beam, as shown in figure 4.2. The pump power was set to 14 W corresponding

to 140 µJ and the achieved intensity was around 80 GW/cm2. The OPCPA is set

up in saturation, to ensure stable operation (figure 4.3). The achieved stability is

below 1 % rms, similar the stability of the laser system 2.

The obtainable output energy highly depends on the chosen phase matching angle.

The energies corresponding to the spectra depicted in figure 4.4 range from 1.7 µJ

to 4.4 µJ (after compression). The highest amplifications were achieved with the

narrow spectra, shown in the inset. The picture also illustrates the high tunability

of the OPCPA for different wavelengths. Nevertheless a good compromise between

pulse energy and the spectrum could be obtained, shown as thick black line,

corresponding to 3.1 µJ. To compress these pulses, a combination of sapphire and

chirped mirrors was introduced. The design of the mirrors, was focused on the
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Figure 4.4: Tunability of the OPCPA for unoptimized dispersion.
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Figure 4.5: Chirped mirror design. As shown in a) the reflectivity over the whole
frequency range is above 90% on average. b) The GDD of the mirrors is relatively
flat. The goal of the design was to reach low GDD but high TOD compensation.
This was only achievable with two angles of incidence. Courtesy of V. Pervak.
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compensation of TOD, but only as little as possible GDD (figure 4.5). 15 mm of

sapphire were used to compensate the GDD (the values are found in section 4.1.1),

while 6 mirror bounces compensated the TOD. Sapphire is thereby favorable, since

it is not only transparent at the amplified wavelengths range, but also exhibits the

best ratio between GDD and TOD.

For fine tuning of the compression, wedges could be used, that anyway have

to be introduced for the CEP control of the system (section 4.2). To verify the

compression of the pulses, a THG-FROG was used to determine the pulse duration

(figure 4.6). The retrieved pulse duration is 15.7 fs, which is close to the Fourier

limit and a little bit above two cycles.
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Figure 4.6: FROG measurement of the unoptimized OPCPA. In a) the retrieved
temporal profile (black line) and Fourier-limited pulse (red line) are shown. The
inset depicts the measured and retrieved FROG traces. The retrieved and mea-
sured mid-IR spectra (black and red lines, respectively) and retrieved residual
spectral phase (blue line) are shown in b).

Main amplifier with material optimization

It is obvious, that a broad spectrum over the whole wavelength range should be

obtainable. This was also predicted by the theoretical calculations in section 4.7

in collinear geometry, since the angle differences were proven to be negligible and

the parameters mentioned before were used: The pump was set to 140 µJ at a

beam size of 350 µm, corresponding to 86 GW/cm2. The beam size of the seed

beam was 150 µm with an energy of 300 nJ and 3 mm thickness of the BBO. It

was found, that up to 13 µJ of output energy should be achievable, with a GDD of

2000 fs2 and a TOD of 0 fs3.
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Figure 4.7: Model of the OPCPA. The retrieved output energy of the signal yielded
13 µJ.

The main difference between the simulation and the first version of the OPCPA

is therefore the spectral phase of the pulses. When simulating the stage with the

unoptimized spectral phase parameters, the efficiency significantly decreases, like

in the experiment. This can be explained by the mismatch between the pulse

lengths of seed and pump, since they haven’t been optimized.

Besides that, especially a bad amplification around 2.2 µm is visible, which is

not reproduced by the simulation above. There, a broad plateau over the whole

long wavelengths part is apparent, which elevates in comparison to the peak at

1.8 µm with increasing pump energy. This behavior is a result of the TOD, as

shown by simple calculations undertaken with LAB2, an add-on to LabVIEW®:

The back-calculated phase of the white light leads to a "banana shape" temporal

profile as shown in the upper left corner (figure 4.8).

Consequently, this shape is preserved in front of the OPCPA (second column) and

afterwards compressed close to the Fourier limit. It is obvious that the amplifica-
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tion for the OPCPA is therefore inefficient. Especially the long wavelengths cannot

efficiently be amplified, since the duration of this part is short and thereby a lot

of the seed photons interact with a limited number of pump photons. This also

explains the spectral shape of the unoptimized OPCPA. Even the small elevation

at long wavelength can be explained, because at lowest frequencies the pulses get

a bit stretched again.
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Figure 4.8: Windowed FFT for different dispersions, showing the spectral-
temporal maps. The first row depicts the profile without introducing material, the
second one for 10 mm of BK7 and the third for 20 mm BK7, in the white light The
first column shows the profile at the NOPA-position, the second one in front of
the OPCPA and the last one after compression. For more details, see text.

To show this behavior, different amounts of material where introduced into the

white light beam (figure 4.9). With increasing thickness, the gap between the two

peaks at long and short wavelength is closed and the power increases. This can be

explained by the different wavelengths that get stretched in time, while a better

energy extraction is achieved, due to a better temporal overlap of pump and seed.

This holds for up to 40 mm, where the power starts to drop again, because the
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Figure 4.9: OPCPA spectra for different amounts of fused silica. The power of the
consecutive spectra is shown in the legend.

pulses become too long. Anyway, this simple scheme of stretching the pulses is

not optimal, because the pulses are not linearly stretched in time.

An additional degree of freedom is available with the usage of the chirped mir-

rors. When a few of them are introduced right behind the DFG, they significantly

reduce the amount of TOD, leading to almost linearly chirped pulses in front of

the OPCPA (second and third row, middle column in figure 4.8). By the usage of

chirped mirrors in front of the OPCPA not only a linear chirp can be obtained, but

also an almost optimal temporally stretched pulse can be achieved. Furthermore

the compression after the OPCPA becomes more efficient, since the number of

mirrors after the OPCPA stage is reduced.

The last two rows show the scheme for 10 and 20 mm of BK7 introduced in the

supercontinuum for additional chirping of the pulses, respectively. In both cases

four chirped mirrors are used to "linearize" the chirp. While 3 (4) mirrors and

17.5 (23.5) mm sapphire are compressing the pulse (last column).

As shown in figure 4.8, the additional BK7 can be compressed by almost the same

amount of sapphire behind the OPCPA. For every 10 mm of additional material,

another chirped mirror has to be added, to compensate the TOD. This has been

done theoretically up to 40 mm of BK7, where still a compression with a deviation

of 0.3 fs to the Fourier limit was achievable, allowing to match even longer pump
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pulses. This could still be optimized by varying the materials. Since every glass

exhibit a unique ratio between GDD and TOD, the material can be combined to

get more flexibility.

As shown, the interplay between material and chirped mirrors allows to optimize

spectral phase and pulse duration to ensure a high efficiency in the process. This

way, it compensates to some extend the lack of an Acousto-Optic Programmable

Dispersive Filter (AOPDF), usually used in OPCPAs. In comparison, the presented

scheme has also the advantage, that high losses from this device are avoided and

that it is completely passive.

The two curves for 10 and 20 mm of BK7 have a pulse duration close to the one

of the pump pulse with 1.1 ps. Since seed and pump pulse are originating from

the same laser source, timing jitter is expected to be very low. Therefore, it can be

approximated, that maximal overlap should be obtained. To decide which amount

of material is better, one has to rely on more sophisticated methods like SISYFOS

and to verify them by the experiment.
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Figure 4.10: FROG measurement of the optimized OPCPA. In a) the retrieved tem-
poral profile (black line) and Fourier-limited pulse (red line) are shown. The inset
depicts the measured and retrieved FROG traces. The retrieved and measured
mid-IR spectra (black and red lines, respectively) and retrieved residual spectral
phase (blue line) are shown in b).

Here, the theoretical predictions could be confirmed by stretching the seed

pulses with different amounts of material. Four chirped mirrors were used to

reduce the amount of TOD. At 10 mm of introduced fused silica, the results im-

proved significantly, while at 15 mm the spectrum started to narrow. Nevertheless,

this amount could be used to obtain an optimal energy output. The pulses were

compressed with 30 mm of sapphire and 3 additional chirped mirrors down to
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Figure 4.11: Power dependence from the seed for the optimized OPCPA.

15.5 fs, as shown in figure 4.10. The obtained compressed pulse energy was 10 µJ,

which is in good agreement with the theoretical calculations presented above. The

compressor has an efficiency of about 90%. The pulses are smoothly amplified

over the whole spectral region, without a dip around 2.1 µm. The spectrum is

thereby similar to the one obtained in the DFG, while long wavelengths are more

pronounced after the OPCPA stage. The low amount of TOD also leads to a

significant increase of pulse energy, while the pulse duration is the same as before

and close to the Fourier-limit. Besides these improvements also the pre-/post

pulse could be minimized and the stability of the system is increased due to a

deep saturation of the OPCPA, which already starts at around 10-15 mW of seed

energy, as shown in figure 4.11.

The pulse stretching after the supercontinuum generation also led to better re-

sults in the NOPA and DFG stages, since the temporal overlap with the pump is

also improved in those cases. Nevertheless, this effect had little influence on the

OPCPA-stage, since all stages were already saturated before.

4.2 CEP measurement and stabilization

The second important parameter that has to be taken into account for the few-

cycle OPCPAs is the carrier envelope-phase (CEP) stability. It plays a crucial role

for strong-field experiments and describes the time evolution of the electric-field

underneath the carrier wave.



54 4. Dispersion management and CEP stabilization

4.2.1 Theory of CEP stability
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Figure 4.12: Electric field of a laser pulse.

For a laser pulse the electric field can be described as [31]:

E(t) = A(t)cos(ω0t +φ), (4.6)

where A(t) is the amplitude envelope, ω0 the central frequency of the pulse and φ

the CEP. An example is given in figure 4.12 similar to the compressed DFG pulses

used in the photoemission experiments.

Without any stabilization, laser systems produce a random CEP, which shifts

between 0 < ∆φ < 2π. This CEP shift is described in the frequency domain by:

∆φ = 2π
νCEO

frep
, (4.7)

where frep is the repetition rate of the laser and νCEO the carrier-envelope offset fre-

quency. To control νCEO the self-referencing technique was developed [29], where

one part of the beam undergoes a nonlinear process e.g. SHG. Afterwards, it is

overlapped with the fundamental, where the frequency comb for the fundamental

is given by:

ν(m) =mfrep + νCEO (4.8)
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and for the SH:

2ν(m) = 2mfrep + 2νCEO, (4.9)

respectively. If the original pulse has an octave spanning spectrum, its blue

components overlap with the red components of the SH, leading to an amplitude

modulation at fCEO, since:

2ν(m)− ν(2m) = (2mfrep + 2νCEO)− (2mfrep + νCEO) = νCEO. (4.10)

This relation can be used to measure the CEP in the described f-2f interferometer.

Furthermore, such setup is routinely applied in the active stabilization of the CEP.

Besides the active synchronization the CEP can also be passively stabilized. For

DFG the three-wave mixing is described as:

ωIdler =ωPump −ωSignal. (4.11)

Similarly, one can deduce that a similar relation is also found for the CEP [88, 89]:

ΦIdler = −π/2 +ΦP ump −ΦSignal (4.12)

The equation implies, that, as long as signal and pump are correlated, the idler

is CEP stable. Both beams therefore have to be originating from the same source.

This way of CEP stabilization, although being easy to implement at a first glance,

has to be taken into account over the whole system design to obtain good values.

The correlation between the beams can easily be destroyed, leading to high CEP

fluctuations, which will be discussed in the next section.

4.2.2 Impact on the laser design

The idea of using a passively CEP stable OPCPA is essential for the OPCPA design.

It not only allows to omit the active stabilization of the CEP, but also requires pas-

sive temporal synchronization, as already pointed out in chapter 3. This reduces

the timing jitter between seed and pump pulse, which, although not measured, is

expected to be on the order of few femtoseconds [54].

The timing jitter is thereby also an important parameter for the CEP stability,

as it leads to a different temporal overlap of the pump and seed pulses. The

CEP then fluctuates together with the central frequency of the pulse, since its

value depends on the propagation through a dispersive material, which itself is
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Figure 4.13: Alternative setup design. In contrast to the used one two NOPA
stages are implemented followed by a single DFG stage.

wavelength dependent. As discussed in the literature [90], a shift of 1% in central

wavelength can lead to a change of 0.8 rad in CEP. Although being measured for

shorter pump pulses, this explains the difficulties to stabilize the CEP in [53]. It

is also the reason, why so much attention was paid to the power dependences, as

well as to the corresponding spectral dependences in chapter 3.

Nevertheless, this design also restricts the setup in some ways. One question that

haven’t been addressed in the design of the setup until now is: Why are we not

using one or more additional stages in the visible wavelength region and only use

the last stage to generate the idler. Figure 4.13 depicts this scenario. It has the ad-

vantage of working with well established materials, optics and detection methods,

which are not easily available for long wavelength. Furthermore the visible beam

is easier to handle in terms of alignment. The two important drawbacks of this

approach are the following:

Firstly, the overall efficiency would probably decrease quite significantly, since

one of the most inefficient steps, the DFG-process, is placed at the end of the setup.

Furthermore, the additional SHG stage(s) would further decrease the efficiency. In

addition these stages are also difficult to handle for high power beams. Secondly,

even more important, the CEP stability is expected to be worse. After splitting the

pulses into two different parts for supercontinuum generation and the DFG, the

CEP can change independently for each arm. Therefore, the beams are interfero-

metrically coupled, where small fluctuations can lead to high CEP instabilities.

Therefore, the beam path before the DFG has to be kept as short as possible.
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Figure 4.14: Results of the CEP measurement. The interference fringes are shown
for: a) short time scales with a stability of 103 mrad over 15s and b) for long time
scales with feedback-loop recorded with 136 mrad over 20 min. c) depicts the
noise (power spectral density) with (blue) and without (red) stabilization. In d)
the CEP control is shown with a 0-π ramp pattern, followed by constant CEP.

4.2.3 Slow feedback loop and CEP measurement

The CEP was measured by a collinear f-2f setup. The focused pulses were first

broadened in a sapphire plate and, after refocusing, frequency doubled in a BBO

(100 µm, uncoated). The fringes visibility was optimized by a cube polarizer.

Already the first CEP stability measurements showed an excellent CEP stability

on short time scales, but the long term stability was unacceptable and a slow loop

control had to be implemented. In the present case this was achieved by varying

the beam path length of the NOPA arm, which was implemented by a piezo-driven

mirror. This leads to a strongly improved CEP stability on long timescales, which

is shown in figure 4.14 c).

The measurements shown in figure 4.14 were undertaken with an in-loop f-2f

interferometer controlling the slow-loop. In part a) a typical fast 15 s measurement

is shown, resulting in 103 mrad fluctuations, where under optimal conditions
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even a stability down to 80 mrad was achievable. This value increases for long

timescales to 136 mrad ( 20 min, b) ). The values obtained are thereby upper limits

since the measurement is highly sensitive to variations in the SCG in the sapphire

plate. Figure 4.14 d) shows an example of the CEP control with the piezo-mirror,

followed by constant CEP). Due the high repetition rate of the laser system, it

was impossible to measure the single shot CEP stability. The results presented

here were taken with the lowest possible acquisition time of the spectrometer

corresponding to 4 ms. Nevertheless, due to the passive CEP stabilization and

the high stability of the laser system no fluctuations on shorter time scales are

expected.

The values presented here are very comparable to the ones obtained elsewhere

[36, 37, 91–93], where most systems, however, are using an active synchronization

scheme with an AOPDF.

4.3 Summary

As shown in this chapter, the OPCPA scheme developed in this thesis is capable of

delivering almost Fourier-limited, few-cycle, CEP stable pulses at 2 µm. Further-

more, it can be scaled towards higher pulse energies, as well as higher repetition

rates, which will be discussed in chapter 7.

One of the main advantages, which allows the scalability, is the simplicity of the

design. It is, besides the slow feedback loop for the CEP, an all optical approach

without any limiting electronics. Nevertheless, it is possible to adjust the impor-

tant parameters to achieve an optimal energy extraction from the pump pulses

by optimizing the material dispersion. The scheme is, as exploited theoretically,

applicable for a broad range of pulse durations of the pump beams, even for the

given coating design of the chirped mirrors.

The obtained parameters from the amplification make the developed system

a unique laser source. It delivers one of the highest pulse energies among high

repetition rate, mid-IR sources. Furthermore, it delivers about 2-cycle, CEP stable

pulses, while the CEP stability as well as the energy stability are excellent.



5 First photoionization experiments
with the 100 kHz system

To show the applicability of the laser system, first prototype experiments were

undertaken with the first version of the DFG setup. The experiments do not only

profit from the different wavelength of the laser, but also from the high repetition

rate.

This chapter gives a short overview of the results obtained. For a detailed descrip-

tion of the experiments, the reader is referred to [94, 95], while the underlying

theory will be described in more detail in chapter 6.

5.1 Theoretical background

As already emphasized in chapter 1 an important approach for the understanding

of the strong-field processes in atoms and molecules is based on the simple man’s

model (SMM) [22]. The adiabaticity is given by the Keldysh parameter γ in atomic

units:

γ =

√
Ip

2Up
(5.1)

with the ponderomotive potential Up:

Up =
A2

4
=
E2

0

4ω2 , (5.2)

with A being the vector potential (A = A0 ∗ cos(ωt)), Ip the ionization potential, E0

the electric field strength and ω the laser frequency. It describes the transition

from the multiphoton photoemission picture to the quantum mechanical tunnel-

ing picture [96, 97].

For γ >> 1 multiphoton ionization (MPI) is the dominant photoemission mecha-

nism. The electric field of the laser is small compared to the Coulomb-field and
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Figure 5.1: Schemes of multiphoton ionization (left) and above-threshold-
ionization described by simple man’s model (right). In the multiphoton regime,
the electron absorbs the minimal amount of photons to overcome the ionization
potential. For low Keldysh parameters the electron can tunnel through the poten-
tial (1). The electron is driven away from the molecule gaining additional energy
in the oscillating field (2). After some time the electron recollides with the parent
molecule (3). Here, several effects can be observed: 3a denotes the recombination
which results in high harmonic generation. In addition recollision of the electron
can be observed by rescattering (3b) as well as non-sequential double ionization
(NSDI).

can be treated by perturbation theory. The photoemission of electrons in this

regime is limited to the absorption of the minimal number of photons, needed

to extract the electron from the molecule, as shown in figure 5.1. Going towards

lower values of γ to ~1, by either increasing the intensity or the wavelength of

driving laser, the emission process changes. Above-threshold-ionization (ATI)

becomes the main driving force in the photoemission spectra. It can be seen by

equidistant peaks with an energy spacing of the photon energy and the appearance

of a high energy plateau for γ << 1.

In the intense laser fields at low Keldysh parameters, the influence of the electric

field of the laser compared to the Coulomb field cannot be neglected anymore. In

this case, the potential barrier of the molecule is bent, so that the electrons can

tunnel out of the system, while the rate is determined by the instantaneous electric

field of the driving laser. Therefore, the whole process is not only dependent on

the wavelength and intensity of the laser, but also on the CEP.

The tunneling process in the Keldysh theory is described as a direct transition

from the ground state to a continuum state (Volkov-state) in the electric field of

the laser [97]. Typically, additional bound states and the Coulomb potential are
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neglected (Strong-Field Approximation (SFA)). In addition, the initial state is also

not influenced by the laser field under these assumptions.

The liberated electron in the electric field of the laser pulse then shows a quiver

motion. Depending on the birth time, which corresponds to a specific point in the

electric field, it can either escape out of the system or recollide with the molecule

(for more details see chapter6).

Similar processes can be found in solids. Equation 5.1 can be adopted to solids

[98, 99] by substituting the ionization potential by the work function φ of the

solid, yielding:

γ =

√
φ

2Up
(5.3)

where the intermediate (ATI) regime is referred to as Above-Threshold Photoemis-

sion (ATP).

Nanostructures exhibit field enhancement and field confinement due to the

interaction of the incoming light with the electrons of the nanostructure. The first

one leads to an increased electric nearfield. Therefore, the strong-field processes

are possible at correspondingly lower intensities compared to gas phase atoms

or molecules. Field confinement manifests itself in the decay of the near-field

away from the surface with a decay length lF . If the length scale of the electron

motion during a half-cycle is on the order of the decay length, the dynamics of

the electron in the field can be significantly altered compared to the strong-field

photoemission from an atom or molecule in a quasi-homogeneous laser focus (on

the length scale of the quiver motion).

The competition between near-fields and quiver energy was observed in 2012 by

Herink et al. in dependence of the laser wavelength [100]. For long wavelengths

the quiver amplitude exceeds the decay length of the of the near-field (lF), so

that they feel its decay. When the electrons are driven away from the surface,

they experience a smaller field in the next half-cycle, that pushes them back to

the tip, as the field decreases with the distance to the surface. This behavior

leads to a quenching of the quiver motion. As a result, the rescattering energy

and probability decreases, leading to a reduction of the cutoff. This effect can be

described by a dimensionless adiabaticity parameter δ [100]:

δ =
lF
lq

=
lFmω

2

eE0
, (5.4)
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where lq is the electron quiver amplitude in a homogeneous monochromatic

laser field. With this formula two different regimes can be separated. In the

instantaneous regime (δ << 1) at high intensities or long wavelengths, the electron

leaves the near-field within a half-cycle of the electric field. It can therefore be

considered as being accelerated by a static electric field with a final energy of:

Efinal ∼ E0 · lF (5.5)

In the adiabatic regime (δ >> 1), the ponderomotive potential is adiabatically

transformed into kinetic energy of the drift motion. The electron undergoes

subcycle motion as in a homogeneous field. The field inhomogeneity only affects

the cycle-averaged drift motion as the electron drifts away from the surface:

Efinal ∼Up = E2
0 (5.6)

For laser pulses the energy gained by the electron is also limited by the pulse

duration in the adiabatic regime. If the pulse is gone before the electron leaves

the near-field of the tip, the obtained energy is reduced. In comparison, this effect

has no influence in the instantaneous regime.

5.2 Experimental setup

The experiments were done with the first available laser-setup. There, only the

DFG was available with an output energy of 36 mW and slightly different spec-

trum (figure 5.2).

The stability of the 2 µm beam was 1.1% rms. These pulses could be compressed

in the same way as described in chapter 4 by a combination of material and chirped

mirrors down to 18,4 fs FWHM, corresponding to 3.1 optical cycle pulses. In

addition, phase stability measurements were undertaken which yielded 533 mrad

rms on short time scales. Long term observation of the CEP was not possible due

to high fluctuations in the supercontinuum.

These pulses were coupled into a vacuum chamber, as shown in figure 5.3,

with background pressures down to 10−7 mbar. The window (3 mm of Sapphire)

was part of the compression scheme. The collimated beam was focused by an

off-axis parabolic mirror (OAP) (f=15 mm) onto the target. Besides gas nozzle



5.3 Results 63

1 6 0 0 1 8 0 0 2 0 0 0 2 2 0 0 2 4 0 0
0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

 

 

No
rm

. in
ten

sity
 [a

.u.
]

W a v e l e n g t h  [ n m ]

Figure 5.2: Spectrum of the first DFG stage.

and nanotips, also a YAG-plate could be inserted to obtain a THG-signal from the

surface which was used to optimize the compression by wedges (not shown) in

front of the chamber. After the tip, the beam is collimated and recorded with a

CMOS camera for alignment of the targets.

The apex of the nanotip target is placed in the focus of the OAP. The polarization

of the electric field is parallel to the tip.

The photoelectron spectra are obtained by a time of flight spectrometer (Kaesdorf

ETF10). The flight times are recorded by a time to digital converter (TDC, FAST

Comtec P7889) with a resolution of 100 ps. To calibrate the spectra presented in

the following a white light peak from a the surface of the gas nozzle was used for

time zeroing.

5.3 Results

5.3.1 Xenon gas

To prove the applicability of the laser and to calibrate the intensity in the experi-

ments, electron emission from xenon was measured in the beginning. The spectra

obtained show the expected features, as shown in figure 5.4 for an intensity of

around 5·1013 W/cm2. Besides the 2 Up cutoff around 40 eV, several ATI-peaks

were observable, with a spacing of ≈ 0.8 eV in good agreement to the expected

value (~0.7 eV). The 10 Up cutoff is, however, not visible.
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Figure 5.3: Experimental setup for the photoionization experiments. a) The beam
enters the vacuum chamber through a sapphire window. The focusing on the
target is done be and off-axis parabolic mirror (OAP). b) 3 dimensional picture of
the experimental setup. Courtesy of S. Mitra.

Interestingly, these peaks showed a CEP-dependence as depicted in figure 5.4b),

which could be reproduced by theoretical calculations. The asymmetry (A) is

calculated from the signals for a given phase (S(φ)) as:

A =
S(φ)− S(φ+π)
S(φ) + S(φ+−π)

(5.7)

This was surprising, as the CEP-stability was measured to be around 500 mrad

rms on short time scales with long term drifts. It can thereby concluded, that the

real CEP-stability was lower than the measured one. It can be explained by the

high fluctuations in the supercontinuum generation of the f-2f interferometer at

that time. This would also be in good agreement to the results obtained in 4.2,

where a significant improvement in the stability measurement could be achieved

due to higher pulse energies.

5.3.2 Nanotips

The photoelectron spectra from the gold nanotips were taken at a rate of up to

50000 electron counts per second, calibrated with the xenon measurements shown

above. The on-target intensities are limited by the damage threshold of the tips. In
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Figure 5.4: Results on xenon gas. a) Typical xenon spectrum obtained with the
DFG beam. ATI peaks are observed with a spacing of about 0.8 (+/- 0.1) eV.
The central wavelength is at 1800 nm corresponding to 0.69 eV. Due to the high
asymmetry of the spectrum, the emission can be expected to be mainly driven by
the 1700 nm peak (0.73 eV) b) Asymmetry map of the ATI peaks in xenon. Picture
taken from [94].

contrast to standard Ti:Sa measurements, the long wavelengths used here, lead to a

small Keldysh parameter deep in the tunneling regime and also small adiabaticity

parameters before hitting the damage threshold of the tips.

When plotting the obtained spectra, two interesting features can be seen, as

shown in figure 5.5. First, for higher intensities, a strong shoulder forms, and

cutoff depends linearly on the laser intensity. Second, all spectra have a sharp

peak at low energies. In the beginning, this peak shifts linearly towards higher

energies with intensity and its width increases, which hasn’t been reported so

far. At intermediate intensities this behavior is slowed down significantly, while a

secondary peak appears at low energies.

The shift of the low-energy peak can be understood in terms of the ponderomo-

tive potential. In figure 5.6 the theoretical results for the minimal kinetic energy

of the electrons emitted in the central cycle of the laser pulse are depicted. As

shown, for all pulse lengths, the energy shift has a distinct peak. It originates

from the minimal kinetic energy and shifts towards lower adiabaticity parameters

for shorter pulse lengths. This can be explained by two competing effects. In

the limit of a continuous wave laser and δ >> 1, the ponderomotive potential is
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Figure 5.5: Intensity dependent photoelectron spectra for the gold nanotips. As
shown, in the inset the low energy peak exhibits a strong change in the behavior
at 2.9 * 1011 W/cm2. Courtesy of J. Schötz.
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Figure 5.6: Change of the minimal final energy for different adiabaticity parameter
in the central cycle for different pulse lengths and CEPs. T0 denotes the period of
the laser pulse. Courtesy of J. Schötz.
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adiabatically transferred to the electron leading with a minimal energy of 1 Up.

When going towards lower values of δ, the electron feels the inhomogeneity of the

near-field at the tip during their quiver motion, so that the additionally gained

energy is decreased and approaches 0 for δ « 1. This non-adiabatic effect of the

subcycle-propagation, as discussed in 5.1, not only influences the final maximum

photoelectron energy and probability for the rescattering electrons as discussed in

Herink et al. [100], but also the low-energy electrons via the ponderomotive shift.

For laser pulses of finite duration, another effect has to be taken into account. In

case of short pulse lengths, the ponderomotive potential can not be treated as

time independent. It decreases significantly during the electrons motion, which

then cannot gain the full energy of the initial potential anymore. Therefore, in

case of common laser systems with short wavelengths, the ponderomotive shift

can usually be neglected (δ » 1).

In contrast to these systems and to gas targets, the sub-cycle quiver motion and

the cycle-averaged drift motion can not be separated in our experiment, as the

ponderomotive shift becomes non-adiabatic due to the small decay length of the

near-field. Due to the short pulse length and the long wavelength, the pondero-

motive shift is clearly visible in our experiment. At low intensities the obtained

energy is limited by the drift motion. This leads to a strong linear increase of the

peak position with increasing intensity. At intermediate intensities the peak is

reached and the maximal ponderomotive shift is acquired. The sub-cycle propaga-

tion becomes dominant and in the following, the additionally acquired energy is

only a result of the stronger electric field strength and thereby comparably small.

The appearance of the secondary peaks at lower energies can be attributed to

different half cycles of the laser-field as indicated by theoretical simulations.

Not all features can be explained by the simple considerations above. In the

spectra the peak significantly broadens, which is not reproduced by the simple

model and has to be analyzed in detail with further experiments.

5.4 Discussion

The results shown here, prove the importance of laser systems like the one built

in this thesis. Even the seed for the main OPCPA is able to give new insights into

the strong-field physics of nanomaterials. Since the wavelength is more than two

times higher than the one of standard Ti:Sa systems usually used for these types of

investigations, the experiment is shifted into the tunneling regime and enables the
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exploration of low adiabaticity parameter regimes. This leads to the observation

of low energy peaks, whereas their shift has not been reported in the literature so

far.

The importance of this difference was also shown in the work of S. Mitra [95] by

the direct comparison to a 10 kHz Ti:Sa-system (Femtopower, Femtolasers). It was

not possible to reach the tunneling regime (γ ≈ 1), so that the features reported

here were not observable. Furthermore, the higher repetition rates allowed a

significant decrease in the measurement time from about an hour to a couple of

minutes with comparable parameters. This results in less requirements for the

laser stability and better statistics. In addition, it was also possible to measure at

way lower counts per shot, which is also important for other techniques as will be

discussed in chapter 7.

In the future these experiments will be continued with the improved version of

the OPA, where especially the phase-stability will increase the possibilities and

give new insights into the underlying physics.



6 Laser induced electron diffraction
of the buckminsterfullerene C60

This chapter describes another experiment which benefits from high repetition

rate mid-IR laser systems and includes the necessity of high pulse energies. Laser

induced electron diffraction (LIED) is in contrast to the experiment described in

the previous chapter, not aiming for the electronic properties of the sample, but its

structure. Its first implementation is the combination of the methods originating

from strong-field physics with gas-phase electron diffraction (GED) [27], called

angle-swept LIED (ASLIED). Instead of an electron gun producing the electrons,

the recolliding electrons were used to image the molecule under investigation.

Obviously, due to the usage of a short laser pulse, this technique has the advantage,

that time resolved information can in principle be extracted, which is difficult for

GED .

In 2014 another LIED technique was established, which makes further advantage

of the unique combination of methods, simplifying retrieval and measurement at

once. fixed-angle broadband laser-driven electron scattering (FABLES) uses the

broad electron energy distribution for structure determination [28].

The power of these techniques hasn’t been investigated to a big extend since

suitable laser sources are not very common, yet. Nevertheless, in the present

work the application of these techniques on the buckminsterfullerene C60 could

successfully be demonstrated. This study not only extends the methods to large

molecules, but shows the possibility of imaging structural dynamics in such

systems. Until now, no direct observation of the strong-field interaction of C60 was

possible. Here, for the first time, the theoretical predictions made before could be

experimentally confirmed, directly showing the structural deformation of C60 in

intense fields.

Nevertheless, the experiment reveals the current limitations, where laser systems,

like the one presented before, could further improve the results and the time

duration necessary for such experiments.
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All the work has been done in collaboration with the group of Prof. Louis DiMauro

from the Ohio State University (Columbus). Some results presented here are also

contained in [101].

To understand which formulas from the simple man’s model are necessary for the

structural retrieval, first the GED is described in the beginning. Afterwards the

theoretical approach for LIED is established and previous experiments are shown.

In the next section, the known behavior of C60 in strong fields is described and

finally, the experiment is illustrated and the results are presented and discussed.

6.1 Gas-phase electron diffraction

gas nozzle

gas jet

electron beam

imaging plate

Figure 6.1: Principle of Gas-phase electron diffraction. An electron beam is guided
into the gaseous sample. The diffraction pattern is collected on an imaging plate.

The section is closely related to [102] and summarizes the important physics.

GED was developed shortly after the invention of electron diffraction in 1930

[26] and first x-ray diffraction measurements in gas-phase. Therefore the basic

apparatus itself is quite simple, as shown in figure 6.1. It uses a collimated beam,

which is illuminating the gaseous sample. Afterwards the diffracted image is

recorded on an imaging plate.

The structure can be retrieved by using the independent atom model (IAM). It is

based on the assumption that the (elastic) scattering amplitudes of each atom in

a molecule are independent of each other and no molecular binding is present.

Therefore, the total scattering amplitude is approximated as a sum of the atomic

ones:

A plane electron wave with the momentum k0 along the z-axis hits a fixed molecule
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consisting of N atoms, leading to a momentum |k| = |k0| = (k,θ,ϕ) . The amplitude

of the scattered wave diffracted at distance R, can be written as:

ψ(R) = C
eik0R

R

∑
i

fi(θ)eisrij , (6.1)

while s = |s| = |k−k0| is the momentum transfer. fi denotes the scattering ampli-

tude of the ith atom at position ri and C is a constant. The azimuthal angle ϕ is

not important due to symmetry. The intensity is thereby calculated as:

I(s) =
C2I0
R2

N∑
i=1

fi(s)e
isri

N∑
i=1

f ∗i (s)e−isri =
C2I0
R2

N∑
i=1

N∑
j=1

fi(s)f
∗
j (s)eisrij , (6.2)

with rij = ri − rj . For randomly oriented molecules this formula changes to:

I(s) =
C2I0
R2

N∑
i=1

N∑
j=1

fi(s)f
∗
j (s)

sin(srij)

srij
, (6.3)

due to the relation |s| = 2k0sin(θ/2). Here, two components can be separated:

I(s) =
C2I0
R2

( N∑
i=1

|fi |2(s) +
N∑
i=1

N∑
j=1

fi(s)f
∗
j (s)

sin(srij)

srij

)
(6.4)

where i , j. The last equation is the central point in the GED retrieval. It shows,

that the recorded spectra are made up of two independent contributions. The first

one is the atomic scattering (IA), which is the sum of the scattering cross sections,

derived from the sum of the atoms. Usually another component Si is added:

IA(s) =
C2I0
R2

N∑
i=1

(|fi |2(s) + Si), (6.5)

which describes the incoherent scattering. The second one contains the structural

information (IM):

IM(s) =
C2I0
R2

N∑
i=1

N∑
j=1

fi(s)f
∗
j (s)

sin(srij)

srij
, (6.6)

which shows an oscillatory behavior. In GED therefore often the Molecular Con-
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trast Factor is used which is defined as:

MCF =
IM
IA
. (6.7)

The radial distribution, describing the internuclear distances in the molecule, is

retrieved by Fourier transforming:

f (r) =
∫ ∞

0
sIM(s)e−as

2
sin(rs)ds (6.8)

where a is a damping constant.

6.2 Laser induced electron diffraction

LIED relies on recollision of the electrons with the sample under investigation.

Nevertheless, in this case it is even more important to reach high intensities at

long wavelength to reach highest ponderomotive energies according to eq. 5.2,

as will be described in the following section. An intuitive picture of the SMM

has already been given. Here a more formal approach is chosen on the important

processes of LIED, whereas atomic units are used throughout the following.

6.2.1 Tunneling

As already reported in 5.1 the first step in the SMM is the tunneling ionization of

the atom, where the KFR theory with SFA is often used to describe the tunneling.

Two extensions to the Keldysh theory have to be mentioned for the description of

the tunneling regime: Perelomov, Popov and Terent’ev (PPT) [103] and Ammosov,

Delone and Krainov (ADK) [104]. The former one can particularly be used to

calculate the ionization rate for hydrogen and in contrast to the Keldysh theory,

includes the long-range Coulomb interaction. The ADK- theory is used in the

quasi-static limit (γ = 0) of PPT, allowing to model other atoms and ions [97]:

In the PPT model the rate of ionization is given by:

w(E,ω) =
∞∑

q≥qthr

wq(E,ω) (6.9)

where F is the field strength of the laser, q the number of absorbed photons and

qthr the minimal number of photons required to ionize the atom. This number
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is defined by the ionization potential of the atom (Ip) and the ponderomotive

potential (equation 5.2). The ionization rate depends on the initial state of the

atom. For hydrogen this is characterized by the electron configuration donated

with the quantum numbers n, l and m. It can be shown that the rate can be

calculated as follows:

w(E,ω) =|Cn∗l∗ |2GlmIp
(

2E0
E

)2n∗−|m|−1( 1√
1 +γ2

)−|m|−1 4

|m|!
√

3π

·
γ2

1 +γ2 e

2E0

3E
g(γ) ∞∑

q≥qthr

Aq(ω,γ)

(6.10)

The coefficients |Cn∗l∗ |2 and Glm only depend on the quantum numbers of the elec-

tron, whereas g(γ) and Aq(ω,γ) depend on the Keldysh parameter γ = ω(E1/3
0 E)

(for details see [97]).

The rate thereby depends only on the interaction of the electron, the Coulomb

potential and the laser field. In the ADK-model, this expression is simplified for

the tunneling regime by basically setting all terms including γ to one. This is

important since the model can than only be used in the tunneling regime (γ<0,5).

The ADK theory was later on, extended to (diatomic) molecules (MO-ADK)

[105]. Within this model the wave function of a valence electron for large distances,

where the tunneling occurs, is expressed as:

Ψ m(r) =
∑
l

ClEl(r)Ylm(r̂) (6.11)

The term Ylm(r̂) denotes the spherical harmonic of an electron quantized along

the field. With

El(r→∞) ≈ rZc/κ−1e−κr . (6.12)

(κ =
√

2Ip and Zc = effective coulomb charge) a formula for the ionization rate for

an unaligned molecule under angle R is obtained,

w(E,R) =
( 3E
πκ3

)1/2
ωstat(E,R), (6.13)

where E is again the field strength and ωstat the static field ionization rate. As

shown in [106] this theory can be extended to other molecules.

One of the most important differences to the atomic case is the ionization rate
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dependency on the orientation of the molecule, due to the anisotropic charge

density distribution.

6.2.2 The returning electron

After tunneling the electron is accelerated by the field away from the atom/molecule

and returns after some time. The time can be calculated using the classical mo-

tion of an electron in an oscillatory field [107, 108]. By integrating the classical

equation of motion two times, setting initial momentum and position at time zero

(t0) to zero:

ẍ = −Esin(ωt), (6.14)

one obtains:

x(t) =
E

ω2 (sin(ωt)− sin(ωt0))− E
ω

(cos(ωt0)t + cos(ωt0)t0). (6.15)

The kinetic energy is given by [97]:

Ekin = 2Up[sin(ω0t)− sin(ω0t0)]2. (6.16)

Electrons that return to the origin can recollide with the parent ion. The time of

rescattering tr can be obtained from equation 6.15 by setting x(tr) = 0. The highest

kinetic energy achievable at that time is given by 3.17Up [97, 109].

To be able to calculate the kinetic energy of the incoming electron in the LIED

procedure, it is essential to derive an equation to calculate the returning momen-

tum in dependence of the detected momentum.

The canonical momentum of an electron in an electromagnetic field is classically

derived by:

pc = p−A, (6.17)

where A is the vector potential. For an elastic scattering process the vector poten-

tial before (b) and after (a) the recollision (r) is constant. Therefore the momenta

are obtained as: (A(tr,b) = A(tr,a) = A(tr)).

p(tr,b)−A(tr) = p(t0)−A(t0) (6.18)
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Figure 6.2: Scheme for the rescattering process. The detected momentum is given
by pd = pr −Ar . The shaded area denotes a typical distribution measured with
LIED. The highest energies are found (10Up), when the perpendicular momentum
equals zero (backscattering geometry), while the central part (blue circle) contains
the direct electrons (2Up). The picture for C60 is found in figure 6.5.

and

p(td)−A(td) = p(tr,a)−A(tr). (6.19)

The vector potential at the detection and the momentum at the beginning are zero:

(A(td) = 0, p(t0) = 0). The momentum at recollision thereby depends only on the

initial and final vector potential:

p(tr,b) = A(tr)−A(t0) (6.20)

The detected momentum is given by:

p(td) = p(tr,a)−A(tr) (6.21)

As shown in figure 6.2 the detected momentum also depends on the angle, in

which the electron is scattered (θr), yielding:

p(td) = [p(tr)cosθr −A(tr)]r̂‖ + p(tr)sinθr r̂⊥ (6.22)

= [[A(tr)−A(t0)]cosθr −A(tr)]r̂‖ + [A(tr)−A(t0)]sinθr r̂⊥. (6.23)

In the special case of backscattering (θr = π) the formula yields:

p(td) = −2A(tr) +A(t0) (6.24)
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where the detected energy can be derived with equation 5.2 as:

E(td) =
p(td)2

2
=

[2A(tr) +A(t0)]2

2
= 2Up[2cos(wtr)− cos(ωt0)]2 (6.25)

The last missing link to apply the GED technique to laser generated rescattering

electrons is the connection between the differential cross section of a molecule

and the photoelectron spectrum. This can be found in quantitative rescattering

theory (QRS) [110–112]:

D(pd ,θ) =W (pr)σ (pr ,θr), (6.26)

where D(k,θ) is the photoelectron spectrum, W (kr) the returning electron wave

packet and σ (pr ,θr) the differential cross section (DCS).

This formula has some important implications for the whole rescattering pro-

cess. As shown, the recolliding electrons are independent of the molecule. The

electron wave packet can thereby be determined with an arbitrary molecule and

just depends on the driving laser, whereas it is separable from the electron-ion

rescattering. It is possible to get field-free differential cross sections like the ones

in GED, allowing to reconstruct the structure of the molecule:

The relation between the momenta and the angles can be derived from eq. 6.23.

For a fixed momentum (pr) it is thereby possible to obtain the structure of the

molecule, where W (pr) is the momentum distribution of returning wave packet.

It is a normalization factor, which is derived from measurements of noble gases

and can be found in [113].

To obtain the intensity of the incoming wavepacket according to GED, the angle

dependent tunnel ionization following 6.13 has to be taken into account, since

the magnitude of the wave packet depends on it. Equation 6.2 for an unaligned

molecule thereby becomes [114]:

I(θ) =
( N∑
i=1

|fi |2(s)
)∫

N (ΩL)dΩL +
N∑
i=1

N∑
j=1

fi(s)f
∗
j (s)

∫
N (ΩL)eisrijdΩL (6.27)

The MCF can then be written as:

MCF =

∑N
i=1

∑N
j=1 fi(s)f

∗
j (s)

∫
N (ΩL)eisrijdΩL∑N

i=1 |fi |2(s)
∫
N (ΩL)dΩL

(6.28)
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Please note, that here the coefficient C2I0/R
2 is neglected and s = (k,θ,ϕ) is just

depending on θ.

6.2.3 Fixed angle broadband electron scattering

According to the relation [102]:

s = |s| = |k0 − k| = 2k0sin(θ/2) (6.29)

where, k0 = pr , the momentum transfer can also be varied by the energy of the

electrons. In contrast to the GED experiments, the electrons generated by strong

laser fields intrinsically exhibit a broad energy bandwidth. Consequently this is

an easy pathway for LIED measurements to obtain the structure of the molecule,

called FABLES.

To obtain the highest energy range the backscattering geometry is chosen, since it

exhibits the biggest momentum transfer range. Furthermore the atomic term in

this case shows a smooth behavior, further simplifying the retrieval.

6.2.4 Comparison of the methods and previous work

The difference between GED and ASLIED is the origin of the scattering electrons.

The energy of the electrons usually extends to tenth of keV where the energy of

the one originating from the recollision process lies on the order of 100-1000 eV.

Nevertheless, imaging of the molecules is still possible, since the detected angle in

case of LIED is higher than the few (10°) degree used in a typical GED experiment

[102].

As shown in equation 6.29, the limited energy can to some extend be compensated,

but still the achievable resolution in LIED is limited, as will also be shown in the

results section. Thereby, it is important to mention that according to equation 5.1

it is necessary for high values of Up to use long wavelengths and high intensities.

As already discussed before (chapter 1 and 5), these systems are not widely spread.

This problem is probably one of the reasons, why the usage of the LIED techniques

was not common in the literature until now.

ASLIED has so far been applied in a proof-of-principle experiment to nitrogen

and oxygen [27], later on to acetylene [115] and very recently to benzene [116].

The first experiment is especially interesting because another important feature
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of ASLIED was shown in this study: by changing the wavelength of the driv-

ing laser, the authors were able to retrieve time dependent informations on the

molecules. Since there is a time delay between the ionization of the molecule

and the recollision of the electron as emphasized by equation 6.15, the ion can

undergo a structural change in between. Furthermore, the time is dependent on

the driving wavelength and thereby controlling it gives access to informations of

the structural change upon ionization. The study therefore also showed the power

of ASLIED to obtain time dependent information, which is impossible with GED.

It is worth mentioning, that those changes were on a sub-Ångström scale with

femtosecond precision. A different approach was chosen in [117]. In a Cold Target

Recoil Ion Momentum Spectroscopy (Coltrims) type experiment, it was possible

to directly observe the dissociation of acetylene, depending on the alignment with

respect to laser field.

In comparison to those experiments, the reports of FABLES is even more limited

in the literature. Besides the first experiment again on nitrogen [28], only oxygen

and acetylene [118] have been investigated. This is also a result of the even higher

demands on the laser system. Although only a single emission angle has to be

investigated the stability of the laser has to be even better, as it will also be shown

in the present work.

6.3 Buckminsterfullerene C60

C60 was chosen as sample for several reasons. To investigate the possibilities of

the LIED technique it is advantageous that GED data is available for a direct

benchmark. The obtained radial distribution is shown in figure 6.3 [119], while

data for low energy electrons can be found in [120]. In addition, the cage size is

large and the molecule has more atoms than any other molecule investigated with

LIED so far.

Besides the experimental advantages, C60 has interesting electronic properties

[121–123]. A lot of theoretical investigations as well as experiments have been

undertaken in strong-field physics to investigate its behavior in intense fields.

The first interesting subject, that can be addressed by C60 are the similarities

to atoms and molecules. Since it has an icosahedral symmetry and a defined

electronic structure, C60 is comparably easy to investigate theoretically [124].This

makes an ideal model for studying many-electron effects. Furthermore, it can
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Figure 6.3: Radial distribution of C60, obtained by GED. The graph is taken from
[119].

be seen as a prototype molecule for a whole class of nanomaterials, which hold

promise to be used in broad variety of applications [125–127].

Especially in the beginning of this century, several experiments tried to under-

stand the behavior of C60 in strong electric fields: According to the Keldysh theory,

it was found that for short wavelengths (up to 800 nm) and low intensities, the

molecule shows only single and double ionization [128]. With increasing intensity,

higher ionization states are achievable. In addition, fragmentation sets in, where

C2 loss is visible in the mass spectra. At high intensities, this mechanism leads to

a saturation with relatively low ionization states. For an overview of some results,

see [123] and [129]. Therefore, the results obtained by Bhardwaj et al. draw a lot

of attention [130]. It showed, that for a pulse with 1800 nm central wavelength

almost no fragmentation but ionization up to C12+
60 was reported.

To understand this change, two different excitation pathways have to be discussed.

For short wavelength the so called breathing (ag(1)) mode is excited [131], where

the motion is a symmetrical expansion of the whole C60 molecule. The excitation

thereby incorporates an excitation of the t1g mode (LUMO +1), which can act

as a doorway state to excite the breathing mode. This results in an excitation of

Rydberg states (see [132, 133]), which lead to the fragmentation reported above.

This scheme includes multi-electron excitation and electron-electron interactions.
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In contrast to that, the long wavelength behavior is expected to be driven within

the single active electron (SAE) picture according to the SMM (chapter 5) [122,

124, 134], although some contribution from multielectron effects is also predicted

[135]. Intuitively, the interaction can than be viewed as a "laser-induced dipole

force" [130], where the electric field pulls the molecule. Thereby it is expanded

in one direction, while getting squeezed in the other one. This corresponds to an

excitation of the hg(1)-mode, which is also called the oblate-prolate motion. The

structural changes of C60 have been investigated theoretically [136, 137]:

Upon excitation with a 1800 nm 70 fs pulse C60 stores a lot of vibrational energy

in the hg(1) without fragmentation in accordance to the results discussed above.

Thereby, the bond-length between adjacent carbon atoms can be increased up to

2.6 Å, where the equilibrium distance is about 1.45 Å (figure 6.3, [119]). The oscil-

lation period of the hg(1)-mode is about 120 fs. It is important to note that these

calculations also showed a high stability of the cations against decomposition.

6.4 Experimental setup

In the beginning of the measurements were undertaken in collaboration with the

group of Prof. Louis DiMauro from the Ohio State University (Columbus) where

an already existing laser system was used [101]. Later on, an improved version

was built within the collaboration:

The system is based on a commercial Ti:Sa amplifier (Spitfire Ace, Spectra physics,

12 mJ, 80 fs, 800 nm, 1 kHz) system with an additional three-stage, KTA-based

OPA. The signal is generated in a sapphire plate and the long wavelength part

is afterwards amplified by the fundamental of the Ti-Sa amplifier. The idler of

the last amplification stage which had a variable central wavelength at around

3.1-3.6 µm is used as the laser source for the experiment. The pulse energy in

the experiment was around 200 µJ with a pulse duration of about 100 fs. The

polarization direction was controlled with a λ/2 waveplate. The beam was then

focused by a lens into the vacuum chamber.

The experimental setup is similar to the one described in chapter 5. The main

difference is the oven which effusively evaporates the C60 into the vacuum. The

first one was replaced by a new version, which was able to heat the sample up to

600°C. Furthermore, the distance to the interaction region was optimized leading

to higher target density. The TOF and detection method was kept as described
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Figure 6.4: Typical mass spectrum of C60 obtained before the measurement.

in [101]: The detection system after the drift tube is based on two microchannel

plates in Chevron configuration, followed by a conical anode. The acceptance

angle of this TOF is further reduced with an iris in front of the MCPs. The

detection system uses a TDC (2228A, LeCroy) with a time resolution down to

50 ps.

The OPA was operated at 3.6 µm and the peak intensities were kept on the level

of around 80 TW/cm2. The mass spectra were thereby similar to the ones in [138],

as shown in figure 6.4. Please note, that the ionization shouldn’t have a significant

effect on the imaging [136].

6.5 Results

6.5.1 Angular resolved laser induced electron diffraction

The measurements for ASLIED were performed by changing the polarization

angle by 2° in a randomized fashion to exclude beam drifts. The obtained 2D-

momentum is shown in figure 6.5, where the maximal detected momentum was

8.4 au, corresponding to 10 Up. Therefore the achievable rescattering energy

(3.17 Up) is about 300 eV. From this plot, several angle dependent DCS can be ex-

tracted, as depicted in figure 6.6 for angles above 35°. Lower angles are neglected

due to the contribution of direct electrons, which start to overlay the rescattered

ones. All of the plots show unique dependences, which can be attributed to the
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Figure 6.5: 2D momentum plot for C60 at 3.6 µm and 80 TW/cm2. Courtesy of
Dr. Junliang Xu.
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Figure 6.6: Angular dependent DCS for ASLIED. In a) the distribution for different
energies is shown. The different dependences can be attributed to the structural
information. In b) the DCS for 100 eV is compared to theory to the GED at low
energies. Data and graphs are reproduced from [120]. The different imaging
angles are a result of the different techniques, as discussed in 6.2.4. Courtesy of
Dr. Junliang Xu/ Dr. Cosmin Blaga.



6.5 Results 83

2 3 4 5
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0  s y m m e t r i c a l  e x p a n s i o n

 e x p e r i m e n t
 e l o n g a t i o n  i n  o n e  d i r e c t i o n
 e q u i l i b r i u m

a )

 

 

MC
F [

a.u
.]

m o m e n t u m  t r a n s f e r  [ a u ]

0 1 2 3 4 5 6 7 8
0 . 0

0 . 5

1 . 0
b )

 

 

no
rm

aliz
ed

 FT
 sig

na
l [a

.u.
]

R a d i a l  d i s t r i b u t i o n  [ Å ]

Figure 6.7: Results for ASLIED at 100eV. In a) the MCF in dependence of the
momentum transfer in atomic units is shown. The experimental data points
are connected with an eye guiding b-spline (red). The results are compared to
the theoretical predictions for the cage in equilibrium (black), a symmetrical
expanded cage (g(1)-mode, blue) and the prolated cage (hg(1)-mode, green). In b)
the corresponding radial distributions are depicted. Furthermore, the detected
peaks are assigned to some atomic distances in the molecule. Please note, that
only the position of the peaks and not their amplitude is important. Courtesy of
Dr. Junliang Xu.
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structure of the C60. Nevertheless, only the distributions above 60 eV were in-

vestigated in detail, because they have the highest momentum transfer range. As

shown for 100 eV in figure 6.6b), the results are in good agreement to the experi-

mental data and theoretical calculations undertaken with GED at low energies,

proving the reliability of the results [120]. The corresponding experimental MCF

in figure 6.7 is compared to several theoretical ones, belonging to the molecule in

equilibrium, a symmetrically expanded and a prolated one. All of them are in good

agreement to the experimental MCF, which is reproducing their main features.

Although all of them are similar, the best fit corresponds to the last elongated cage

with an expansion of 6%. This can also be seen in the radial distribution, where

the peak corresponding to the cage size fits better to the deformed cage. Thereby

it is unlikely that the ionization itself is the reason for this change, because one

would expect a symmetric deformation, since the charge can be expected to be

delocalized.

Besides the cage size, also the other peaks obtained in the radial distribution

fit nicely to the elongated cage, distinguishing four different bond classes. The

resolution isn’t as good as in the GED case, where most of the bonds were distin-

guishable. For the other energies (60-90 eV) a similar behavior is observed and

the elongation is around 5(±3)% as shown in figure 6.8.
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Figure 6.8: DCS for ASLIED at a) 70 eV b) 80 eV and 90 eV. The experimental
data (red) is compared to equilibrium cage (black) and the elongated one (green).
The obtained values are (6±2)%, (3±2)%, and (7±2)%, respectively. Courtesy of
Dr. Cosmin Blaga.
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6.5.2 Fixed-angle broadband laser-driven electron scattering

To verify those results, FABLES was applied to C60. In contrast to the measure-

ments for ASLIED the count rate with the first laser system was too low, to get

reliable results. Therefore more pulse energy and a higher target density were

needed which was achieved with the new oven and the second OPCPA (6.4).

As shown in figure 6.9, even with the new setup the retrieval of the structure is

difficult. The most important point within the retrieval of FABLES is the correct

smoothing of the data before Fourier-transformation. High frequencies are filtered

out by smoothing. It leads to a loss of information at high values in the radial

distribution, which are of special interest in the present analysis. Nevertheless,

smoothing is necessary for the suppression of artifacts in the TOF-measurement.

This can be visualized in the momentum transfer, where a five point moving

average was applied (figure 6.9), which basically acts like a low-pass filter as

described above.

Anyway, within the retrieval of the radial distribution it was found, that the peak

at around 7 Å is persistent for a broad range of parameters, without a significant

change in the position. This is not only true for the averaging (3-5 points), but also

for different cropping ranges (different overall momentum transfer ranges). An

important feature, implemented in the program used in the analysis shown here,

is the weighting based on the number of the counts for each bin. The bins at high

energies, with high statistical errors are less weighted. In the picture shown here,

a range from 2.17 to 9.3 Up was chosen. As discussed above, similar results were

obtained for example with four point averaging and a range 2.19-9.8 Up. Like

in the ASLIED measurements the interference fringes reproduce the theoretical

model for an elongated cage quite well. This is also confirmed by the radial dis-

tribution. Like before, four peaks can be distinguished, which have basically the

same position as in the ASLIED measurement. The change in the molecular size

varies for different parameters by about 6-9% in comparison to the equilibrium

case, which is in good agreement to the ASLIED results. An analysis done by Dr.

Junliang Xu revealed similar results with an increase of 8-9 %

It is important to mention, that the results obtained with FABLES are less reliable

than the ones from the ASLIED analysis. This is also shown in the lower plot,

where the obtained radial distribution is shown together with an error analysis.

The statistics of the measurement are not good enough to draw any final conclu-
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Figure 6.9: Results for FABLES. On the top the experimental momentum transfer
(blue) is plotted together with the theoretical curve for an 8% increased cage size
in one direction (green) and the equilibrium cage (black). The experimental radial
distribution is shown with the retrieved mean-values in b). More details about the
retrieval can be found in the text.
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sions. Especially the peaks located below the one corresponding to the overall

cage size are not even reaching the 1σ confidence level (blue dashed lines).

6.5.3 Dynamics

Figure 6.10: Theoretical results of the C 60 deformation in the laser field for the
SCC-DFTB method (mio-1-1 parameter set) at a peak intensity I0 = 84 TW/cm2. a)
The temporal profile for the elongation of neutral C60 in a 60 fs, 3.1 µm Gaussian
pulse (green line). b) Maximum elongation of the neutral C60 for different pulse
durations. In addition the results for different wavelength and the charged Cz+

60
(z=1,2) are shown. Furthermore a result evaluated by B3LYP/6-31G(d) of DFT is
presented (green circle).

The results obtained from both experiments, ASLIED and FABLES, prove an

increase in the cage size of the molecule, which can be explained within the

framework of the theoretical predictions, as discussed in [136]. A detailed theo-

retical analysis by Prof. Kono from the Tohoku University (Sendai) using density

functional theory (DFT) on both the standard B3LYP/6-31G(d) level and the

self-consistent charge density-functional based tight-binding (SCC-DFTB) semi-

empirical method in combination with the standard mio-1-1 C-C parameter set

revealed more details of the process.

Both methods show an elongation of the molecule in good agreement to each

other that oscillates with a picosecond lifetime. Due to the strong electromagnetic

field of the laser pulse the C60 cage is prolated in one direction. As shown in

figure 6.10 the deformation reaches its maximum shortly (~20 fs) after the peak

of the laser pulse at t = 20 fs, close to the time where the recollision events in

the LIED techniques take place (~9 fs). This contradicts a fully adiabatic process,

which would lead to an overlap between the maxima of the pulse envelope and
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the C60 elongation. This can at least qualitatively be understood by an vibrational

impulsive Raman excitation [137, 139]. As described in the literature, for short

pulse durations, the change of the pulse envelope becomes too short for a fully

adiabatic process. The energy is non-adiabatically transferred to the molecule,

where a maximal elongation of the molecule is reached after the peak of the laser

pulse. This process leads to a maximal deformation for ≈ Thg (1)/2 corresponding

to about 60-70 fs. This behavior is shown on the right side of figure 6.10. However,

the effect of the pulse duration on the deformation is small. The same applies to

the ionization state of the molecule which is important since single and double-

ionized C60 is present in the experiment (figure 6.4).

The calculated elongation of 1.3-1.4% for 84 TW/cm2 is smaller compared to

the experimental data. The reason for the deviation can most likely be found

in the experiment. Due to the long wavelength an exact characterization of the

driving pulse is difficult. The intensity of the pulse used for the calculations was

determined by the 2Up cutoff. This method is not very exact since the 2Up cutoff
is usually not well defined and therefore leads to a significant error. The intensity

has an important influence on the deformation (at an intensity of ~340 TW/cm2 an

increase of about 7% was calculated). In addition pre-pulses cannot be excluded

which could have an important influence on the deformation.

6.6 Discussion

The investigation of C60 with ASLIED and FABLES has extended the application of

these techniques in several ways. First of all the molecular size has been extended

far beyond previous work. Until now the largest molecule under observation was

benzene (C6H6), which has only been observed with ASLIED. For FABLES the

change is even more dramatic, where acetylene (C2H2) is the largest molecule

successfully investigated so far. Furthermore, it has been proven that both meth-

ods are capable of providing interesting insights into the molecular dynamics of

molecules with high temporal and spatial resolution. Thereby it is complementary

to other UED techniques, which are limited to denser targets. This work thereby

opens the way for the investigation of other more complex molecules. The next

step in the investigations will be a pump-probe measurement to show the applica-

bility as full 4D method, which will be discussed in chapter 7.

Besides the results obtained here the work has also shown the importance of high

repetition rate sources with high pulse energies at long wavelength, like the one
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built in this thesis. The data acquisition time was on the order of days, which

was only possible due to excellent laser stability. Nevertheless this is too long for

pump-probe experiments, which would be the ultimate goal in the future. A better

laser source is also important for the FABLES measurement, where the results

are not reliable because of the relatively low statistics. This is important since

the FABLES technique is simpler to implement. It doesn’t rely on the theoretical

modeling with the IAM, which in the literature has recently been discussed to be

insufficient, especially for small atoms like hydrogen [118].





7 Upgrades and applications of the
laser system

The laser system presented here, can be seen as a platform, which allows for differ-

ent types of improvements. Since only a small fraction of the Innoslab amplifier

power is used until now (about 30 W uncompressed), several developments are

imaginable, which aim for different laser parameters and take advantage of the

complete power. These ideas will be introduced in the first part. Corresponding to

that, different types of experiments are in the pipeline based on the ones presented

in the chapters 5 and 6.

7.1 Upgrades of the laser system

The maximal average output power of the Innoslab amplifier is 500 W, corre-

sponding to 5 mJ pulse energy at 100 kHz. After compression, this yields about

3.3 mJ with the present compressor. This value could still be further optimized

with bigger gratings to optimize the incidence angle, leading to lower diffraction

losses.

7.1.1 Towards high energies

The most straight forward way of improving the system is an increase of the pulse

energies. In contrast to other OPCPAs, where two crystals are used for amplifica-

tion, this is possible even within a single stage. Based on the assumptions above

and incorporating about 0.3 mJ for the seed generation, 3 mJ are still available for

the final stage. Together with the 3 mm BBO crystal used before and proper beam

sizes of 1.1 mm (FWHM), a pulse energy of 280 µJ can be achieved. The intensity

is higher than before with about 130 GW/cm2, but still way below the measured

damage threshold of the BBO around 760 GW/cm2, as proven by some material

tests. The only difference in comparison to the low energy OPCPA is an elevation
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Figure 7.1: Simulation of a final OPCPA stage with a 3 mm BBO-crystal. The
retrieved output energy of the signal yielded 280 µJ. The parameters are the same
as in chapter 4, except for the beam sizes, which are in both cases 1.1 mm and the
energy of the pump beam (3 mJ). Its intensity is thereby set to 130 GW/cm2, which
has been tested to be far away from the damage threshold of the BBO crystal.

of the long wavelengths in the spectrum, as shown in figure 7.1. In a first attempt,

this has already been tried with 1 mJ pump energy. There, an energy of about

100 µJ was achievable, as expected by additional simulations, not shown. The

main difficulty with the high average powers is the idler absorption in BBO. This

led to the destruction of the crystal at higher powers due to heating. A solution for

this problem might be lithium niobate (LNB), which has less absorption in that

spectral region. It has also the advantage of being able to amplify an even broader

spectrum. Nevertheless, one has to take into account, that LNB suffers from the

photorefractive effect at high intensities [140]. The low intensities achievable in

LNB are compensated by the higher nonlinear coefficient, which is twice as high

as in BBO. That’s why the simulations predict, that a pulse energy of up to 380 µJ

for LNB is achievable with a 3 mm crystal and an intensity of 65 GW/cm2.



7.1 Upgrades of the laser system 93

7.1.2 Towards high repetition rates

Another possibility is an increase of the repetition rate. In the present laser

setup, this can be done by an adjustable divider in the electronics of the fiber

amplifier, which controls the first AOM for pulse picking. The fiber amplifier is

constructed to be operated with up to 1 MHz. This repetition rate can also be used

together with the Innoslab amplifier, which was anyways constructed for higher

repetition rates [52]. Actually, it is even more stable in this operation mode, since

the inversion within the Yb:YAG crystal is removed more frequently. This also

suppresses parasitic effects and lowers the intensity in the cavity.

The OPCPA itself should in principle easily be adopted to higher repetition

rates. Therefore, one can expect similar pulse parameters in comparison to the

ones reported in this thesis. By just increasing the repetition rate ten times, a

compressed average power of about 200 W would have to be used. The excess

energy can than be used for a higher amplification, similar to the stage shown in

the previous section.

One of the possibly limiting factors for increasing the repetition rates is the heating

of the YAG-crystal used for SCG. As shown in figure 3.6, already at 100 kHz a

significant elevation in temperature is present. Therefore it is likely, that the

crystal cannot withstand a tenfold increase in power. Beam distortions can be

expected to appear in the beam profile. A possible way to overcome this problem,

is the usage of a cross-polarized wave generation (XPW) stage before SCG [56].

This would lead to a broadening of the spectrum by a factor of
√

3, resulting in

a pulse duration of about 650 fs. Using such shortened pulses, the pulse energy

needed to obtain a stable white light is reduced, so that the thermal load on the

YAG-crystal can be reduced [75].

The main drawback of this approach is the low efficiency of the overall process,

which is on the order of 10%. Hence, a bigger portion of the overall pulse energy

is needed to obtain the supercontinuum, also reducing the efficiency of the whole

setup. Since it is a third order process it also quite sensitive to fluctuations. It

could be an alternative to find a compromise between repetition rate and pulse

energy to avoid these complications.
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Figure 7.2: Scheme of a multichannel OPCPA, taken from [33]. A broadband seed
is split into three parts. Afterwards each channel is independently amplified with
different pump wavelength. In the end the outputs are recombined to produce an
ultra broadband pulse.

7.1.3 Towards shorter pulse durations

Another possible direction for the future development is a reduction of the pulse

duration. One possibility has already been discussed by the use of XPW to further

broaden the spectrum. With two stages, it should be possible to decrease the

pulse duration significantly. Of course, this comes at the cost of pulse energy as

reported before. Nevertheless, an interesting approach would be to use the pulses

generated in the present OPCPA, broaden the pulses with XPW, and afterwards

amplify them further in LNB.

A more complex way is the usage of an additional amplification chain. The

principle is shown in figure 7.2. In this case, the seed is split into several parts and

amplified separately in different channels [141]. Afterwards they are recombined,

leading to a broad spectrum with very short pulses. This idea can be easily

implemented by frequency doubling or even tripping of the mIR pulses and

amplification of each channel independently.
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Figure 7.3: Scheme of the delayed emission experiment taken from [145]. A
voltage is applied to the tungesten tip, allowing to observe the delayed emission
of electrons after laser excitation.

7.2 Experiments

As shown by the experiments in this thesis, the laser system offers different oppor-

tunities for improvements due to its unique pulse parameters. Most important is

of course the high repetition rate, making it an ideal tool for measurements which

require high statistics. am

7.2.1 Nanostructures

In case of the nanotips, the advantage of the long wavelengths has already been

shown in a first experiment. Here, not the high pulse energies, but rather the

long wavelengths are of special interest. Nevertheless, it should be noted, that the

high pulse energies can still be beneficial in these experiments, as they offer the

opportunity to shorten the pulse by XPW. It should be possible to build up to 2

stages, with which it could be possible to reach the single cycle regime.

Besides that, due to the development of the system, more systematic investigations

can now be undertaken. The nanotips can be measured with high CEP stability,

which gives another degree of control in the experiment. As reported in [95] for

800 nm pulses, the nanotips show a strong CEP dependence in the tunneling

regime. This region can easily be reached with the new laser system offering

the possibility to work at even lower Keldysh parameters. Similar experiments

can also be done for different targets, for example nanowires and nanospheres

[142–144].
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Figure 7.4: Results of the LIED pump-probe measurements. The top row shows
a) the photoelectron spectrum and the b) the MCF for C60. The corresponding
spectra for N2 are shown in c) and d). Here the MCF is shown with 9 point
averaging.

Another interesting experiment with nanotips was presented by Yanagisawa et

al. [145], who measured the time delayed emission, originating from electrons

that enter the nanotips at recollision. One portion of them is scattered inside the

tips and remitted after some time, leading to a characteristic emission, as depicted

in figure 7.3. The main difference to the experiment in this thesis is the applied

voltage, which can easily be implemented in the experimental setup.

For higher wavelengths, the electrons can be expected to show a different pathway

in the tip, due to higher return energies. This could even suppress the delayed

emission, if the electrons are pushed too deep into the tip. Furthermore, these

investigations can be done in dependence of the CEP, which should also have an

effect on the tips.
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7.2.2 Pump-LIED probe experiments

The first results have shown, that LIED is able to image C60 with high spatial

and time information. The next step would be to show the structural changes in

a pump-probe measurement. This has already been tried in collaboration with

the group of Prof. Jens Biegert at ICFO, Barcelona. Their 160 kHz system is able

to deliver about 15 µJ on target at 3.2 µm [34]. The apparatus was based on a

TOF-spectrometer similar to the one reported in 5. During the campaign no oscil-

lations within the rescattered electrons, which encode the structural information,

were found in a first Fables measurement of C60, as shown in figure 7.4, even

for static measurements without pump. Interestingly, the similiar results were

obtained by a measurement undertaken with nitrogen, where only a small signal

was present, which is in addition dependent on the fitting parameters. Besides

that, as reported before [28], a modulation depth of 20% should be visible, while

only 10% is present in the current study. High fluctuations in the measurement

are visible, as shown in the C60 data. For N2 this can be accounted by a strong

averaging, which is impossible for C60. It would vanish the high frequencies, that

encode the long distances in the radial distribution, as discussed in 6.5.2, making

it impossible to retrieve the structure.

Most probable, the reason for the failure of the experiment has to be found in the

apparatus. The main difference between the Ohio and Barcelona experiments is

the pulse energy of the driving laser. Since the intensity was kept on the same

level as in the experiments in Ohio, it can be attributed to the focusing conditions

of the beam, which was consequently much tighter. As the rescattering angle is

of great importance for the measurement, this could have led to an averaging

effect over a larger angle range, which leads to a smearing effect of the fringes.

This was probably also enhanced by a difference within the detection system,

where in Ohio an iris was placed in front of the detector, further decreasing the

acceptance angle of the TOF. Hence, higher pulse energies are needed to detect

the interference fringes, which could in principle be done with the high energy

output of the system shown here, which also has a sufficient repetition rate for

pump-probe measurements. The drawback of our laser system is the comparably

short wavelength, which is probably only sufficient for ASLIED experiments. Nev-

ertheless, it also has some advantages, which cannot be quantified at the moment.

Firstly, the system exhibits a comparably short pulse duration reducing the needed

pulse energy for a given intensity. This reduces the focusing requirements and
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especially for pump-probe experiments, leads to an excellent temporal resolution.

Secondly, it allows to control the CEP, which hasn’t been done so far in this kind

of experiments. As shown for the tips, the electron yield is highly determined

by the phase of the electric field, so that control should lead to better statistics,

compared to the phase averaged measurements shown here. As a pump beam,

one can use a small fraction of the 2 µm beam. For short wavelength it can be

frequency doubled or tripled. This also allows to access the second regime around

400 nm, where the ag(1) mode is excited (for details see chapter 6.3).



8 Conclusions

In the first part of this thesis, a simple and robust scheme for a high power,

high repetition rate, few-cycle, and CEP stable OPCPA in the mid-IR has been

demonstrated, based on a cutting-edge laser amplifier. It is an all optical approach

utilizing only a single laser amplifier output.

In chapter 2 the development of the Innoslab based amplifier laser chain is de-

scribed, being a powerful laser source at 100 kHz. It produces stable short laser

pulses around 1 ps with 1030 nm central wavelength with an energy of up to

5 mJ (uncompressed). A central point within this thesis was the development

of a reliable seed generation, circumventing common difficulties in OPCPA de-

sign. Therefore, the possibilities of utilizing supercontinuum generation with

comparably long laser pulses were experimentally studied. The results prove,

that the generated white light is stable on short and long time scales, which is

the key requirement for the following parametric stages. Consequently, it was

used for broadband amplification in BBO with a frequency doubled fraction of

the fundamental beam of the 1030 nm amplifier. The good efficiency of this

stage, together with the results of the following DFG stage, shows the potential of

generating the seed for OPCPA with our approach. The DFG stability is on the

same level as the Innoslab amplifier and the spectrum supports few-cycle pulses.

The generated pulses were compressible close to the Fourier limit and the pulse

energy was sufficient for OPCPA seeding.

To show the applicability of the generated seed, a single amplifier stage was built.

In the present setup 140 µJ pump energy were used, leading to more than 10 µJ

output energy. The pulses could be compressed with a mixture of chirped mirrors

and sapphire, with an efficiency of about 90%. As shown theoretically, the disper-

sion can be used to optimize the pulse duration for an optimal overlap between

pump and seed. This allows to apply the scheme also to other amplifier systems

and removes the necessity of using AOPDFs, while keeping the compression close

to the Fourier limit as shown in the present case. In this thesis, a compression

down to 15.5 fs was achieved, which could further be optimized by varying the
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materials used for stretching and compression. The OPCPA stage also allowed

to measure the CEP stability precisely. Here, a value of 103 mrad on short time

scales could be achieved, while it increases to 136 mrad on longer time scales.

The latter value was only obtainable with an active stabilization, which could be

implemented with a slow-loop control. It is based on a piezo-driven mirror, which

significantly improved the stability.

Since the current setup uses only a fraction of the Innoslab amplifiers power, the

output pulses can be further amplified. In a first attempt, which is not part of

this thesis, 100 µJ could be achieved in BBO, in accordance to the theoretical

investigations accompanying the experimental development. Therefore it is im-

portant to note, that only a single stage is needed to make use of the full power.

A further increase in power was limited by the idler absorption of the BBO. As

investigated theoretically here, solutions for this problem are available for the

future development, which can also include increased repetition rates and shorter

pulse durations.

The importance of such a laser is shown in the second part of the thesis. In a first

gas experiment, the compressed output pulses of the DFG were used to show its

applicability. Here, the expected ATI peaks were observable, leading to further

investigations with nanotips. Due to its long wavelength, the OPA showed the

potential to investigate the photoemission of electrons in the transition region

between multiphoton and tunneling regime. Already with the weak, not CEP-

stabilized pulses new insights into the influence of the nearfield of the tip on the

emission process could be gained.

In contrast, the LIED experiment shows the limitations of current laser systems,

which are operating at low repetition rates. Nevertheless, in the work of the thesis

the range of molecules that can be investigated could be advanced. The buck-

minsterfullerene C60 studied here is the biggest molecule probed with ASLIED

and FABLES. Among others, it is also interesting for strong-field physics, due

to its unique structural and electronic properties. The experiment could verify

theoretical investigations, which predicted a prolongation of the molecule in the

laser field. Especially the ability of investigating the structural deformation of

C60 and the dynamics of other molecules give rise to future developments of

these techniques. It should be possible to directly observe the dynamics in a

pump-probe measurement. Current high repetition rate systems, like the one

used in this thesis, cannot provide enough pulse energy, which further underlines

the importance of new laser sources.
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