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Kurzfassung

Das Ziel der hier vorliegenden wissenschaftlichen Ausarbeitung war die Entwicklung eines Lasermoduls
zur Verbesserung des zeitlichen Kontrastes an Hochintensitätslasersystemen und dessen Implemen-
tierung am Hochleistungslaser PHELIX an der GSI Helmholtzzentrum für Schwerionenforschung GmbH
in Darmstadt. Durch die Verbesserung des zeitlichen Kontrastes sollen Experimente mit Laser-Plasma-
Wechselwirkung unter extremen Spitzenintensitäten ermöglicht werden, ohne das Target bereits vor
dem Eintreffen des Hauptpulses zu modulieren oder zu zerstören.
Im Rahmen dieser Arbeit habe ich deshalb einen ultraschnellen optisch-parametrischen Verstärker

(engl. ultrafast optical parametric amplifier, uOPA) entwickelt, welcher eine Verstärkung mit hohem
zeitlichen Kontrast von kurzen Laserpulsen bis in den Millijoulebereich ermöglicht und somit nachfol-
gende, kontrastverschlechternde Verstärkersysteme ersetzen kann. Dadurch kann neben der Reduktion
der verstärkten Spontanemission auch das Auftreten von Vorpulsen verhindert werden.
Dafür habe ich zusätzlich ein Pumpmodul für diesen Verstärker entwickelt, welches sich in einem

breiten Bereich um die zentrale Wellenlänge von 1µm einsetzen lässt und somit an verschiedenen
Lasersystemen als Pumplaser für uOPA Systeme eingesetzt werden kann.
So habe ich neben dem Hochkontrastverstärker für das Nd:Glas Lasersystem PHELIX ein zweites

uOPA Modul für den Einsatz am diodengepumpten Yb:CaF2 Lasersystem PENELOPE aufgebaut. Die Im-
plementierung des Moduls am Hochleistungslaser PHELIX habe ich im Rahmen dieser Arbeit umgesetzt,
wodurch ein Verstärker, welcher intensive Vorpulse erzeugte, erfolgreich aus der Verstärkungskette
entfernt werden konnte. Damit habe ich den Vorpulskontrast am PHELIX um nahezu drei Größenord-
nungen auf ein Kontrastlevel von 6,2·10−11 abgesenkt, wodurch die Vorpulsintensität, selbst für die
höchstmögliche Intensität am PHELIX, unter 100GW/cm2 gehalten werden kann.

Die Ergebnisse dieser Arbeit habe ich in einer Publikation veröffentlicht [1] und in einer weiteren
Publikation, welche kürzlich zur Veröffentlichung akzeptiert wurde, eingereicht [2].
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Abstract

The objective of this work was the development of a laser module to improve the temporal contrast
of high-intensity laser systems and its implementation at the high-power laser PHELIX at the GSI
Helmholtzzentrum für Schwerionenforschung GmbH in Darmstadt. By improving the temporal contrast,
experiments with laser-plasma interaction under extreme peak intensities should be made possible
without disturbing or destroying the target before the arrival of the main pulse.

In the frame of this work, I have therefore developed an ultrafast optical parametric amplifier (uOPA),
which enables high-temporal-contrast amplification of short laser pulses up to the millijoule range and
can thus replace subsequent contrast-degrading amplifier systems. In addition to reducing amplified
spontaneous emission, the occurrence of pre-pulses can also be prevented.
I have additionally developed a dedicated pump module for this amplifier, which can be used in a

wide spectral range around the central wavelength of 1 µm and thereby can be implemented on various
laser systems as a pump laser for uOPA systems.
Thus, in addition to the high-contrast amplifier for the Nd:glass laser system PHELIX, I have built a

second uOPA module for use in the diode-pumped Yb:CaF2 laser system PENELOPE. I implemented the
module on the high-power PHELIX laser as part of this work, which successfully replaced an amplifier,
which generated intense pre-pulses, in the amplification chain. This allowed me to lower the pre-pulse
contrast at PHELIX by nearly three orders of magnitude to a contrast level of 6.2 · 10−11, keeping the
pre-pulse intensity, even for the highest possible intensity at PHELIX, below 100GW/cm2.

I have written two papers about the results of my work, of which one is already published [1] and the
other one has been accepted for publication recently [2].
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1. Introduction

Ever since the invention of the laser by T. Maiman in 1960 [3], which already allowed to step into the
field of nonlinear optics [4], researchers tried to increase the field strength of the laser as it enabled the
investigation of a plethora of other novel phenomena that were inaccessible in the laboratory before. As
a consequence, several technological innovations have been developed over time, which allowed for
increasing the laser peak power.
The first milestone shortly after Maiman’s invention of the laser was reached with the invention of

Q-switching in 1962 [5]. This enabled the creation of laser pulses at similar energy levels but shorter
duration. Like this, pulse durations of about 120 ns could be achieved, compressing the energy in time
to reach a peak power of about 300 kW [5]. This significantly surpassed the peak power of previously
demonstrated "spontaneous" pulsing [6]. Following the path of pulse-duration reduction, another
groundbreaking development emerged in form of the mode-locking of lasers [7–9]. This technique
unlocked the creation of pico- and sub-picosecond long pulses [10], which however only featured pulse
energies around the nanojoule level at creation. Consequently, the pulse energy had to be increased
again to reach higher peak powers than before. This could, however, quickly damage the laser system,
which required either increasing the beam size or the pulse duration to mitigate nonlinear self-focusing
and to stay below the damage thresholds.

The required increase of the beam size was realized with the implementation of the Master Oscillator
Power Amplifier (MOPA) architecture in the frame of fusion-relevant research laser facilities [11,12].
The larger beam diameter, paired with maximized energy extraction from the laser medium, increased
the available peak power to the multi-terawatt level, even though the pulses were significantly longer
than the ones achieved using the mode-locking scheme (0.2 ns to 10 ns) [12]. These newly available
peak powers brought the attention of the community to the importance of the temporal contrast for
the first time. The scale of the amplifiers generated high levels of incoherent noise, such as Amplified
Spontaneous Emission (ASE), pre-pulses or even flash-lamp light which was able to disturb the main
laser-target interaction. This was a challenge for experiments where the available intensities in excess of
1017W/cm2 should be used [11]. Here, an absolute value for a good contrast was defined as intensities
below 1010W/cm2 before the main pulse, corresponding to seven orders of magnitude relative to the
peak intensity.
However, with the invention of the Chirped Pulse Amplification (CPA) architecture [13], the devel-

opment of Titanium-doped Sapphire (Ti:Sa), a new extremely broadband laser material [14,15], and
technology-developments to temporally stretch and compress laser pulses [16,17], the way was paved
for even more extreme laser power and intensity. Shortly after, intensities exceeding 1018W/cm2 [18]
and estimations for intensities of 1019W/cm2 - 1020W/cm2 were generated [19]. Eventually, the first
petawatt-surpassing laser was built from a single beam line of the Nova facility [20] and reached a peak
intensity of 7·1020W/cm2, which was groundbreaking at that time.
As the CPA architecture made intensities from 1014W/cm2 to 1019W/cm2 even at less powerful

facilities routinely available, the challenge of high-field laser physics began to drift drastically. While
previously, new phenomena like High-Harmonic Generation (HHG) [21], multiphoton ionization [22],
relativistic self-focusing [23], and electron- [24] or even ion acceleration [25] were not accessible in
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the laboratory, the research field experienced a surge of corresponding investigations. In this context,
the steadily increasing intensities shifted the issue of the temporal contrast back into focus once more,
as even small pre-pulses or ASE could disrupt the main-pulse interaction by igniting a pre-plasma or
alter precisely defined pre-plasma properties. Concerning the interaction of the laser with solid targets,
these disturbances started to get problematic [26]. Depending on the peak intensity and the process to
investigate, the need for a temporal contrast of up to 10-11 orders of magnitude arose for solid-target
interactions if no pre-plasma should be created.

Fast forwarding to the present, we find that the trend of increasing the laser intensity still continues.
By now, the number of petawatt-class laser facilities worldwide in operation or going to be built is
around 50 [27] and peak powers above 10 PW [28] and intensities above 1023W/cm2 [29] have been
realized lately. Simultaneously, the investigation, understanding and application of high-intensity laser-
plasma interaction advanced. However, this did not relax the demands on the temporal contrast but
strengthened it.

Re-considering the idea of an undisturbed target for a peak intensity of 1023W/cm2, a contrast of about
13 orders of magnitude would be necessary. However, we find the state of the art (assuming no post-
compressor cleaning) to be around >10 to >12 orders of magnitude concerning the incoherent-noise
pedestal and only 8-10 orders of magnitude concerning pre-pulses [30–38].

1.1. Thesis goals and structure

This work was carried out within the LOEWE research cluster "Nuclear Photonics" at the Institute of
Nuclear Physics of the Technical University of Darmstadt and within the framework of the research
platform "ATHENA - Accelerator Technology Helmholtz Infrastructure". The aim of the LOEWE research
cluster "Nuclear Photonics" is the usage and optimization of novel radiation sources, such as laser-
generated particle sources and intense gamma rays, to investigate the field of nuclear photonics, which
combines the fields of nuclear- and high-energy-density physics. Similar efforts are ongoing within the
ATHENA development platform, which is driving the development of plasma-based particle accelerators
to cover applications ranging from medical uses to new possibilities in nuclear and particle physics.
Within this context, the generation of laser pulses with high temporal contrast takes an important role.

The main objective of the work at hand was therefore to develop a module based on ultrafast Optical
Parametric Amplification (uOPA), which is used to generate a contrast-enhanced seed for high-intensity
lasers. Specifically, the goals were the implementation of that module at the Petawatt High-Energy Laser
for heavy Ion eXperiments (PHELIX) at GSI Helmholtzzentrum für Schwerionenforschung GmbH in
Darmstadt and the construction of a module for the Petawatt ENergy-Efficient Laser for Optical Plasma
Experiments (PENELOPE) at Helmholtzzentrum Dresden - Rossendorf e.V..

PHELIX can deliver pulses with energies up to 200 J and a pulse duration of about 500 fs, which,
when focused down to a micrometer-sized spot, reach intensities above 1021W/cm2 [5]. Although
the temporal contrast already was a topic of research at PHELIX and previous work [36] was done to
mitigate the problematic nature of ASE, pre-pulses still degrade the temporal contrast. With a pre-pulse
contrast above 10−8, corresponding to intensities above 1013W/cm2 at worst, these pre-pulses are
problematic for high-contrast-demanding experiments and must be removed.
The most problematic pre-pulses are generated in the first regenerative amplifier of the PHELIX

front-end. Therefore, the main goal for the developed module was to generate high-quality pulses with
sufficient energy to bypass this amplifier and by this, remove the pre-pulses.

This thesis is divided into three major segments. In chapter 2, I will detail the features of the temporal
contrast, which are found in modern high-intensity laser systems. This covers the origin and generation
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processes of these features within the laser chain. Afterwards, I will define the requirements for the
temporal contrast, discuss the difficulties of contrast metrology and present some possibilities to still
retrieve a measurement of the temporal contrast. Lastly, I will give an overview of contrast-enhancement
strategies, which are applied in high-intensity laser systems.
Within chapter 3, the design of the contrast-enhancement strategy of this work, a millijoule-level

uOPA, is described. Here, I will first give a theoretical description of OPA and discuss the parameters
which are most important for the amplification of short laser pulses within this process. After this, I
will define the output objectives for the uOPA that should be developed. Since this requires the use of
numerical simulations, I will give a brief overview of existing simulation software for nonlinear optics
and then proceed to use the simulations to define the required parameters of the uOPA and its pump
laser.

In chapter 4, I will present the development of the uOPA system and its implementation at PHELIX. I
will start with the setup of the pump laser, followed by its characterization. Details on the setup and the
results of this characterization were also published in the journal Optics Express [1]. In the subsequent
sections, I will discuss the setup of the uOPA stage and evaluate its performance with regard to the
target parameters. Furthermore, I will discuss aspects of the system, which can be optimized to increase
its performance or applicability in high-intensity laser systems. Lastly, I will describe the implementation
of the uOPA at PHELIX and how it has impacted the temporal contrast at PHELIX.
A manuscript on the design and performance evaluation of the uOPA as well as its impact on the temporal
contrast at PHELIX has been submitted to High Power Laser Science and Engineering and was recently
accepted for publication [2].
In chapter 5, I will summarize the work at hand and give a brief outlook.
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2. Temporal contrast in the context of high-intensity
laser systems

Nowadays, the research community demands to use highest intensities in the range of 1021W/cm2 and
above. To reach such intensity levels, the pulse energy must be maximized while the pulse duration
and focal-spot diameters must be minimized. The origin of the intense pulses is typically a short-pulse
oscillator, which already delivers pulses with high temporal and spatial quality. Yet, with pulse energies
in the nanojoule range, significant amplification is necessary to boost the pulse energy up to the joule or
even the kilojoule range. Fortunately, such amplification factors became feasible with the introduction
of Chirped Pulse Amplification (CPA).
However, to maintain the spectral bandwidth to produce short pulses and spatial quality to create

small foci, high-fidelity amplification is necessary. While this alone poses major challenges, even higher
standards must be met for high-intensity laser-plasma experiments, which require defined pre-plasma
properties or an intact, non-ionized target before the main pulse arrives. This imposes further challenges
on the amplification fidelity, as at intensity levels of 1021W/cm2, even the slightest distortions may alter
the interaction of the main pulse with the target. Regarding the temporal aspect of the amplified pulses,
a measure for the amplification fidelity is found in the temporal contrast, which is defined as the ratio
between the peak intensity of the laser pulse and the intensity of the laser pulse at an arbitrary point in
time before the peak intensity.

To get a deeper understanding of this parameter, I will define the temporal laser contrast and which
contrast-degrading features can be found, especially in CPA lasers. I will explain where different
temporal-contrast imperfections originate in high-intensity laser facilities and what the formation
processes of these imperfections are. After that, I will shortly discuss, what the contrast requirements for
high-intensity lasers are and how to measure if the requirements are met. Lastly, I will present several
technologies that are used to reduce/clean these imperfections or avoid them in order to increase the
temporal contrast and regain high-fidelity amplification.

2.1. Temporal-contrast in CPA lasers

With CPA as fundamental architecture for modern high-intensity laser systems, a detailed look at an
exemplary temporal pulse profile, generated in such a system is useful to determine what kind of features
degrade the temporal contrast of the pulse. In CPA lasers, the relevant timescales for the degradation of
the temporal contrast typically range from below one picosecond up to multiple nanoseconds. Figure 2.1
shows an exemplary simulated temporal pulse profile (blue curve) showing all prominent contrast
features of a short-pulse CPA laser system.

In a pulse profile with imperfect contrast, as seen in the example in Fig. 2.1, several contrast-degrading
features are present, which may be classified into coherent and incoherent features.
Within the group of incoherent features, there is a few nanosecond-long noise pedestal that rises

slowly until it reaches a plateau, which in Fig. 2.1 is at 10−11. Belonging to the group of coherent
contrast features, we find pre-pulses at various positions prior to the main pulse on top of the incoherent
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Beginning at the front-end, the starting point of the CPA laser, a short-pulse oscillator generates
pulses in the duration of a few femtoseconds up to picoseconds. Since the output pulse energy of
short-pulse oscillators is in the range of nano- to microjoule, the pulses must pass several amplification
stages to increase their energy and reach the intensity that is required for experimental campaigns.
However, as a rule of thumb, intensities should not exceed 1010W/cm2 [18] during amplification,
but rather stay beneath this value to mitigate the influence of nonlinear effects and also decrease the
risk of laser-induced damage, for example, via small-scale self-focusing [40]. To limit the intensity,
high-intensity laser facilities employ the technique of CPA, which reduces the pulse intensity during the
amplification by temporally stretching the pulses from the femtosecond up to the nanosecond scale. A
common way to do this is the implementation of a diffraction-grating-based pulse stretcher [16,41].

After stretching, it is not uncommon to spectrally and temporally shape the pulses to precompensate
gain narrowing or dispersion in the system. This can be done via an Acousto-Optic Programmable
Dispersive Filter (AOPDF) [42], which allows to actively manipulate the spectrum and phase and
therefore the duration of the pulse. After that, one or multiple amplifiers boost the pulse from the
nanojoule- up to the low millijoule level, corresponding to a gain of 106 or more. Established amplifiers
to reach such gain levels are regenerative amplifiers [43], multi-pass amplifiers [44], fiber amplifiers
[45, 46], Optical Parametric Chirped Pulse Amplification (OPCPA) [47] or a combination of them.
Because of the low output energy in the millijoule range, these amplifiers can be built compactly, as the
beam size can remain small during amplification. However, further amplification to higher energies
requires reducing the intensity first, as the intensity of pulses with beam radii below 1mm and energies
up to tens of millijoules already approaches the low GW/cm2 range, even for stretched pulses as long as
2 ns.

Since pulse-stretcher setups are complex, cost-intensive, large and further stretching will result
in a space-consuming setup for the temporal compression, the intensity reduction is done via beam
expansion. Furthermore, beam shaping to flat-top distributions to maximize the energy extraction in
the amplifiers is commonly applied. Before the injection into the pre- and main amplifier stages, the
beams are magnified from the sub-mm to the few-centimeter scale for energies in the joule range or
even to the meter scale for energies in the kJ range. The established amplifier types here differ from
the front-end amplifiers, as not the gain but the total amount of energy must be maximized. Amplifier
types that are used for this are again multi-pass amplifiers [48–50], OPCPA [51,52] and rod or slab
amplifiers [53,54].

Propagating to the experimental area of the facility, the pulses are first temporally compressed in
a diffraction-grating-based compressor to maximize their peak power. Finally, to reach the highest
intensities to be used in experiments, the fluence is also maximized by focusing the large beam to spot
sizes with diameters of a few micrometers. Following this scheme of gradually ramping up the energy
while keeping the intensity at moderate levels during amplification and increasing the intensity after
amplification via temporal compression and spatial focusing, modern laser systems can reach intensities
of 1023W/cm2 [29]. At these intensities, even pre-pulses and the incoherent noise plateau as shown in
Fig. 2.1 impose difficulties for some experiments. Consequently, the intensity of these features must be
reduced or their formation avoided, which in turn requires the knowledge of their origins in the laser
system, as well as their formation processes.

In the following sections, I will therefore address the generation processes of these features and the
intensity requirements that arise for these features. Also, I will give a brief overview of how to measure
their presence and how to reduce or avoid their influence.
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Compared to the former, the third- and the fourth-order phase (Fig. 2.3 green and black) influence the
temporal shape in a more distorting way, by creating a set of trailing or leading pulses or plateau-like
structures, respectively. While the second-order phase can rapidly reduce the peak intensity, higher
spectral-phase orders can significantly reduce the temporal contrast of the pulse as shown in the log-scale
plot in Fig. 2.3(b). Generally, all the induced spectral-phase orders should be compensated. Methods to
do this are described in section 2.4.

2.1.3. Incoherent noise

The noise shown in Fig. 2.1 is a common feature in all laser systems as it is directly connected to pulse
amplification. In CPA lasers, the duration of this noise plateau is approximately equal to the stretched
pulse duration. Due to the incoherent nature of the noise, the duration will not change significantly
during compression and will therefore feature a much longer duration than the compressed main pulse.
In principle, we find two potential origins for this noise: the amplification of spontaneously emitted
radiation, commonly referred to as Amplified Spontaneous Emission (ASE), or spontaneous parametric
down-conversion, resulting in Parametric SuperFluorescence (PSF).

2.1.3.1. Amplified spontaneous emission

Spontaneous emission is an unavoidable effect in laser amplifiers that rely on population inversion in
active media and emits with a rate that is an intrinsic property of the active medium [55]. As this is a
statistical process, the emitted photons are distributed over the emission bandwidth of the medium and
do not possess a fixed phase relation, creating incoherent noise. To determine the contrast degradation
through the amplification of this noise, its power must be calculated and compared to the power of the
amplified signal. A detailed derivation for the ASE power is carried out in appendix A.2. In multi-pass
amplifiers, for example regenerative amplifiers, with n passes, the power of the ASE can be approximated
by [56,57]:

PASE ≈ ḡ0
n ·

P
(1)
fl

ḡ0 − 1
. (2.3)

Here, ḡ0 is the small-signal gain, averaged over the amplification bandwidth of the amplifier and

P
(1)
fl the power of the spontaneously emitted fluorescence after the first pass of the amplifier. Dividing

eq 2.4 by Psig, the power of the signal after amplification with seed energy Esig,in and compressed pulse
duration of ∆tsig, the temporal-contrast TC after degradation via ASE can be defined as:

TC =
PASE

Psig
≈ ∆tsig

ḡ0
n · Esig,in

· ḡ0n
P

(1)
fl

ḡ0 − 1
=

∆tsig
Esig,in

·
P

(1)
fl

ḡ0 − 1
. (2.4)

For unsaturated amplification, the gain can be estimated as equal for the signal and the fluorescence.
This makes it evident that the temporal contrast gets enhanced if a larger seed energy is used. To
estimate the theoretical temporal contrast, the effective fluorescence P

(1)
fl must be estimated, which can

be done by [57]:

P
(1)
fl = ĪsatA ln

(

ḡ0
1− L̄

)

·K∆ωKpK∆Ω, (2.5)

where Īsat and L̄ are the amplification-bandwidth-averaged values for the saturation intensity, the
small-signal gain and the losses, respectively. K∆ω, Kp and K∆Ω, describe the spectral, polarization
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and angular acceptance of the amplifier and A is the pump area. Following the description and using
the supplied parameters in reference [57] for a pulse with 350 fs FTL, an amplification from 1nJ to
1mJ within 50 passes in an Neodymium (Nd)-phosphate glass amplifier would result in a temporal
contrast of approximately 8.3·10−10.

2.1.3.2. Parametric superfluorescence

For OPCPA lasers, similar incoherent noise levels are found, despite exploiting a completely different
mechanism and avoiding the storage of light in a medium via population inversion. The origin for this
is the spontaneous parametric down-conversion of a pump-photon due to the presence of quantum
fluctuations [58].
Again, to define the temporal-contrast degradation, the input noise, which starts the PSF, must be

determined. In reference [59], this is done in analogy to the process of spontaneous Raman scattering,
which also builds up from quantum noise [60, 61]. There, the input noise intensity for an OPA is
defined as two times the Raman input-noise intensity, as both signal and idler can initiate the down-
conversion [59]:

Inoise,OPA = 2 · Inoise,Raman = 2 · h̄ω
3n3

8π3c20
∆Ω∆ω. (2.6)

Here, ω is the signal center frequency, n the ordinary refractive index, c0 the vacuum speed of light,
∆Ω the solid angle of the emitted radiation and ∆ω the detectable spectral bandwidth. Contrary to
eq. 2.5 there is no scaling with the gain, hence by calculating the input noise power from eq. 2.6, the
temporal contrast can be calculated by dividing the input noise power by the compressed input seed
power. To do this, we can assume that only the noise photons, which match the solid angle and the
frequency bandwidth of the signal, contribute to the effective noise input. For a Gaussian mode with
waist w0 and wavelength λ, the solid angle can be approximated by

∆Ω ≈ πθ2 ≈ π

(

λ

πw0

)2

. (2.7)

To compare the contrast to that of the previous section, a 350 fs long, bandwidth-limited pulse,
centered at 1053 nm with an energy of 1 nJ is used for the calculation. With a refractive index of 1.654
as in a common nonlinear crystal β-Barium BOrate (BBO), this yields a temporal contrast of 7.5·10−10.

Conclusion

Both ASE and PSF show similar levels of theoretical temporal-contrast degradation. In reality, degraded
contrast values may be achieved due to coupling losses into regenerative multi-pass amplifiers or non-
optimized pump-spot sizes in relay-imaged multi-pass amplifiers, which may even degrade the spatial
contrast in the focal spot [57]. In OPCPA systems, the achievable contrast values may be lower because of
larger pump-to-signal beam ratios, imperfect phase-matching configurations or non-ideal pump-to-signal
delay [62].

Depending on the mechanism and the optical setup, in which the incoherent noise is generated, the
duration of this incoherent-noise plateau differs. While for OPCPA lasers, this timescale is bound to the
duration of the pump pulse, the ASE-plateau duration is, e.g., in a regenerative amplifier limited to the
cavity-roundtrip time or in an imaging multi-pass amplifier to the lifetime of the excited state. When
optical switches are used to remove excessive noise, the duration of the noise-plateau is typically as long
as the stretched signal pulse plus the rise- and fall time of the switch.
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2.2. Contrast requirements for the creation of intense laser pulses

From the experimentalist’s point of view, the laser intensity is an important parameter that, when
increased sufficiently, can reveal a lot of physical phenomena during the interaction of the laser with
matter. However, with a nowadays achievable intensity of 1023W/cm2, even little temporal-contrast
features may impact the interaction of the pulse at its peak intensity with the target. For example,
in the field of laser-ion acceleration, advanced acceleration mechanisms that promise the generation
of high energetic ions, utilize intensities beyond 1021W/cm2, but simultaneously require a defined
plasma pre-expansion or no plasma expansion at all [71–74]. This consequently sets requirements on
the temporal contrast in order to meet the initial plasma/target conditions on the arrival of the peak
intensity. Ideally, the temporal contrast is sufficiently high to completely avoid ionization prior to the
arrival of the peak intensity. If still a pre-plasma is needed, it can be created via a designated pre-pulse.

However, as shown in the previous sections, there are numerous sources of temporal-contrast degra-
dation, which might cause premature ionization of the target. Therefore, I will discuss laser-induced
ionization mechanisms and their respective threshold intensities in more detail in the next section.

2.2.1. Laser-induced ionization

In general, laser-induced ionization of materials is associated with the absorption of the incoming light.
However, there are a number of absorption mechanisms, and depending on the illuminated material,
the influence of each absorption mechanism varies. Accordingly, a distinction between different types of
materials must be made when regarding their damage threshold and therefore the contrast requirements
for laser-plasma experiments. For solids, an essential distinction is made between absorbing materials
like metals and transparent materials such as dielectrics.

Metals provide quasi-free electrons in the conduction band, which can directly oscillate in the electric
field of the laser. Collisions of the oscillating electrons with the lattice of the material will then transfer
energy and heat the material. At this point, the timescale of the heating process becomes relevant, since
it determines whether the heat, introduced by the colliding electrons, can diffuse within the lattice
or not [75]. If the heat-deposition rate exceeds the diffusion rate, the lattice starts to heat up to the
melting point. For longer time scales with a pulse duration above 1 ns, this results in a damage-fluence
scaling with the square root of the pulse duration [76,77]. Accordingly, the damage-threshold intensity
starts to scale with the inverse square root of the pulse duration. However, for time scales below 1ns,
the thermal diffusion slowly becomes negligible and the damage fluence becomes nearly pulse-duration-
independent [75]. Consequently, the damage-threshold intensity scales with the inverse of the pulse
duration. For gold, damage-threshold intensities of slightly above 109W/cm2 at 900ps were shown,
while for sub-ps pulses a threshold intensity close to 1012W/cm2 was demonstrated [77].

Even though dielectrics are insulators, the damage-threshold intensity also shows an inverse square
root pulse-duration dependency, similar to that of metals, for a pulse duration of approximately 10 ps
and upwards [78], implying thermally induced damage [79]. Here, the material is heated via collisional
ionization of background carriers in the conduction band, which creates an electron avalanche, followed
by increased laser absorption [78]. Below a pulse duration of 10 ps, the scaling does not follow a simple
law anymore and the ionization consists of multiple processes, including collisional-, multiphoton-
and tunnel ionization [78,79]. As the observed damage-threshold intensities are too low to be fully
explainable by these mechanisms alone, it is assumed that impurities or defects such as color centers
in the material lower the band-gap energy [80], which facilitates the onset of the damage process via
tunnel- and multiphoton ionization. Using fused silica, damage-threshold intensities surpass 1010W/cm2

for 1 ns long pulses and are slightly above 1012W/cm2 for 1 ps long pulses [79].
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Table 2.1.: Approximate maximum intensity (I) and contrast requirements (CR) for pre-pulses, the
ps-pedestal and incoherent-noise plateaus for a peak intensity of Ipeak = 1021 W/cm2 and
a center wavelength of 1 µm. The values for metals and dielectrics correspond to gold
and fused silica [77]. For gases, hydrogen, with an ionization intensity of >1013 W/cm2 to
produce reasonable ionization [84], is assumed.

Pre-pulses (≈1ps) ps-pedestal (≈100ps) ASE/PSF (≈1ns)

Target material I in W/cm2 CR I in W/cm2 CR I in W/cm2 CR

Atomic gas 1013 10−8 1013 10−8 1013 10−8

Metals 6·1011 6·10−10 7·109 7·10−12 2·109 2·10−12

Dielectrics 2·1012 2·10−9 1011 10−10 4·1010 4·10−11

2.3. Contrast metrology

To avoid pre-ionization of a target or receive reasonable estimations for the plasma creation via sim-
ulations, it is mandatory to determine the temporal contrast of a laser system in the first place. This
requires to detect and resolve all the temporal-contrast features mentioned in section 2.1, which are
above the ionization threshold. A single device that would allow us to conduct this characterization of
the temporal contrast is very challenging, as it would have to combine all the following capabilities:

• A large dynamic measurement range is needed to include all features that might be able to
ignite a pre-plasma on a solid-density target. The temporal contrast values in table 2.1 imply
that a dynamic range of more than twelve orders of magnitude is necessary to characterize the
temporal contrast in the range which still might cause ionization at a pulse intensity of 1021W/cm2.
The required dynamic range even increases to 14 orders of magnitude for the currently highest
achievable intensity of 1023W/cm2 [29].

• The temporal window of the measurement must be large enough to capture the extent of the
incoherent noise plateau and ideally all pre- and post-pulses. Assuming the use of optical switches
to temporally filter out the noise plateau and the pulse replica outside the stretched pulse duration,
the total width of the temporal measurement window must be at least as wide as the stretched
pulse duration. For most high-intensity lasers this pulse duration is in the lower nanosecond
range [30,51,53].

• A high temporal resolution is mandatory if not only the more outlying contrast features are to be
measured, but also simultaneously the temporal pulse profile of the main peak. With achievable
pulse durations (FWHM) of about 20 fs to 30 fs [29, 30, 88], a reasonable requirement for the
resolution would be in the order of 2 fs or less.

• Retrieving the spectral phase is an upgrade to the high temporal resolution and also a needed
step to compress the pulse close to its FTL.

• Single-pulse measurement allows characterizing the pulse-to-pulse fluctuations in the temporal
contrast or the peak intensity and speeds up the measurement process.

Unfortunately, there is currently no device that covers all the mentioned parameters, but there are
devices that cover individual parameters very well. Concerning the high temporal resolution, a direct
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sent back to the dichroic beam splitter and is separated from the residual, non-frequency-doubled pulse.
Afterwards, the pulse is focused with a lens (L) on another BBO crystal (BBO, SFG). The portion that is
reflected at the beam splitter passes through a filter wheel and is then also focused on the second BBO.
The resulting sum frequency signal can be separated due to the non-collinearity of the fundamental
beams and passes two neutral-density filters (ND), which can be used variably. Before the signal reaches
the detector, which is a photon multiplier with adjustable amplification, it is additionally filtered by a
high-pass filter (HPF) to remove potential stray light. The combination of all these variable filters and a
noise reduction by a wider non-collinear angle of the Sum-Frequency Generation (SFG) [96], a dynamic
range of 14 orders of magnitude over a time window of 4 ns can be achieved [97].
Although this suffices to characterize the most relevant range of a CPA contrast trace, the biggest

drawback of these devices is their time-consuming measurement. Since every step in time must be
measured separately, the measurement, e.g., for a 10Hz laser, can take several hours for a complete
scan and cannot be used to measure pulse-to-pulse fluctuations. Furthermore, as the principle of this
measurement is a correlation of the pulse with its frequency-doubled copy, artificial pre- or post-pulses
will be generated from post- or pre-pulses in the measured contrast trace (compare Fig 2.8: "Data" and
"Input"). However, the use of the frequency-doubled pulse for the correlation enables identifying the
artificially created pulses, as the intensity of the artifact is reduced quadratically.

Lastly, I want to emphasize that the development of measurement devices for the characterization of
the temporal field and intensity distribution is still an active field of research and new methods, ideas or
devices are constantly investigated. For example, the technique of SRSI was further exploited to increase
the dynamic range up to nine orders of magnitude and the temporal window up to 20 ps [98] while
still providing single-shot performance and retrieval of the phase. Additionally, scaling to even higher
dynamic ranges and longer time windows seems possible, making it a good candidate for intermediate
time-window measurements.

2.4. Contrast-enhancement strategies - an overview

In this section, I cover the most relevant strategies and techniques, which are used to avoid temporal
contrast features or reduce their intensity. This includes optical switching, phase manipulation, nonlinear-
cleaning techniques, clean-amplification techniques or dedicated optical designs which are applied
before the main amplification. Yet, also techniques such as plasma mirrors, which are applied after full
amplification and compression, are discussed.

2.4.1. Fast optical switches

A simple, yet powerful strategy is the implementation of fast optical switches, such as a Pockels Cell (PC).
Their functionality is based on the rotation of polarization by manipulating the birefringence of an
optical medium. In combination with polarizers, these switches, with rise times as short as 100 ps, can
suppress incoherent noise and pre- or post-pulses. However, after stretching the pulse, their influence
only reaches as far as the stretched pulse duration, since otherwise the pulse energy and spectral
bandwidth of the stretched pulse will be reduced. Furthermore, using these devices after compression is
typically not possible since first, they rely on transmissive optics, which are to be avoided due to strong
nonlinear effects and second, the beam size is typically too large for commercially available devices.
Depending on the quality of the used polarizers, these devices can suppress contrast features with an
extinction ratio of three to five orders of magnitude before stretching and outside the stretched-pulse
duration.
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To make use of the nonlinear cleaning mechanism, this technique requires to pre-amplify the pulses,
as the cleaning is typically strongly intensity-dependent and its efficiency would otherwise diminish.
Hence, a second CPA system is commonly implemented. Concerning the cleaning stage itself, multiple
mechanisms were proposed and tested experimentally. In general, these mechanisms exhibit a nonlinear
intensity dependence, which is only efficient at the peak intensity. This effectively suppresses the
low-intensity portions of the pulse and the contrast gets enhanced

• Cross (X) Polarized Wave Generation (XPW) is a widely applied mechanism to clean the pulses.
This method relies on a Four-Wave Mixing (FWM) process and therefore on the third-order
nonlinearity of the material [102,103]. As a result of the FWM, the linearly polarized input pulse
is partially rotated to a perpendicular polarization (hence the name XPW). With the efficiency
being dependent on the local cubic intensity, the rotated pulse dramatically increases its contrast.
Another positive side-effect for short-pulse laser systems is a spectral-broadening effect, which
however strongly depends on the residual quadratic spectral phase of the pulse [104].

To effectively use the obtained high contrast level of the generated cross-polarized pulse, it must be
separated from the residual input pulse. For this, the XPW crystal is contained in a set of crossed
polarizers, such that non-rotated light is blocked, and rotated light transmits. This however limits
the maximum obtainable contrast enhancement to the extinction ratio of polarizers, which is in
a range of three to five orders of magnitude [102,105,106]. To maximize the efficiency of the
process it is necessary to reach an intensity of approximately ≈ 1012W/cm2 [106,107], which
is however also the drawback of the method. The reason for this is twofold. First, to minimize
nonlinear interaction apart from the XPW-generation, the setup is dependent on vacuum [106,107],
increasing the complexity of the system. Second, the necessity of a high intensity to achieve high
efficiency often leads to damage to the crystal, which may either result from a direct surface or
bulk damage or darkening of the crystal [106,107].

Nonetheless, with this method, the incoherent-noise level could be lowered by roughly three
orders of magnitude [105,106] and contrast levels exceeding twelve orders of magnitude were
demonstrated [37].

• Nonlinear Ellipse Rotation (NER) resides on similar mechanics as the XPW-process, as it is also
using the polarization-rotating effect of nonlinear FWM, which depends on the cubic intensity
and broadens the spectrum. Contrary to the previously mentioned method, NER uses pulses with
an elliptic instead of linear polarization. Another difference becomes apparent in its applicability,
which is not limited to crystal-based setups [108], but also allows the use of gaseous media.
This enables its usage in setups based on gas-filled hollow-core fibers [109] and multi-pass
cells [110,111] and thus avoids the problem of laser-induced damage to the medium. However,
since this method also relies on the separation of the fundamental and cleaned pulse via polarizers,
its contrast enhancement is limited to the extinction ratio of the polarizers and therefore also to
the quality of the quarter-WP [112], which is used to create and nullify the elliptically polarized
light. Yet, an improvement of about 3.5 orders of magnitude could be realized with this technique,
resulting in an incoherent-noise contrast of eleven orders of magnitude [113].

• Self-Phase Modulation (SPM) of short pulses can also be used to enhance the temporal contrast.
To achieve this, it was proposed to significantly broaden the spectrum of a low-contrast pulse and
filter out the fundamental spectrum, such that only the SPM induced spectrum remains [114]. As
SPM is also a third-order nonlinear effect, mainly the peak intensity contributes to the generation of
the spectral wings, which therefore feature an increased contrast. Via separation of the fundamental
spectrum, the low-contrast portions of the pulse are removed. Since the use of this method shifts the
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spectrum of the laser, a two-stage implementation must be considered to re-position the broadened
spectrum back to the initial central wavelength. With this method, a contrast enhancement of
seven orders of magnitude to a contrast level of nine orders of magnitude was demonstrated [114].

• Self Diffraction (SD) is also a FWM process, which has been implemented to clean the tem-
poral contrast [115]. Instead of creating a collinear clean pulse that is separable by its state
of polarization or spectrum as in XPW, NER or SPM, this method creates a spatially separated
pulse, avoiding the use of polarizers. To spatially separate the pulses, a self-generated transient
grating is used. This grating is created by crossing two pulses, whose interference pattern is
intense enough to vary the refractive index quasi-instantaneously via the Kerr effect [116]. Due
to the quasi-instantaneous variation of the refractive index, only the most intense parts of the
pulse are diffracted, which effectively enhances the contrast. Although not limited through the
finite extinction ratio of polarizers, this method’s contrast limit is bound to scattered light on the
surface and in the bulk of optics into the direction of the diffracted pulse [115]. Furthermore, the
nonlinear diffraction in the Kerr-induced grating is accompanied by angular dispersion, which
must be compensated. By this, an incoherent-noise contrast of almost ten orders of magnitude
was achieved with an improvement of four orders of magnitude [117]

• Low-gain, degenerate Optical Parametric Amplification (OPA) as a method of pulse cleaning
differs from most of the previously mentioned methods, as it is utilizing a second-order nonlinear
effect. However, due to the pump-generation for this process by frequency doubling of the signal
and a low gain, the pulse intensity resulting from the Difference-Frequency Generation (DFG) of
pump and signal is effectively proportional to the cubic of the signal intensity [118]. Since this
process uses degenerate OPA, it must be applied in a non-collinear setup, to enable the separation
of the generated clean pulse. However, this necessity also results in an angularly dispersed beam,
especially for broadband pulses. With this method, an incoherent-noise contrast of ten orders of
magnitude with an improvement of two orders of magnitude was realized [118].

• Saturable absorbers are another possibility to enhance the contrast between two CPA stages
[119,120]. This technique is well-known and commonly used in short-pulse oscillators [121,122]
to favor the build-up of intense pulses by suppressing fields with low intensity. This technique
makes use of an intensity-dependent absorption coefficient, which for fast-recovery absorbers
can be defined as α = α0/(1 + I/Isat) [123]. Here, α0 is the medium-dependent absorption
coefficient, I the intensity and Isat the saturation intensity. To effectively dampen the low-contrast
features, these parameters must be chosen precisely. Specifically, the saturation intensity must
be significantly greater than the intensity of the pre-pulses or the incoherent noise and ideally
significantly smaller than the main-peak intensity to effectively dampen the unwanted signals.
With this technique, an improvement of the incoherent-noise contrast by two orders of magnitude
to a contrast level of twelve orders of magnitude has been demonstrated [120].

• NonLinear Fourier Filtering (NLFF) is a method that has been proposed and implemented
for the ultra-violet spectrum [124] but claims to be scalable to other spectral regions such as
near-infrared [125]. The foundation for this method lies in a selective nonlinear phase shift in the
focal plane due to the plasma generation in noble gases, which induces a directional modulation
of the beam [124]. The beam propagates through a set of conjugate filters, which completely
block the beam if no nonlinear phase shift is induced. However, for a sufficiently intense pulse,
the most intense spots in the focal plane undergo a nonlinear-induced phase shift of ideally π,
which modifies the output distribution of the beam and increases the transmission through the
conjugate filters [125]. Due to the low intensity of the incoherent noise, pre-pulses and to some
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the magnitude of the contrast enhancement by this technique on the already existing contrast-degrading
features is related to the overall gain of the uOPA, and therefore it is limited only by the size of the
nonlinear crystal and the energy of the pump laser.

This energy scalability alsomakes this method interesting as it implies the capability to createmillijoule-
level pulses. With this output energy, a uOPA can replace millijoule-level regenerative amplifiers, and
therefore may also remove pre-pulses that originate in said amplifiers while reducing the overall
complexity of the laser facility instead of increasing it. Similar to the cleaning methods, it must be noted
that uOPA, does not infer with the creation of the ps-pedestal, as it is implemented before stretching
and does not avoid pre-pulses, which emerge in the subsequent laser chain.

2.4.5. Dedicated stretcher designs

I also want to mention the current research concerning the ps-pedestal in CPA lasers and how to suppress
or avoid it from the beginning instead of partially suppressing it afterwards. Within the recent years,
as described in section 2.1.5, the origin of this ps-pedestal could be identified as being the spectrally-
dispersed beams in the stretcher and compressor of a CPA laser, which accumulate a spatially- and
therefore spectrally-dependent phase shift on the non-perfect surface. Although the post-compressor
cleaning mechanisms (see next section) offer a possibility to reduce this ps-pedestal, avoidance from
the beginning would still be preferable. With surface irregularities being the origin of the phase noise, a
logical step led to the use of super-high-quality optics which exhibit less distortion and therefore reduce
the phase noise [32]. However, an indefinite increase of optical quality is neither feasible, nor does it
completely suppress the ps-pedestal, but rather reduces its contrast level by a certain offset.
More recent studies show promising results by exploiting the averaging effect on the spatial noise

by using a larger beam size [68] and avoiding optics in the far-field [129]. The proposed methods do
however call for complete re-designs of modern stretcher systems, as these are typically folded to save
space, optics, and costs or to avoid aberrations [41] and therefore use optics in the focal plane. Due to
the reduced beam size on these optics, barely any averaging effect is used, causing the largest share of
the total phase noise.

2.4.6. Cleaning of the fully amplified, compressed pulse

Contrary to the previously mentioned methods, which are used to create a high-contrast pulse to seed
the CPA laser, the following methods are designed to clean the pulses after main amplification and
compression of the pulse. Consequently, these methods target all contrast-degrading features. In the
following list, I will briefly discuss these post-compressor pulse-cleaning methods.

• Plasma mirrors belong to the more widespread methods among this list. The principle of their
functionality lies in a temporally precise ignition of a plasma on an AR-coated substrate, which
then rapidly increases its reflectivity [130,131]. As a result, the incoherent noise, pre-pulses and
the ps-pedestal are mostly transmitted and only partially reflected due to the residual reflectivity
of the AR coating, as far as their intensity is low enough to avoid a plasma ignition by themselves.
The contrast increment is therefore as high as the transmission of the AR coating - in the range of
two to three orders of magnitude.

For this method to work properly, precise positioning of the mirrors is needed, such that the plasma
ignites at the correct timing. Concerning nowadays laser intensities, this requires implementation
in the intermediate field and therefore must avoid premature ignition, as this will otherwise not only
affect the temporal contrast but also the spatial quality of the pulse [131]. Despite their usefulness
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and tested applicability in high-intensity lasers, it must be noted that the implementation of such
a system is generally accompanied by a large vacuum-setup, containing two off-axis reflecting
mirrors to focus and re-collimate the beam, and therefore strongly increases the complexity of the
laser facility. Moreover, the use of a plasma mirror results in an energy loss of about 30% [131,132]
and calls for a regular replacement of the optics, as the AR coating is destroyed, increasing the
daily costs of operation. With this strategy, incoherent-noise contrast levels above 14, up to 17
orders of magnitude have been estimated [37,133,134]

• Second-Harmonic Generation (SHG) of the pulse in large, but thin nonlinear crystals after
compression is another valid option to increase the contrast. Due to the size of the beam at
the end of the amplification chain in high-intensity laser systems, the frequency conversion is
applied in a collinear setup, which requires the use of multiple dichroic mirrors to separate the
frequency-doubled from the fundamental wave. Similar to the plasma mirrors, the conversion to
higher frequency is accompanied by a loss of energy, due to a limited conversion efficiency. Here,
conversion efficiencies of 30% [135] and 75% (not including 70% energy loss due to apodization
to match the size of the SHG crystal) [136] were achieved. Another drawback of this method is
that only view nonlinear crystals are available in the relevant aperture sizes [51]. However, with
post-compression SHG, incoherent-noise contrast levels of 1014 [136] and 1017 [135] have been
estimated.

• Plasma shutters line up together with plasma mirrors and NLFF in terms of using a plasma to
manipulate the temporal contrast. Plasma shutters, however, specifically aim at reducing the
ps-pedestal of the laser pulse. Note that the term "plasma shutter" sometimes also refers to plasma
mirror, which, however, is not meant here. This method heavily depends on the transmissive
properties of a plasma for electromagnetic waves, which is defined by its dispersion relation. In
general, an electromagnetic wave can only propagate through a plasma if its frequency is above
the plasma frequency, which itself depends on the electron density of the plasma and the electron
mass [81]. The setup of the plasma shutter includes an additional thin target, which must be
ionized by the ps-pedestal of the laser pulse. The created plasma is then ideally dense enough to
reflect and absorb the ps-pedestal, while the main pulse intensity is high enough to increase the
mass of the electrons by accelerating them to relativistic velocities. Accordingly, the electron mass
increases relativistically, resulting in a reduced plasma frequency [137]. If the plasma frequency
is sufficiently reduced to create a transparent plasma for the main pulse, the contrast after the
transmission gets enhanced. This relativistic pulse-shaping was theoretically described [138]
and implemented [139]. It must be noted, that exploitation of this mechanism requires accurate
knowledge of the contrast [139] and is, similar to the use of plasma mirrors, a single-shot device.
With this method, a transmission of 70%-99% was achieved but the increase of the contrast could
not be quantified [139].

2.4.7. State of the art

Although there are plenty of mechanisms that can provide a high temporal contrast, only the most robust
and mature schemes are found at high-intensity laser facilities. A comprehensive listing of mechanisms
that are implemented at current laser facilities is shown in table 2.2. A more detailed overview of
the laser systems and their implemented contrast-cleaning mechanisms can be found in table A.1 in
appendix A.1.

The most widespread strategies to enhance the contrast at the front-ends employ XPW or short-pulse
OPA systems (sub-ps to ≈20ps). Some facilities combine these methods with saturable absorbers,
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Table 2.2.: Distribution of used or planned contrast-enhancing strategies at front-ends (FE) or post-
compression (PComp) at 46 high-intensity laser facilities. A detailed mapping of the
strategies to the associated laser system is given in table A.1 in appendix A.1. The front-
end table contains 48 entries, as two facilities use either SP-OPA or XPW, and are therefore
listed for both strategies.
SP-OPA: short-pulse OPA, XPW: cross-polarized-wave generation, SHG: second harmonic
generation, PM: plasma mirror, SFG: sum-frequency generation, SA: saturable absorber,
LG-OPA: low-gain OPA.

FE strategy No. of implementations

SP-OPA 12
SP-OPA + SHG/SFG 3
SP-OPA + LG-OPA 1
SP-OPA + XPW 5
XPW 18
XPW + SA 1
SA 3
None 5

PComp strategy No. of implementations

PM 13
SHG 4
None 29

low-gain OPA, SHG or SFG. Among the listed systems, only three use only saturable absorbers and
five systems apply no contrast-enhancement strategy at the front-end. After main amplification and
post-compression, there are mainly two strategies in use, which are either plasma mirrors or SHG.
However, most laser facilities do not provide any of these methods by default.

Conclusion

The previous sections have shown that there are a variety of approaches to clean the temporal contrast
or even to partially avoid contrast degradation. Within this thesis, I will lay the focus on the method
of direct clean amplification via uOPA. From the pre-stretcher methods, uOPA stands out for multiple
reasons.
First, it is a well-proven technique and is scalable in energy. As being developed within the PHELIX

facility, the energy-scalability of uOPA is of great interest, since sufficient output energy enables to bypass
one of the front-end amplifiers, which is known to be the origin of several intense pre-pulses [140].
Second, uOPA provides the elegance of directly generating a clean pulse without further need for
cleaning.

Last, even though XPW is a well-proven technology and is used in lots of laser facilities, its applicability
is partially restricted to ultra-short pulses (<100 fs), since the needed intensity can quickly result in
excessively high fluence that may damage the crystal and hence, limit its energy-scalability. Furthermore,
due to its energy scalability, uOPA can potentially reach higher levels of incoherent contrast, as it is not
restricted to polarization-dependent extinction ratios.
The main scope of this thesis is therefore the development and setup of a versatile, millijoule-level,

high-contrast module for high-intensity laser systems based on the technique of uOPA.
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3. Design considerations for a millijoule-level uOPA

Within the previous chapter, I discussed a variety of contrast-enhancement strategies, which led me to
the conclusion of using the strategy of uOPA as the foundation for a high-contrast module in front-ends
of high-intensity laser systems. For this, the system will have to generate pulses with energies in the
millijoule range to improve the incoherent contrast and to provide an alternative to high-gain amplifiers,
such as regenerative amplifiers. As a consequence, the system may also avoid pre-pulses originating in
said amplifiers.
Within this chapter, I am going to discuss the fundamentals of uOPA, the process of OPA. This

includes describing the parameters which will impact the dynamics of the amplification process and the
requirements for the OPA design, which originate from this. To get a clear view of the OPA-dynamics,
the chapter begins with the description of the OPA fundamentals by deriving the analytical description
of the process. From this description, I will detail the parameters that impact the amplification and show
which parameters can be adjusted to my needs. Last, I will derive the requirements for the pump and
seed of the uOPA by numerical simulation of the process with regard to the set goals of this amplifier.

3.1. Fundamentals of short-pulse optical parametric amplification

Before the determination of requirements for the system by numerical calculation, it is useful to get
deeper insights into the theoretical description of OPA. For this purpose, the short-pulse mixing equations
as well as an analytical solution of the OPA process are derived and their most important parameters
with regard to short-pulse OPA are discussed in the following.

3.1.1. Theoretical description

OPA is a parametric process and allows to quasi-instantaneously transfer energy [66] from an intense
high-frequency wave to another low-frequency wave, by utilizing the nonlinear response of optical
media. As the high-frequency wave, from here on called pump, is converted to a low-frequency wave,
from here on called signal, a third wave must be created to fulfill energy conservation:

h̄ωp = h̄ωs + h̄ωi. (3.1)

This wave is called idler. Here, ωp,s,i is the angular frequency of the pump, signal and idler, respectively.
Since the signal is not absorbed, but rather stimulates the pump wave to split into one photon at the
signal- and one at the idler frequency, the signal is effectively amplified. From this point on, the idler
also stimulates this process, which in turn leads again to the amplification of the idler and signal. This
process is called OPA. The result of the mutual amplification of the signal and idler is an exponential
growth of their field amplitudes [66]. If signal or idler experience losses during amplification, caused by
e.g. absorption or parasitic processes, this can drastically reduce the exponential gain. [141,142].
A schematic drawing of the OPA process in terms of an energy level diagram is shown in Fig. 3.1(a).

The signal photon at frequency ωs stimulates the pump photon at frequency ωp to convert into photons
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The derived coupled-wave equations include diffractive and dispersive effects via the spatial and
temporal derivatives, respectively. This allows to describe the mixing of short pulses, including beam
diffraction. Solving these equations and calculating the result of the mixing needs a numerical treatment.
However, for a plane, monochromatic wave and the assumption of a strong pump field that does not
deplete, these equations can be solved analytically to (see appendix A.3):

Is(z) = Is(0)

[

1 +

(

γ

g
sinh(gz)

)2
]

= Is(0) ·Gpar(z) (3.7)

Ii(z) = Is(0)
ωi

ωs

(

γ

g
sinh(gz)

)2

(3.8)

with g =

√

γ2 − ∆k2

4
(3.9)

and γ2 =
2ωsωid

2
eff

c3nsninpε0
Ip =

2ωsωi

c3ε0
ζIp. (3.10)

Here, Is,i,p is the intensity of signal, idler and pump, z, the length of the nonlinear medium, g is the
small-signal gain, Gpar is the parametric gain and ζ := d2eff/(npnins) is referred to as the figure of merit
of the mixing process [142]. This non-depleting pump approximation clearly describes an ideal case,
because limitations, such as a finite pump pulse energy, are neglected. However, the parametric gain
within this approximation can be interpreted as an upper limit for a realistic gain.

3.1.2. Insights from the coupled-wave equations

The equations shown in the previous section highlight the most important parameters for the mixing of
short pulses. These are different group velocities and dispersion for each field, the material thickness z
and the small-signal gain g, which includes material properties via ζ as well as the phase-mismatch ∆k.
In the following, I will discuss the influence of these parameters.

3.1.2.1. Parametric gain in the non-depleting pump approximation

The most prominent factor in eq. 3.7 is the length of the nonlinear medium z and the small-signal gain g
for which the parametric gain Gpar scales exponentially within the non-depleting-pump regime. While
the influence of z is straightforward and only depends on the configuration of the setup, the small-signal
gain features multiple dependencies, which are the phase mismatch ∆k, the pump intensity Ip, the idler
and signal frequencies, and material properties characterized by ζ.
According to eq. 3.9, the small-signal gain is maximized when the phase mismatch is zero. This

reduces the small-signal gain to g = γ, which then only depends on the previously mentioned parameters.
However, for a non-zero phase mismatch ∆k, g and therefore Gpar reduce significantly. This also affects
the gain bandwidth, as shown in Fig. 3.2(a). Here, only the center wavelengths are perfectly phase-
matched and the phase mismatch grows with an increasing difference to the center wavelength. Since
the phase mismatch accumulates over the propagation distance, the gain bandwidth also depends on
the total propagation distance.
Furthermore, according to eq. 3.7, if the phase-mismatch is so large that the radicand in the small-

signal gain becomes negative, g becomes a complex value and causes oscillatory behavior, with a shorter
period for a larger phase mismatch. This is depicted in Fig. 3.2(b). Initially, all waves are amplified, but
the effective gain after a distance z starts to decrease for fields with a non-vanishing phase mismatch.
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by choosing an appropriate non-collinear angle, which enables broader phase-matching bandwidths.
The condition for the non-collinear angle reads:

vg,s = vg,i · cos(α+ δ). (3.13)

Within the context of pulse-propagation, this can be interpreted as the matching of the pulse-
propagation velocities. As idler and signal have different group velocities, the pulses are expected
to walk off temporally, aside from the degeneracy point.
By introducing an angle between pump and signal, the effective group velocity in direction of the

signal is the projection of the idler propagation along the propagation vector of the signal. Consequently,
if the angle is chosen, such that the projected idler group velocity equals the signal group velocity, the
temporal overlap can be maintained.

It is to notice, that this kind of phase-matching optimization cannot be employed for a signal at any
center wavelength. Since the idler group velocity must be projected onto the group velocity of the signal
it is mandatory that vg,i ≥ vg,s. Otherwise, no solution can be found, that fulfills the additional phase-
matching condition of minimizing the first coefficient of the phase-mismatch Taylor series ∆k(1) = 0
perfectly.
However, this does not mean that broadband mixing is not possible, and indeed as long as the

accumulated phase mismatch remains reasonably small, high efficiency can still be attained. This is
pronounced in Fig. 3.5(b). Although eq. 3.13 cannot be fulfilled, a broad phase-matching plateau,
ranging from 900nm to 1200nm for non-collinear angles around -2°, can be observed.

3.1.2.3. Temporal and spatial walk-off

The previous section highlighted the importance of matching group velocities when considering pulses
in order to avoid temporal walk-offs, which for signal and idler leads to a larger amplification bandwidth.
With the description of the pump as a field with finite temporal and spatial extent, it immediately follows
that the parametric gain, which depends on the pump intensity, also becomes a function of space and
time. To obtain a uniform and non-vanishing gain, temporal and spatial separation of the fields should
be avoided.
It is therefore useful to define a pulse- and beam-splitting length, which defines the propagation

distance at which signal and pump separate. While the beam-splitting length LBS depends on the pump
beam diameter dp (Full Width Half Maximum (FWHM)) and the effective angle αeff between pump
and signal, including birefringent walk-off, the pulse-splitting length LPS depends on the pump pulse
duration tp (FWHM) effective group-velocity mismatch [142], which is also dependent on the effective
pump-to-signal angle. The splitting lengths can be defined as:

LPS =
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, (3.14)

where vg;p and vg;s is the group velocity of the pump and signal. Both, LPS and LBS , depend on the
non-collinear angle between pump and signal and the refractive properties of the nonlinear material,
which defines the group velocity and the birefringent walk-off angle.

These dependencies are visualized in Fig. 3.6, which shows LPS (a) and LBS (b) as a function of
the wave-vector pump-to-signal angle and the signal wavelength. The pump is centered at 515nm
and features a pulse duration of 1 ps and a beam diameter of 2.5mm. As there are configurations that
feature no temporal or spatial walk-off, the graphic’s colorbar is limited to a splitting length of 20mm
to emphasize the lower bounds.
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which non-collinear angles and PSF wavelengths the phase-mismatch is small enough, such that the
wavelengths of the PSF do not reach reconversion (normalized phase-mismatch values smaller than 1 in
Fig. 3.8(a)). The configuration of this calculation is described in the figure caption.

Figure 3.8 shows that PSF is phase-matchable over the whole transmission spectrum of BBO and the
phase matching of the wavelengths is a function of the non-collinear angle. Accordingly, the PSF will be
angularly dispersed, which results in an emission cone as shown in Fig. 3.8(b). This further mitigates
the contrast issue for uOPA, as the angular dispersion of the PSF enables its removal with a spatial filter.
However, the PSF can still extract energy from the pump within the crystal. Therefore, it is useful to
determine the effective energy of the input noise photons. This can be done by following the description
in section 2.1.3.2.

From Fig. 3.8(a), we can determine the necessary parameters. Assuming a flat-top fluence and power
distribution of the pump with a duration of 1 ps and a radius of 2mm, the input energy of the PSF
is about 11 pJ. The contrast-related input noise, which remains after spatial filtering with a ±1mrad
acceptance, decreases to approximately 0.5 pJ.
These input-noise values can, however, be manipulated by the adjustment of several parameters,

while keeping the parametric gain constant:

• Using a thinner crystal, with increased pump intensity will increase the effective input noise, while
a thicker crystal with less pump intensity reduces it. This can be explained by a larger accumulated
phase-mismatch value around the perfectly phase-matched wavelengths, resulting in reconversion
of the PSF.

• Increasing the extent of the pump in time or space, while keeping a constant intensity also
increases the input noise, while reducing the pump volume decreases the input noise [59].

• Splitting the amplification into two parts with reduced gain per part, but keeping the total gain
constant is useful.

– First, a gain reduction by purely decreasing the pump intensity increases the weighting of
the phase mismatch compared to γ in the small-signal gain g. Accordingly, the non-perfectly
phase-matched portions of the PSF lose impact. Further suppression of the input noise will be
applied by reducing the gain via reduction of the pump intensity and increase of the crystal
thickness.

– Second, the signal seed for the second stage will be significantly higher, rendering the impact
of the input noise less meaningful, while potentially further limiting the growth of the noise
due to parametric gain quenching [154,155].

3.1.4. Materials for OPA

In the previous sections, it became clear that phase matching plays a dominant role in the process of
OPA, especially within the use of short-pulse amplification and the mitigation of parasitic effects. Also, it
was pronounced, that the nonlinear medium is a key component for phase matching since it defines the
refractive indices for signal, pump and idler and therefore their wave vectors. However, the influence of
the material does not end here, which is why the following section deals with explaining the material
properties which are important for the OPA process and in particular for short-pulse OPA.

• The nonlinear coefficient, mostly described by deff , the effective nonlinear optical coefficient,
certainly plays the most predominant role in the mixing process of OPA, as the parametric gain
exponentially depends on it. Hence, a large nonlinear coefficient can be seen as one of the most
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important properties of the nonlinear medium. The value of deff is not only defined by the intrinsic
properties of the material but also depends on the polarization of the waves and their angle to the
optical axes of the crystal.

• Refractive properties of the material are also one of the key factors to OPA. First, the refractive
indices of the mixing waves are part of the denominator of γ2 (see eq. 3.10) and therefore influence
the gain of the OPA. Second, the refractive properties define the phase-matching range of the
nonlinear medium. Additionally, the refractive properties define parameters such as the spatial
and temporal walk-off which are important to minimize for small-sized beams and short pulses,
respectively.

• The range of transparency has to be large enough to support the bandwidths of not only the
pump and signal but also that of the idler. In the case of absorption of either of the waves, the gain
of the OPA will be reduced significantly. Also, high absorption may lead to damage to the crystal.

• Thermal properties, such as heat conductivity and small thermo-optic coefficients are to consider
if the material should be used in systems with high average power or if it is used in environments
with rather unstable temperatures.

• A high damage threshold is another factor to keep in mind, especially for short-pulse OPA systems,
where large optical intensity is easily reached.

• The availability of the crystal should be ensured, which especially concerns the crystal size and
optical quality.

For the most common nonlinear crystals, Table 3.1 lists the figure-of-merit ζ := d2eff/(npnins), which
combines the nonlinear and refractive properties, the angle- and temperature tolerance of the crystal
and the transparency range. The corresponding values are calculated with SNLO [156] for the signal
wavelength of PHELIX and the pump wavelengths of 400nm, 515nm and 800nm, which are the
wavelengths of frequency-doubled Ti:Sa, frequency-doubled Ytterbium (Yb)-doped materials and the
fundamental wave of Ti:Sa.

Table 3.1.: d2eff/(npnins) := ζ , crystal angle tilt tolerance (θ tol.), temperature tolerance (T. tol.)
and transparency range for various crystals. The sub-columns, going from left to right,
represent the values of the parameters at the pump wavelengths of 400nm, 515 nm
and 800nm, respectively. If no entry is given, either no phase-matching condition could
be found, the idler wavelength does not fit into the transparency range or the effective
nonlinear coefficient is zero. The signal wavelength is set to 1053 nm. The tolerances and
ζ were calculated via SNLO [156].

Crystal ζ in pm2/V2 θ tol. in mrad·cm T. tol. in K·cm Transparency
range in µm

BBO 0.88 0.90 0.83 0.36 0.55 0.89 20.6 37.7 61.5 0.2-3.5 [157,158]

LBO 0.14 0.17 - 1.56 3.94 - 9.5 7.0 - 0.16-3.2 [159,160]

KTP - 1.70 0.97 - 7.01 1.16 - 30.9 175 0.35-4.5 [161]

KTA - - 0.7 - - 1.26 - - 1240 0.35-5.2 [162]

KDP 0.04 0.04 - 1.41 2.30 - 9.0 13 - 0.2-1.6 [163]

DKDP 0.04 0.04 - 1.60 2.47 - 19.0 32.8 - 0.2-2.0 [157,158]

LiNbO3 - 2.04 1.73 - 6.20 0.94 - 1.0 3.4 0.4-5 [164]

38



Table 3.1 shows that KDP, DKDP and LBO exhibit rather low values for ζ compared to the other listed
crystals. The highest values can be found for LiNbO3 and KTP. A comparable value to that of BBO can
be found for KTA, but no phase-matching conditions can be fulfilled for a signal wavelength at 1053 nm
and a pump below 534nm as calculated with Select Non-Linear Optics (SNLO), making this type of
crystal less versatile. For the listed pump wavelengths only BBO is capable of delivering phase-matching
conditions for all of them but is less performant at common pump wavelengths around 500nm when
compared to LiNbO3 and KTP, which also feature a wider transmission window up to 4500 nm for KTP
and up to 5500nm for LiNbO3.

Concerning the tilt tolerance of the crystals, BBO features the lowest values, while the other crystals
achieve much higher tolerances for pump wavelengths of 515 nm and 400 nm. In terms of temperature
tolerance, KTA is basically temperature insensitive and BBO, KTP and DKDP show moderately high and
similar values around 30K·cm. Less tolerant are LBO and KDP with around 10K·cm, followed by LinbO3

with the lowest tolerance below 4K·cm.
Another important crystal parameter is the Laser-Induced Damage Threshold (LIDT) of a crystal.

However, there is no clear picture for the LIDT of the materials in the literature and a variety of
different values can be found. A comprehensive overview can be found in reference [165], where lots of
publications have been gathered. However, since not all pulse durations at every center wavelength are
covered in existent publications, and LIDTs are expected to vary from manufacturer to manufacturer,
the following information should be considered only as an approximate measure.

Table 3.2.: Comparison of LIDTs in the bulk material at the wavelengths around 1000 nm and 500 nm
for pulse durations around 10ns, 1 ns and 100ps. If not referenced, the data has been
taken from [165]. If no data has been found "-" is displayed.

LIDT
in GW/cm2, τ ≈ 10ns

LIDT
in GW/cm2, τ ≈ 1ns

LIDT
in GW/cm2, τ ≈ 100ps

wavelength 1000nm 500nm 1000nm 500nm 1000nm 500nm

BBO 5-50 >0.25-10 10-13 7 >5-10 >7-10
LBO >0.1 >0.22 19 - 25 >4.5
KTP 0.15-3.5 0.05-3.2 4.5->15 - - >1.8
KTA >1.2 [166] - - - - -
KDP 0.3-0.6 3 3-20 3-8 7-23 14-30
DKDP 0.1-8 >0.05-17 0.6 >0.8 >3 >0.8
LiNbO3 1.2 - - - - -

Table 3.2 shows various damage threshold values for different nonlinear crystals. The listed thresholds
show strong fluctuations, not only for different crystals but also within the same crystal type at different
pulse durations. In general, LBO, BBO and KDP seem to exhibit higher damage thresholds than the
other crystals, especially for a shorter pulse duration, even though the data is sparse.
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3.2. Demands on the pump laser for a millijoule-level, short-pulse, high-
contrast OPA

In the previous sections, I discussed the most influential parameters of an OPA. In this section, I will
apply the insights from the previous sections to determine the OPA configuration. Therefore, I would like
to recapitulate the main goals that its implementation should fulfill. This is, providing a high-contrast
pulse to seed the subsequent high-intensity laser chain, as well as representing a reasonable alternative
for post-stretcher, first-stage, high-gain amplifiers, such as regenerative or multipass amplifiers. Hence,
apart from an enhanced contrast, there are output parameters of the uOPA that should be comparable
to that of the amplifier that should be replaced. Within these parameters are

• the total output energy of the amplifier. Often these range from below 1mJ, up to a few mJ for
multistage, pre-amplification systems [49,167,168]. The goal for the output of the uOPA is 1mJ
or above.

• the energy stability, which is an important parameter for a laser system to work robustly. This is
especially important for laser facilities whose main amplifiers do not work in the saturated regime
and initial fluctuations will not be reduced but carried to the end of the system. The goal for the
output of the uOPA is a 2σ deviation of 3% from its mean value.

• the beam quality, especially concerning the replacement of regenerative amplifiers, as they are
generally capable of creating a close-to-perfect Gaussian beam. The goal here is to generate a
highly symmetric and modulation-free beam. Ideally, close to a Gaussian beam.

• the capability to support broadband amplification to enable shortest pulses. The goal here is to
preserve the seed bandwidth of the signal.

Here, the pump laser poses the most critical influence on these parameters. Accordingly, reasonable
demands for the pump laser must be defined, such that the above-mentioned criteria can be fulfilled.
For this, I conducted several simulations, which solve the coupled wave equations numerically.
In the following, I will therefore give a brief overview of available simulation software for uOPA

modeling and explain which software I used within this thesis. Then, I describe the main influences of
realistic pulse and beam properties within a uOPA and finally define the requirements for a high-contrast,
short-pulse OPA pump system, which in turn will lay the foundation for the developed system within this
PhD thesis. For this requirement derivation, I will limit the materials to only BBO, as it is a well-known
material that can be produced with high homogeneity, supports sufficiently broad phase-matching
bandwidths and transmission capabilities for a lot of OPA configurations and is generally listed by
manufactures as a high damage-threshold material [169–173].

3.2.1. Simulation tools

Nowadays, there is a plethora of simulation software available for modeling the process of OPA, some of
which are freely available open-source programs and some commercially available. In the following, I
will therefore briefly discuss some software to numerically simulate OPA. I will limit this list to SNLO,
chi2D and Miró, as they are either well-known, use interesting approaches or previously have been used
by our group, respectively.
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3.2.1.1. SNLO

Among the freely available simulation software for modeling nonlinear optics, SNLO [156] is one
of the most well-known and can be found in various publications. It features several modules to
calculate parameters such as phase-matching angles, refractive indices, group-velocities, etc. for a large
number of nonlinear crystals and allows modeling the three-wave mixing process in several degrees of
approximations starting at effectively 1D modeling by assuming plane-waves in long pulses and ending
at short pulses with 2D spatial distributions.

Here, effects like temporal walk-off and dispersion, as well as spatial walk-off, diffraction, non-collinear
propagation and Kerr-nonlinearities can be applied or neglected. The solution to the mixing process is
then calculated by integrating the coupled-wave equations via split-step methods.

While this software offers a broad variety of modules to simulate nonlinear processes, it also features
drawbacks such as its limitation to mixing only three waves, which restricts the modeling of parasitic
waves such as the second-harmonic of the input beams which could potentially influence the outcome.
Furthermore, automation is not possible with the free version but can be purchased in the form of a
MATLAB-based application.

3.2.1.2. chi2D

A somewhat different approach to solving the coupled-wave equations is found in the free software
chi2D [174]. In contrast to the "classical" way of solving the coupled-wave equations for three waves,
chi2D solves a set of two coupled differential equations, which represent the fields in the two orthogonal,
linear polarizations. With this treatment, all mixing products that can result from mixing three initially
defined input waves can be modeled simultaneously, as long as the simulation window is large enough
to contain the fields in space, time, frequency-space and spatial-frequency space. Similar to SNLO,
effects like walk-off and Kerr effect can be included or neglected. Furthermore, contrarily to SNLO,
chi2D includes noise terms to include effects of PSF. chi2D solves the coupled equations in the temporal
and one spatial dimension, hence two dimensions.

Again, an upgrade can be purchased in the form of chi3D, which increases the number of spatial
dimensions by one. Likewise to SNLO, this upgrade is also MATLAB-based and thus bound to another
commercial software. However, already the 2D version can be computationally expensive, as its algorithm
requires all input and generated fields to fit into a single grid in the temporal and spatial domain, but
also the Fourier domain. For chirped broadband pulses and larger beam sizes in a non-collinear setup,
the necessary window size as well as the resolution scales up rapidly.

3.2.1.3. Miró

With Miró, we find ourselves in the field of modeling software that is capable of modeling a complete
laser chain from front-end over main amplifier and compressor to the final focusing stage [175]. Within
this software, there is also a module to calculate Three-Wave Mixing (TWM) problems [151]. As the
name indicates, this also follows the "classical" approach of solving the coupled equations for every field.
Being developed for many years, this software was proven to be a powerful tool by complete modeling
of large facilities such as Laser-Megajoule [176] and the PETawatt Aquitaine Laser (PETAL) [177].
Calculations with this software have been made for our group, but being proprietary software, it is
neither free to download nor to buy, which is an obvious drawback.
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Similar to the influence of the temporal pump-pulse shape, its beam shape and distribution impact
the output beam shape of the signal. The signal reshapes according to the input pump-beam distribution
until saturation sets on. Consequently, to achieve a high beam quality with a Gaussian-shaped signal
output, the pump must already exhibit a Gaussian shape with high beam quality and full saturation
should not be reached to maintain that shape.

In general, the working point of the OPA must be chosen thoughtfully, since the reshaping takes place
in both time and space. Especially for nonuniform shapes and saturated amplification, this can result in
strong Spatio-Temporal Coupling (STC). In this case, the approximation of independent spatial and
temporal field properties becomes questionable, as, for example, different pulse durations are found
at different spatial coordinates of the beam or different beam shapes at distinct points in time. While
there are use-cases of STC, e.g., angular-dispersion in stretcher and compressor of a Chirped Pulse
Amplification (CPA) system to handle the dispersion [16, 17, 178], in principle, these are unwanted
effects and to be avoided, as they require complex setups to be measured and are difficult or even
impossible to compensate for. Especially for ultra-short laser pulses, STC will result in effectively reduced
peak intensity by increasing either the mean pulse duration, focus distribution or both [179,180].

3.2.3. Requirements on the energy stability

Before defining the parameters to achieve a specific output energy, it is important to discuss how a
specific output energy can be reached with sufficient stability. The output stability depends on the input
energy stability of the signal and the gain stability of the amplifier. Obviously, the input energy stability
is not influenced by the uOPA, but by the short-pulse oscillator, which is why this aspect is not discussed
any further. Accordingly, the stability of the uOPA system is determined by the stability of its gain.
Therefore, it is useful to isolate all parameters, that can potentially lead to unstable parametric gain.

3.2.3.1. Pointing and temperature fluctuation

Equation 3.9 shows that the local gain in the undepleted-pump approximation is a function of the phase
mismatch and γ, which in turn depends on the signal and idler frequencies, the nonlinear susceptibility,
the refractive indices and the pump intensity (compare eq. 3.10). Some of these parameters are fixed,
such as the idler and signal frequency, but others depend on the stability of the pump and signal. For
instance, the extraordinary refractive index and the effective nonlinear susceptibility are functions of
the internal crystal propagation angle and are therefore affected by pointing fluctuations.
In addition, the refractive index generally depends on temperature, causing the phase-matching

condition to be temperature sensitive as well. Accordingly, it is reasonable to set an upper limit for
the pointing and temperature fluctuations. With respect to the phase mismatch, a temperature- and
angle acceptance can be defined. By assuming that the small-signal gain g is dominated by the phase
mismatch, the parametric gain Gpar (eq. 3.7) can be approximated by [181]

Gpar ≈ sinc

(

∆k(θ, T )L

2

)2

, (3.15)

where ∆k(θ, T ) is the angle- and temperature-dependent phase mismatch and L the propagation
distance. Following this approximation, the maximum tolerable fluctuation is often defined as the phase
mismatch that reduces the parametric gain to half of its maximum value at ∆k = 0 for T = T0 and
θ = θ0 [182]. For a pump at 515 nm and signal at 1053 nm in BBO, with a -2.25° pump-to-signal angle,
the tolerable angular fluctuation calculates to approximately ±0.23mrad· cm for a phase-matching
angle of θ0 = 24.05°. It must be noted that the tolerance is completely dominated by the influence of
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the pump fluctuations, because of its angle-dependent refractive index. For the same configuration, a
temperature tolerance of about ±16 °C· cm is found.

To define an upper limit for the fluctuations it is necessary to validate whether the modification of the
phase mismatch or the modification of γ will have a bigger impact on the parametric gain. For a pump
intensity of 80GW/cm2, a 2mm long crystal, the same pump and signal wavelengths as before and
with the assumption of fluctuations of the order 1.2mrad and 85 °C, the modification of the parametric
gain by the phase mismatch is about 20 times larger than that of γ. Hence, the gain fluctuations are
dominated by the fluctuation of the phase mismatch.

If we allow the temperature to fluctuate by 2 °C and request a maximum gain reduction of 0.5%, the
pointing fluctuation should be at maximum 0.26mrad·mm.

3.2.3.2. Pump-intensity fluctuation

Lastly, the stability of the pump intensity must be addressed, which boils down to the energy stability
of the pump. In principle, the process of saturation and reconversion can be utilized to compensate
over- or undershooting pump pulses, where even higher stability compared to the pump laser can be
reached [183]. This would reduce the demands on the pump-energy stability. However, as described
before, the spatial and temporal profiles of the signal are redistributed massively between the unsaturated
and the saturated domain. Therefore, it is to be expected that the spatial and temporal profiles will
fluctuate depending on the degree of saturation and a trade-off between energy stability and formation
of STC must be made.

Guardalben et al. [184] minimized this trade-off by using temporal and spatial super-Gaussian shapes
of the pump for nanosecond-long pulses in an OPCPA system to maintain an approximately equal gain at
every spatial and temporal coordinate of the pump. If the pump intensity is high compared to the signal
intensity, the point of saturation is reached at roughly the same propagation distance for all spatial and
temporal slices of the signal and thus the deformation and STC can be mitigated.

Although the use of a temporally and spatially super-Gaussian pump is an elegant solution to reduce
the impact of its energy fluctuations and at the same time to avoid most of the STC in the signal, the
implementation of this method in the context of a uOPA increases the system’s complexity enormously.
For example, a super-Gaussian temporal shape for nanosecond pulses can be realized with fast electro-
and acousto-optical devices [185,186], that pre-compensate temporal-gain saturation of subsequent
amplifiers by modulating the temporal profile. Within the domain of picosecond-long pulses, electro-
and acousto-optical devices are not fast enough anymore to correctly modulate the pulse profiles in a
direct manner.
To realize flat-top pulses in the few picosecond range, temporal shapes can be modified by pulse-

stackers, which create a bunch of pulse replicas, that are coherently stacked in time and emulate a
flat-top profile. This can, for example, be realized via multiple birefringent, temperature-controlled
filters [187]. Other methods manipulate within the spectral domain by applying amplitude masks by
using spatial-light modulators and creating sinc-like spectra [188] or by dispersion via acousto-optic
programmable dispersive filter [42]. However, for these methods to work, the bandwidth of the pulses
must be significantly increased since the shortest temporal features are inversely related to the total
bandwidth. Moreover, the methods are mostly limited by the input pulse energy and have to be applied
before amplification, which increases the amplifier requirements in terms of bandwidth maintainability.
Concerning the shaping to spatial flat-tops, commercial solutions do exist but are limited in pulse

energy due to the damage threshold and fixed input beam diameters. Furthermore, an implementation
of a beam shaper either requires its positioning close to the OPA crystal or relay-imaging of the beam is
needed because flat-top distributions are not self-similar and quickly diffract. Although imaging of the
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3.2.4. Pump energy requirements

The previous section emphasized the need for a high pump-energy stability tomitigate energy fluctuations
in the signal, especially when operating in the unsaturated regime. However, it must still be determined
how much pump energy is needed to amplify signal pulses of an oscillator from the nanojoule to the
1mJ-level while maintaining a high spatial quality and conserving the spectral bandwidth of the signal.
In the next sections, I will therefore discuss which parameters can be adjusted to achieve the desired
energy of 1mJ or more with sufficient spatial and spectral quality.

In the following, I will briefly discuss which parameters should be adjusted to reach the desired output
in terms of energy and spatial and temporal quality. After this, I will apply the found optimizations to
set up a parameter scan to find the minimum pump energy that is needed.
To get the most realistic estimation for the needed pump energy, the signal’s characteristics are

modeled with the pulse properties of the short-pulse oscillator (FLINT, Light Conversion), which is
used for the development of the uOPA system. Accordingly, the signal features a center wavelength of
1034nm with about 24nm spectral bandwidth (FWHM), which corresponds to a bandwidth-limited
pulse duration of 66 fs. The signal pulse energy is in the low-nanojoule range. I will further limit this
section to BBO-based OPA systems and restrict the pump center wavelength to 515 nm, which is in the
range of most common Yb-doped materials (see section 4.1.1).

3.2.4.1. Determination of the uOPA working parameters

An important property of a system that should seed a high-intensity laser facility is its maintainability
and robustness. For this, it is reasonable to minimize the complexity of the setup, which is why a
single-stage uOPA was used in a previous implementation of the uOPA at PHELIX [36]. Because of the
simplicity of the design, this setup seems attractive. However, a single-stage design encounters several
limitations when scaling up the energy. In section 3.1.3 I discussed the influence of parasitic effects and
suggested a non-collinear phase-matching configuration and a multi-stage amplification to suppress
parasitic SHG and mitigate PSF, respectively.

Other parameters that influence the output energy of the uOPA are the spatial and temporal overlap
of signal and pump. In order to increase the gain, the overlap should be maximized. In the spatial
domain, this can be done via magnification telescopes. In the temporal domain, however, this requires
stretching of the pulse, for example, via a stretcher or chirped mirrors.

To find the parameters for the seed duration and the pump energy that enable a high-quality output at
1mJ or more, I conducted a set of simulations. For this parameter scan, I set the non-collinear angle to
-2.25°, which still allows for a broad gain bandwidth while increasing the phase mismatch for parasitic
SHG as well as reducing the effective walk-off angle to approximately 1.1°. As a reasonable estimation
for the pump parameters, the pump duration is set to 1.5 ps FWHM and its beam size to 2.5mm FWHM,
such that a 10mm aperture crystal can be used without excessive clipping. Also, a pre-amplification to
1 µJ in an additional uOPA stage is assumed for this parameter scan.

With these input parameters, I simulated a parameter set of five different pump energies and five
different pulse durations of the signal. The pump energy varies from 10mJ to 40mJ in steps of 7.5mJ and
the signal duration is varied from its FTL at 66 fs to 852 fs by adding a quadratic spectral phase starting
at 0 fs2 and ending at 20000 fs2 in steps of 5000 fs2. Figure 3.11(a) and (b) show the simulation results
in form of temporally-integrated fluence-outlines in the non-collinear plane and spatially-integrated
power, respectively.

For the injection of a bandwidth-limited seed with a pulse duration of 66 fs, 1mJ of output energy is
only reached at pump-pulse energies of 40mJ. Yet, the output quality of the pulse visibly suffers, as the
energy is only reached after considerable saturation. Although the pump is tilted with a non-collinear
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spectral-manipulation stage is employed. Specifically, compatibility with the Nd:glass-based laser facility
PHELIX and the Yb:CaF2-based laser facility PENELOPE must be ensured since the developed uOPA
system will be used in both facilities.

In the previous sections, the targeted pump-energy output was set to 32.5mJ, which, however, refers
to the frequency-doubled pump pulse. Accordingly, to define a requirement on the uncompressed,
fundamental pulse energy of the pump, the efficiency of the SHG and the compressor must be taken
into account. For example, the SHG efficiency of a pump pulse generated in Yb:YAG or Yb:KGW is in
the range of 50%-70% [36,190,191]. The transmission efficiency of the compressor is mainly limited
by the diffraction efficiency of the used gratings since these are hit four times in a standard compressor
setup. With the use of Multilayer Dielectric (MLD) gratings, the diffraction efficiency per grating is close
to 100% [192], which reduces the losses in the compressor. However, for a lower bound estimation
of the required uncompressed pump-pulse energy, a diffraction efficiency of 95%, corresponding to a
total transmission of about 80% and an SHG efficiency of 50% may be assumed. The corresponding
pulse energy before compression and frequency doubling is then approximately 80mJ. To plan for an
energy budget that ensures that the amplifier does not use 100% of its capacity, the final target is set to
100mJ output energy.

Concerning the repetition rate of the amplifier, my aim clearly lies in designing an amplifier that is
compact and easy to maintain rather than trying to reach the highest average output power. Although a
tendency to higher repetition rates in ultra-short, high-energy lasers in the 100 J class is observable, most
high-repetition rate high-energy systems perform in the range of 1Hz to one shot every few minutes.
Therefore, the presented system is not designed to work in the kHz range, but in the range of 10Hz.
This repetition rate ensures compatibility with the timing system at PHELIX.

In the next sections, I will provide a detailed view of the amplifier design and the performance of the
uOPA as well as its pump system. In the first subsection, I will describe the setup of the pump amplifier
and proceed to go into detail regarding its performance. After this, I will detail the setup of the uOPA
and discuss its output parameters. Last, its implementation and the influence on the temporal contrast
at the PHELIX laser, as well as potential upgrades to the system will be discussed.

4.1. Pump-amplifier architecture

The pump-amplifier architecture is a key factor to meet the described requirements. As for the general
layout, setting up the amplifier in a CPA-based configuration is useful to reach the required energy and
keep nonlinear interaction at a minimum. Concerning the specific type of amplifier, the most prominent
configurations that provide a high gain and can operate at this energy level are either a geometric
multi-pass or a regenerative amplifier.
Both of these amplifiers feature different advantages and drawbacks compared to the other one but

share an overall high gain and high energy stability as long as their operational point is set at saturation.
Yet, in terms of output energy, multi-pass amplifiers tend to outperform regenerative amplifiers, because
their losses are not bound to an intrinsic mode formation. This reduces the difficulty of seeding these
amplifiers since no mode-matching is necessary. Opposed to the advantage of reduced coupling losses,
the setup complexity increases with each pass, as the beams have to be separable and are typically
relay-imaged in each pass to preserve the beam quality [193].
Contrary to the geometric multi-pass design, the regenerative amplifier employs multiple passes by

coupling the pulse into an optical cavity via optical switching with a Pockels Cell (PC). If designed
correctly, this cavity supports only its fundamental mode, which for a cavity with spherical end mirrors
is a Gaussian mode [194]. Therefore, high beam quality is theoretically given per design by its intrinsic
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mode selection. Although more prone to losses due to its mode selectivity and therefore more challenging
to operate at higher energies, this type of amplifier reduces the setup complexity and maintainability
compared to the geometric multi-pass amplifier and reduces the number of needed optics.
Given that the beam quality of a uOPA pump is a key factor for a high-quality output beam after

parametric amplification, the regenerative amplifier is my amplifier type of choice for the pump laser.
However, as a total gain of about 108 is needed to boost the oscillator output from the nanojoule-level
to 100mJ, a split into pre- and main amplifiers is useful. This reduces the risk of wasting pump energy
by the generation of ASE and creates a more robust amplification configuration.
Because of the robust handling of low seed power, a fiber amplifier is a reasonable choice for a

pre-amplification stage. Additionally, fiber amplifiers are destined to create large gains over a few meters
of distance, which reduces amplification time. Also, they generate high-quality beams [195] with a
fundamental mode similar to a Gaussian, which reduces the coupling losses into the mode-selective
regenerative cavity.
The main aspects of the design of the pump laser are covered in a manuscript, which we published

before [1]. In the next sections, I will elaborate on the architecture of the pump amplifier in more detail,
beginning with the choice of gain material, followed by the description of the spectral-manipulation stage,
the stretcher and the fiber pre-amplifier. After that, I will provide a detailed view of the regenerative
main amplifier and conclude with the setup of the compressor and the frequency-doubling stage.

4.1.1. Gain material

The choice of the active medium for the pump amplifier is as crucial as its architecture since it decides
the center wavelength and the output bandwidth of the pulse, but also how efficiently energy can be
extracted. A first narrowing down of the available amount of active media can be done by selecting
the pumping method. In section 3.2.3 it was already concluded that laser-diode-based pumping is the
method of choice.

The reason for this is, first, that laser diodes can create a highly power-stable output, which is linearly
proportional to the applied current [196]. Second, laser diodes tend to be significantly more efficient in
terms of emitted versus absorbed power compared to, for example, flashlamps, since they produce a
narrowband output in the range of a few nanometers. Also, their intrinsic electrical-to-optical efficiency
can be as high as 50% to 60%, even for kW of output [197,198]. Also, if the material features absorption
bands, which match the emission characteristics of the diode, the heat generation is minimized as most
of the light is used to pump the laser transition.
Ytterbium (Yb)-doped gain media fall into this category with pump bands in the spectral region of

940nm - 980nm, which is covered by InGaAs laser diodes [199]. Furthermore, Yb-doped materials
exhibit long fluorescence lifetimes (see table 4.1) compared to, for example, Nd-doped media. This
is extremely helpful for the combined use with laser diodes, as these produce rather low peak power
and therefore a longer pump-pulse duration is needed to deliver sufficient energy per pulse to create
a reasonable population inversion. Table 4.1 summarizes the parameters of common Yb-doped host
materials.

As shown in table 4.1, lots of host materials for Yb exist and aside from YVO or CALGO they exhibit
quite a long fluorescence lifetime in the range of 1ms or above, making them preferable to be pumped
by a laser diode. Another important parameter to take into account, apart from the fluorescence lifetime,
is the saturation fluence of the material. This parameter determines the fluence which is needed to
extract the majority of the stored fluence of the medium and is directly related to small-signal gain.
Consequently, choosing a material with high saturation fluence needs high input fluences to reach
a high gain, which for the cases of Yb-doped glass or CaF2 may even surpass the damage threshold.
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Table 4.1.: Properties of various Yb-dopable host materials. τfl is the fluorescence lifetime, Fsat

the saturation fluence, λabs the peak absorption wavelength and λem the peak emission
wavelength. The ± refers to the bandwidth (FWHM) of the emission- and absorption
cross-sections. Nm, π and σ refer to the propagation axis through the crystal in the case
of birefringent crystals.

Host material τfl in ms Fsat in J/cm2 λabs in nm λem in nm

glass (silica) [200] 0.8 30 976 ± 1.7 1030 ± 25

YAG [201] 0.94 8.2 940 ± 9.4 1030 ± 4.4

YVO [202] 0.25 140 984 ± 5 1008 ± 10

KGW (Nm) [203] 0.6 5.3 981 ± 2 1025 ± 10

YLF (π) [204] 2.2 22.4 959 ± 5 1019 ± 13

CaF2 [201,205] 1.9-2.4 80 980 ± 11 1049 ± 30

CALGO (σ) [206] 0.45 25 980 ± 4 1025 ± 35

Furthermore, as the saturation fluence is inversely correlated with the stimulated emission cross-section,
a high Fsat is also associated with a low gain. To counteract this problem, a valid strategy is to increase
the number of passes through the medium.
Additionally, the bandwidth of the emission and absorption is of particular interest. Concerning the

former, all listed materials offer sufficient bandwidth for the creation of pulses with duration in the
low picosecond range. However, a larger absorption band is also useful as it eases the requirements
of the laser diode. Here, especially YAG and CaF2 stand out, providing the broadest pump bands with
approximately 19 nm and 22nm, respectively.
For the pre-amplifier, Yb:glass is a valid choice as it is easy to integrate into a fiber-pre-amplifier

system and provides the required spectroscopic properties to support ps-pulses. Concerning the pump
bands, the requirements are not as stringent as for the regenerative amplifier, as the needed pump
power is in the range of a few Watts instead of kW. At these power levels, narrowband laser diodes,
whose emission band matches the absorption band of Yb:glass, are widely available. Furthermore, the
applicability of a fiber pre-amplifier was already proven within the context of the previous uOPA pump
system at PHELIX [36,207].

For the main amplifier of the pump laser, YAG is my material of choice. Yb:YAG features comparably
low saturation fluence, which reduces the number of potential passes through the medium. This reduces
the amplification time, which is beneficial for the temporal synchronization of the signal and pump pulse
of uOPA. Additionally, Yb:YAG features sufficiently broad pump and emission bands to support efficient
pumping and short pulses. Also, its fluorescence lifetime is long enough to be pumped by nowadays
laser diodes, which can provide up to several joules per pulse within this time frame.

However, it must be noticed that Yb:YAG, as most of the other mentioned materials, is a quasi-three-
level system at room temperature [201]. This means that the lower laser level is partially populated and
the signal is expected to be absorbed. For such a material, the emission and absorption cross-sections
are altered at different temperatures. Figure 4.2 shows the cross-sections of Yb:YAG at four distinct
temperatures.
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modulation acts as a grating with position-dependent fulfillment of the Bragg condition for each spectral
component, which results in the reflection of the respective wavelength [209]. Accordingly, different
parts of the spectrum pass different amounts of optical pathways, which can be manipulated to stretch
the pulse by inscribing a tailored grating modulation and thereby introducing a tailored spectral phase.
Figure 4.3 shows the full setup of the fiber system.

The pulses are coupled into the SPM fiber in which they are spectrally broadened to overlap with
the emission band of Yb:YAG at 1030nm. Then, they traverse a circulator (AFR, HPMCIR-03-0.3-S-
S-Q-C(SR13739B)) to couple into the CFBG, which reflects a bandwidth of 3.75 nm centered around
1030 nm and stretches the pulse to a duration of 1.2 ns. This is sufficient to mitigate nonlinear effects in
the pre-amplifier, which may otherwise reduce the compressibility of the pulse.

However, accounting for the targeted output energy 100mJ of the main amplifier and the expected
gain-narrowing of Yb:YAG to about 1.1 nm, the peak power reaches approximately 0.28GW. Accordingly,
a reduction of the peak power by using a larger stretching factor would be beneficial. Yet, drastically
increasing this factor would result in a bulky or complex compressor design, as the required output
energy calls for a free-space grating compressor to handle the intense pulses. Therefore, the stretching
factor of 320 ps/nm was chosen as it represents a compromise between partially mitigating nonlinear
effects in the main amplifier and keeping the footprint of the compressor at a reasonable size.

After stretching, the pulses are coupled into the actual pre-amplifier of the pump system from the
third port of the circulator with an effective seed power in the low mW range, corresponding to few tens
of pJ. The fiber pre-amplifier is an upgraded version of the fiber amplifier that was developed within
my master’s thesis [207] and was used in the previous uOPA system at PHELIX. The first of the two
consecutive amplification stages consists of a Yb-doped, single-mode, single-cladding and polarization-
maintaining fiber (Coherent, PM-YSF-HI-HP, Yb-F1) with a length of 1.3m, and a continuous wave,
single-mode pump laser diode (3SPTechnologies, RLS/976NM-750MW, LD1) at 976nm with up to
750mW of power. The combining of these two beams is realized via wavelength-division multiplexing
(AFR, PMFWDM-9703-N-B-Q, WDM) in a co-propagating fashion. Here, an output power of a few
hundred mW is targeted, corresponding to a few nanojoules per pulse.

To protect the oscillator from potential backward propagating light, a Faraday isolator (AFR, HPMI-
03-A-0.1-N-B-Q-F-1-C, FI1) is installed. Following that amplification stage, a fiber-coupled AOM (G&H,
FiberQ T-M300-0.1C2G-3-F2P) is set up as a pulse picker to reduce the repetition rate from about
80MHz to 100 kHz in the second fiber stage. As the repetition rate decreases, the available pump
power distributes over a reduced number of pulses, which allows the energy of the individual pulses to
be increased. Hence, the AOM enables to adjust the output pulse energy of the pre-amplifier without
adjustment of the pump-diode power. To avoid too large amplification factors and mitigate the risk of
damage, the repetition rate should remain in the 100 kHz range.

After the pulse picking, the pulses pass another Faraday isolator (AFR, HPMI-03-A-10-N-B-Q-F-1-P, FI2)
and are then seeded into the second fiber-amplifier stage. Since pulse energies up to several microjoules
are expected inside this stage, a fiber with a larger mode-field diameter of 15 µm is used to reduce the
intensity. This photonic-crystal fiber (NKT-Photonics, DC-135/14-PM-Yb, Yb-F2) has a length of 1.55m
and a second multi-mode cladding with a large numerical aperture. Accordingly, a low beam quality,
but high-power (7W) laser diode (PhotonTec, M976±0.5-7-F105/22-G4T, LD2) can be used and still be
efficiently coupled into the fiber. Contrary to the first fiber stage, the pump is counter-propagating and
coupled into the fiber from free space. This is necessary since no wavelength-division multiplexers at
this power level and connectors to a Photonic Crystal Fiber (PCF) were available. The splitting of the
signal and the pump is done via a dichroic beam splitter (DBS).
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4.1.3. Pump main-amplification

Following the fiber-pre-amplifier, the regenerative main amplifier is set up to boost the energy from
the microjoule- to the 100mJ level. To keep the cavity design as simple and maintainable as possible,
as well as capable of delivering pulse energies in the range of 100mJ, the number of optics should be
minimized while the mode-forming optics should be selected to create a reasonably large mode. With
only two curved mirrors, set up in a 0°-configuration, the cavity avoids induced aberrations and modal
deformations through the off-axis use of curved mirrors.

By choosing a set of two curved end mirrors with radii of curvature of -20m and +15m and a cavity
length of approximately 1.7m, a stable cavity is formed with a slowly varying mode-radius from a
minimum of 1.6mm to a maximum of 1.8mm. Here, the convex mirror allows to shorten the cavity
length, while creating the same transversal mode as a 4.5m long cavity with a -20m mirror radius of
curvature and a plane end mirror. For this, the convex mirror is positioned where its radius matches
with the radius of the mode of the long cavity with plane end mirror.

This simple manipulation of the cavity reduces the total time inside the cavity by approximately a
factor of 2.5, while preserving the large mode size. This is beneficial in the context of a uOPA since
thermally induced delays between pump and signal are reduced, creating a more robust amplification
system.
However, in operation, the mode of the cavity differs from the theoretical mode evolution of an

empty cavity with spherical mirrors. To estimate the modal behavior of the cavity during operation, the
influences of thermal lenses, induced by heat deposition of the pump, and the influence of nonlinear
lenses due to the Kerr effect must be taken into account, which will be discussed in the next sections.

4.1.3.1. Thermal lens estimation

To estimate the influence of the thermal lens, the heat deposition in the laser crystal must be calculated,
which depends on the pump power. The modeled geometry of the crystal is disk-like, as this is beneficial
for the reduction of the nonlinear Kerr effect. Also, the crystal is pumped from the front in its center
with a pump spot diameter of 2.4mm. Cooling is applied only on the edge of the disk since this allows
the application of simpler cooling designs. The heat deposition and diffusion are then calculated via the
heat equation [210]:

∂u(x, y)

∂t
= α ·∆u(x, y) = α

(

∂2u(x, y)

∂x2
+

∂2u(x, y)

∂y2

)

(4.1)

To simplify the problem, only the transversal dimensions are used since the active medium is assumed
disk-like in shape. Here, α ≈5mm2/s is the thermal diffusivity of Yb:YAG corresponding to a thermal
conductivity of 0.014W/(mm·K), a specific heat of 0.59 J·/(gK) and a density of 4.56·10−3 g/mm3 [211].
u(x, y) represents the temperature distribution. The initial temperature of the crystal was set to 20.5°C
and the border is assumed to remain at that temperature. The heat deposition is modeled by a successive
temperature increment during the pump duration of 1ms, defined by the pump power, the temporal
step size, and the fractional heat of YAG, which is defined as the fraction of the absorbed pump power
that is converted into heat [212], was set to 0.1 [212,213]. After the pump-pulse duration, the heat
diffuses for the amount of off-time in between the pump cycles. This procedure is repeated until a
dynamic equilibrium is reached. The estimated thermal-focal lengths and the maximum temperature of
the crystal over a set of pump energies are shown in Fig. 4.4.
The maximum temperature in the crystal depends linearly on the input pump energy, or more

precisely, the input average pump power. Here, the temperature increases up to 45 °C for the highest
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distribution, I chose the mode of the pumped cavity. The propagation step is repeated until the beam
size deviation relative to the beam size of the previous roundtrip is below 10−8. When the calculation
converges, the resulting distribution represents a stable mode inside this cavity for a given pulse energy
and thermal lens.

Figure 4.6 shows the calculated waist of the beam as a function of the propagation distance inside the
cavity for pulse energies of 25mJ to 100mJ in steps of 25mJ. The mode which results if the Kerr effect
is neglected is referred to as 0mJ. The thickness of the transmissive optics in the simulation is based on
standard available products, which is 20mm for the PC, 1mm for the Yb:YAG crystal and about 140 µm
for the WP.

The first thing to notice is that the cavity design is capable of delivering a stable mode even for 100mJ
pulses with 320 ps pulse duration at the highest pump energy, and therefore the shortest thermal focal
length of 24m. Nevertheless, Fig. 4.6 shows clearly, that the Kerr effect will influence the intra-cavity
beam size. A pure thermal lens (blue line) at a pump energy of 1 J, already reduces the mode size by
approximately 23%, compared to an unpumped cavity. As the thermal lens alters the cavity properties,
which effectively reduces the beam size inside the transmissive optics, the influence of the Kerr effect
gets enhanced due to its intensity dependence. Due to the coupling of both effects, the beam size at
100mJ (violet line) inside the cavity is reduced by 43%, compared to the non-pumped, Kerr-free cavity.

Comparing the focal lengths of the individual elements, we find, that the self-focusing in the PC
dominates with a focal length as short as 9.5m in the presence of the strongest simulated thermal lens.
With this, the average fluence reaches 3.2 J/cm2 and the peak fluence 6.3 J/cm2 at the position of the
smallest beam radius of 1mm. Although these fluences are quite high, they are within the capabilities
of modern optic manufacturers concerning laser-induced damage [214].

4.1.3.3. Cavity setup

In the previous sections, I showed that a simple cavity design with only two curved mirrors can produce
a stable mode even with the influence of the Kerr effect and a thermal lens. This design has been
implemented and is schematically shown in Fig. 4.7.
As the planned output energies of the cavity are far beyond the energy-handling capacities of the

fiber pre-amplifier (see section 4.1.2), safety measures must be put into place. Therefore, a set of two
Faraday isolators (Coherent, Pavos series, FI1 & FI2) and an intermediate Faraday rotator (Coherent,
Pavos series, FR) are installed to protect the fiber facets and splices of the fiber-amplifier from potential
backward-propagating energetic leakage pulses. In combination with an additional polarizer and a
pulse-picker PC, an extinction ratio of 1010 to 1011 is reached.

Next, a three-lens, mode-matching telescope is set up to increase the coupling efficiency between the
two amplifiers. Then the pulses traverse a motorized delay stage, which is used to close the feedback
loop for the uOPA pump-delay control, which stabilizes the delay between signal and pump in the uOPA.
Before coupling the pulses into the regenerative main amplifier, a polarizer and a PC build the main
separation unit for the incoming and outgoing pulses. The PC is configured such that the polarization
rotates by 45° when there is no voltage applied and does not rotate if a voltage is applied. Accordingly,
all pulses from the cavity will be reflected toward the compressor. Also, the pulse-picker PC (PC λ/2)
reduces the repetition rate of the pulses to 10Hz.
The cavity features a linear design with only two passively mode-forming curved mirrors with radii

and positioning as described in the previous section. Only three transmissive optics are used: a 20mm
long DKDP PC (PC λ/4), a 140 µm thick quarter wave plate (λ/4 WP) and a 1mm thick Yb:YAG crystal.
To facilitate the temporal overlapping of pump and signal in the uOPA, one of the end mirrors is

mounted on a motorized 5 cm translation stage. For common short-pulse oscillator repetition rates
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to a beam size ratio between signal and pump of 0.72 ± 0.02.
The first stage itself consists of a 2.4mm thick BBO crystal, in which pump and signal propagate in a

close-to collinear setup. As the targeted output energies of the first stage are in the low microjoule range,
parasitic SHG is less of a problem even in a close-to-collinear setup. Yet, this almost collinear setup
increases the gain bandwidth of the OPA. The corresponding propagation angles inside the BBO crystal
are 23.3° for the signal and 23.7° for the pump. In this stage, a pre-amplification to the microjoule level
is targeted.
Because of the Gaussian shape of the beams, the associated non-uniform gain distribution and the

working point of this stage in the unsaturated regime, the outgoing beam radius of the signal will be
strongly reduced compared to its input radius. Hence, a magnifying telescope is implemented between
the two stages to increase the beam radius by a factor of two, as well as to image the output from the
first onto the second stage.

As the telescope would image not only the signal but also the residual pump and idler, a spatial filter
in the focal plane is used to block the pump, idler and PSF. Imaged onto the second stage, which consists
of a 1mm thick BBO, the signal beam radius is w = (1.80± 0.09)mm, while the pump radius remains
unchanged. This further increases the spatial overlap with a signal-to-pump ratio of 0.85 ± 0.05. To
counteract parasitic SHG of idler and signal, the internal crystal angles of pump and signal inside the
second stage are 24.24° and 26.61°, respectively. Furthermore, the larger pump-to-signal angle allows
combining the pulses without dichroic mirrors. This is beneficial because either the high pump intensity
may cause problems due to self-focusing inside the mirror or a post pulse could be created by double
reflection inside the mirror, depending on which pulse is transmitted.
After amplification in the second stage, a small part of the signal pulse leaks through a 0.2% beam

splitter. This share of the signal is used to monitor the delay between pump and signal, by coupling it
into a spectrometer (Ocean Insight, HR2000+). Since the signal pulse exhibits a chirp, a delay shift
between pump and signal directly translates to a shift of the spectral center of the signal. A motorized
linear stage, located between the fiber amplifier and the regenerative amplifier of the pump laser,
can correct the delay in a closed-loop. Since the delay is caused by thermal fluctuations, only minor
adjustments are required, such that the electronic timing of the pumping system, i.e. PC timing, remains
unaffected. In addition, potential energy fluctuations due to the pointing jitter caused by the moving
stage are minimized by the saturated operation of the regenerative amplifier.

4.4. Performance of the uOPA

Within this section, I want to address the performance of the system with respect to the most important
parameters: spatial beam quality, spectral bandwidth conversation and energy stability. All these
parameters impact the performance of high-intensity lasers and should be preserved or enhanced within
this amplification scheme, as even small fluctuations in these parameters may when combined or coupled
result in a significant loss of intensity [179].

4.4.1. Energy output

To reach 1mJ of output energy, two uOPA stages have to be used, whereas the working point of the first
one is set to moderate output energies and lower levels of optical-to-optical conversion efficiency. This
ensures amplification with a barely depleting pump, hence, a minimized reconversion of the signal and
an amplification scheme closer to the small-signal-gain regime, which results in less distorted spectra
and beam profiles.
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4.4.5.1. Further enhancement of the spectral acceptance of the pump amplifier

The presented version of the pump amplifier employs an SPM stage to broaden the spectra of the
oscillator pulses and create the needed spectral bandwidth to seed a Yb:YAG. This stage works for
lasers with a center wavelength around 1µm, but to seed the pump amplifier using Ti:Sa oscillators
with pulses centered at 800 nm, further modifications are necessary.
First, the broadening fiber should be exchanged by a fiber that supports single-mode operation at
this wavelength. For example, the fiber could be switched from PANDA PM980 to PANDA PM630.
However, even with a reduced mode-field diameter that benefits the SPM, the energy demand to create
bandwidth around 1030 nm increases to 13 nJ-15 nJ for a 100 fs long pulse centered at 800 nm according
to simulations with fiberdesk [208]. Further improvements could be applied by using highly nonlinear,
photonic-crystal fibers with a designable zero-dispersion wavelength [222], which benefit the SPM
substantially. This will broaden the spectrum immensely, but in this case, special fiber splices will be
needed, which will increase the price and reduce the maintainability of the system. Also, investigations
must be conducted to estimate the actual usable energy or power within the bandwidth of Yb:YAG.

4.4.5.2. Stability of the pump laser

The stability of the pump in terms of energy output and pointing was proven to be sufficient for the
prototype development in the test laboratory and to be considered for the implementation at PHELIX
and PENELOPE. However, as shown in Fig. 4.21 there is still room for improvement in the long-term
energy stability. Targeting pulse-energy stability, an implementation of automated current adjustment
for the pump laser diode could help to stabilize the output. This, however, requires a diode driver that
allows fine adjustment of the current and remote control. Furthermore, a second piezo-motorized mirror
mount could be implemented at the second end mirror of the cavity and again an automated correction
loop has to be set up. Ideally, this would include a large- and a small-displacement piezo-actuator per
mirror.
A passive and more sophisticated solution is the footprint reduction of the cavity. With a reduced

footprint, a more temperature-insensitive housing with higher stiffness could be realized, which in turn
calls for a redesign of the cavity with extensive folding of the beam path and size reduction of the pump
module. Simultaneously, the optical pathway per pass could be reduced, which, however, would require
faster PCs.

4.4.5.3. Energy extraction of the pump regenerative amplifier

In Fig. 4.18 it was clear to see, that the optical-to-optical efficiency neither rises constantly, nor reaches a
plateau, but peaks and drops at a specific pump energy. This implied restrictions due to beam-shrinking
as a result of thermal lensing but also of the impact of the Kerr-nonlinearities in the PC.

Concerning the Kerr effect, the most straightforward solution is increasing the stretching factor of the
CFBG. For this, either multiple, subsequent CFBGs are necessary or the design of the CFBG must be
changed to create larger GDD. Both solutions reduce the input seed power for the fiber pre-amplifier,
which requires evaluating if the seed power is still sufficient. The former solution calls for more passes
through a circulator and multiple stretcher passes, which exhibit a transmission of 70%- 85% each.
The latter is restricted due to limitations in the manufacturing process of the CFBG, which features a
maximum product of bandwidth and GDD of 1.2 ns. Hence, increasing the stretching factor reduces the
transportable bandwidth and therefore the seed energy for the pre-amplifier. Apart from the stretcher
and pre-amplifier, one must note that this change requires a redesign of the compressor which will
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either call for the use of significantly larger gratings and thus increase the total cost of the setup, or a
multi-pass compressor, which reduces the transmission and increases the alignment complexity.

To mitigate the influence of the thermal lens one could increase the size of the pump spot or change
the general design of the cooling housing. The first one is easy to apply but is bound to an increase in
pump power to keep the pump intensity at an optimum range. The second would call for a thin-disk-
like cooling, which would require a complete redesign of the pump module or the use of expensive
commercial solutions.

Further enhancement of the energy extraction can be achieved with a dry-nitrogen-flooded cavity, as
this would allow stronger cooling without the risk of condensing fluids on the surface of the crystal.
This would increase the pump absorption- as well as the signal emission cross-section of Yb:YAG. Again,
this would require air-tight housing, to avoid air turbulences that decrease the stability of the system.
Last, the cavity losses could be further minimized. For this, one must use lower-loss components, mainly
PCs, as these tend to be responsible for the major part of the losses. To reduce these losses artificially, a
multi-pass setup for the signal per roundtrip could be set up. Yet, this increases the alignment complexity
of the cavity.

4.4.5.4. Enabling relay imaging of the pump

Due to the high output energy of the pump laser, all telescopes to magnify the beam after amplification
are bound to be afocal, as the intensity is high enough to ignite an air plasma in the focal plane. This
prevents the use of relay imaging, which would further enhance the stability of the whole system.
To enable this, vacuum components are indispensable and come with a good amount of overhead to
implement. Also, these can only be implemented before compression if lenses are used since Kerr-lens
focusing would be dominant inside the lenses. Otherwise, reflective optics should be used. Ideally,
off-axis parabolic mirrors are employed, since spherical mirrors induce aberrations if the off-axis angle
is too large.

Although the integration of vacuum telescopes involves considerable effort, they have the potential to
enable the implementation of a beam shaper. This would allow shaping the pump beam into a super-
Gaussian prior to compression and then imaging it onto the amplifier stages through the compressor,
which would increase the uOPA efficiency. Obviously, precise positioning of the telescopes to the
amplification stages is needed, which may again require a redesign of the layout of the compressor and
the uOPA stages. Also, the intermediary field distribution of the pump should be precisely calculated, as
diffraction-induced peak fluences could increase and potentially damage the gratings.

4.4.5.5. Suppression of parasitic effects

The general strategy to suppress the parasitic generation of higher harmonics in OPA is to increase
the phase mismatch for these processes. This was already applied in the setup, by increasing the
pump-to-signal angle. However, the measured results did not match the expectations and a significant
fraction of the pulse energy was converted to its second harmonic. Further suppression could be done by
increasing the already applied mitigation strategies. For example, the pump-to-signal could be increased
from about 2.4° to more than 12°. However, if the angle is further increased, it is expected to impact
the spatial and temporal profile and induce a spatial chirp [142], even in shorter crystals. A mitigation
strategy for this could be to create a pulse-front tilt for the pump, such that the orientation of the seed
and pump beam profile matches over the total propagation distance through the crystal. However, this
requires a grating setup which gets bulkier for greater tilts.
Another possibility to further suppress the parasitic process is reducing the intensity of the signal,

which means further stretching or using larger beams. Stretching is limited to the pump pulse duration
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intensity values and consider an ionization scaling as described in section 2.2.1 for a 100 ps timescale,
we can estimate the ionization delay. For the maximum intensity of 1.4 ·1021 at PHELIX [5], we find that
the ionization delay is about -90 ps for a gold target. Without the stretcher re-alignment the ionization
sets on at about -310 ps. In both cases, the ionization is determined by the ps-pedestal. With the old
uOPA system, the pre-pulses had posed problems, which may have caused ionization at -2000ps in a
worst-case scenario but certainly at the intense pre-pulse at -400 ps.

Conclusion

The implementation of the new developed uOPA system at the PHELIX front-end allowed to bypass the
first high-gain regenerative amplifier, even with reduced energy output. The bypass of the amplifier
resulted in the removal of eleven pre-pulses, increasing the pre-pulse contrast by almost three orders
of magnitude to 6.2 · 10−11 ± 1.8 · 10−11. Also, the ASE level was slightly reduced to a contrast of
4.9 · 10−13 ± 2.1 · 10−13. Furthermore, the implementation revealed a pre-pulse that emerges from a
double reflection in the mode-forming lens of the ring-regenerative amplifier. This pre-pulse was also
successfully removed by exchanging the lens with a curved mirror. A re-alignment of the stretcher
showed yet another pre-pulse with a contrast level of 2.4 ·10−11, which was hidden below the ps-pedestal.
In sum, there are 16 pre-pulses left in the measurement window, which should not be critical as they
are all below the threshold, estimated in section 2.2.1. Nevertheless, determining the pre-pulse origins
is useful in the long run and should be done to avoid the generation of additional pre-pulses.
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5. Summary and Outlook

The key subject of the presented work was the development of a uOPA with output energies in the
millijoule range for the improvement of the temporal contrast in high-intensity laser systems, and
in particular, its implementation at the PHELIX, which was plagued by pre-pulses at contrast-levels
above 10−8. The removal of these pre-pulses was achieved successfully with the implementation of the
presented uOPA system

In the first chapters, I provided the theoretical background to develop a uOPA module that can deliver
energy-stable pulses in the millijoule range while still providing a good beam quality and maintaining
the spectral bandwidth of the seed pulses. Here, I defined the requirements for the pump laser of the
uOPA.
One of the main tasks was the development of the pump laser for the uOPA, which should deliver

pulses around 515 nm central wavelength with an energy of approximately 32.5mJ and a pulse duration
around 1.5 ps. For this, I developed a CPA pump system, consisting of an Yb:glass fiber pre-amplifier and
Yb:YAG regenerative main amplifier. I embedded the fiber pre-amplifier in an "all-fiber" system, which
combines spectral broadening, stretching and pre-amplification of the seed. The simple, yet effective
spectral broadening of the seed pulses via SPM in a single-mode fiber enables broad applicability of
the Yb-based pump laser at laser systems with oscillators that emit around 1 µm center wavelength. By
this, seeding with the oscillator at PHELIX is possible. In the subsequent fiber amplifier, the pulses are
amplified to the microjoule level and then sent into the regenerative main amplifier.

Resulting from the energy requirement of the frequency-doubled, compressed pulses of 32.5mJ, the
energy-output goal for this regenerative amplifier was set to 100mJ. I reached this goal with a maximum
measured output energy of (108±5.4)mJ. The measurements did show that the optical-to-optical
efficiency peaked at lower output energies. By simulating the dynamics of the cavity, I could relate
this to nonlinear and thermal effects. The generated output of the cavity features a long-term energy
stability with a standard deviation of 0.35% from its mean value (approx. three hours) and a short-term
stability of 0.1% (approx. one minute). Also, the pointing stability of the pump features a standard
deviation of 44 µrad in x and 90µrad in y in the long term and of 17µrad in x and 12µrad in y for a
timescale of 1min.
With the set-up MLD grating compressor, I achieved close-to bandwidth-limited compression, with

(1.27± 0.03) ps at 80mJ output (FTL of (1.21± 0.01) ps) and (1.38± 0.04) ps at 100mJ output (FTL
of (1.27± 0.02) ps). Due to the onset of nonlinear effects, a reduced compressibility at the higher
energy was detected, which, however, still fulfilled the requirement of a pulse duration below 1.5 ps.
The compressed pulses feature an excellent beam quality with M2

x = 1.02± 0.02 and M2
y = 1.16± 0.04

and were frequency doubled with an efficiency of up to 70%.
The next task was to use the created pulses to pump the uOPA. Here, I set up a double-staged system,

in which I used the first stage as a pre-amplifier to bring the pulse energy to the microjoule level. The
signal of the uOPA was chirped to increase the temporal overlap with the pump. This chirp also allowed
to set up a closed-loop for the delay stabilization between signal and pump, as a delay creates a shift of
the signal’s spectral center of gravity during amplification. With a total pump energy of approximately
27mJ, which corresponds to less than half of the deliverable uncompressed pump energy, I realized
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a uOPA output of (1.05 ± 0.03)mJ with a pump-to-signal efficiency of (4.38 ± 0.14)%. However, a
strong build-up of parasitic SHG of idler and signal was observed, which limited the growth of the signal
and was not expected by simulations and shall be further investigated.

The measured beam quality of the output pulses featured an M2
x of 1.49± 0.06 and M2

y of 1.50± 0.02,
which showed a beam-quality degradation compared to the oscillator with M2

x,y = 1.02± 0.02 and to
the first stage with M2

x = 1.09± 0.08 and M2
y = 1.09± 0.09. Nevertheless, a highly symmetric and

smooth beam was generated. Furthermore, the spectral bandwidth of the pulses was preserved during
amplification and a long-term energy stability of the system with a standard deviation of 1.5% was
achieved. Lastly, I measured the contrast of the stand-alone uOPA output. This measurement showed,
that two post-pulses from the uOPA crystals are created, which can however be easily removed by using
slightly wedged crystals and a spatial filter.

In the last chapter, I presented the results from the implementation of the developed module at PHELIX.
The compact setup of the uOPA allowed me to build it directly onto the optical tables of the front-end.
As the implementation of the system was done before the development was complete, only 270µJ
were generated. This was nonetheless sufficient to bypass the first amplifier of the front-end. During
the implementation, I identified and eliminated another pre-pulse that emerged from the subsequent
front-end amplifier. As a result, with the implementation of the uOPA, I achieved an ASE contrast of
4.9 · 10−13 ± 2.1 · 10−13 and improved the pre-pulse contrast by almost three orders of magnitude to
(6.2 ± 1.8) · 10−11, which sets the pre-pulse intensity below 1011W/cm2 even at the highest intensity
that PHELIX can provide.

Outlook

Aside from improvements of the uOPA system itself, which were already detailed in section 4.4.5, I
would like to mention further projects around the uOPA system whose realization are currently ongoing
or are planned/hypothesized for the near future.

Implementation of the uOPA at PENELOPE

The installation of the uOPA module in the front-end of the new PENELOPE laser is not yet completed.
So far, the system was built and characterized by me. Just before the completion of this thesis, the
system was transported to its planned location and has to be set up again. Since the PENELOPE laser
will provide both the here developed uOPA system and a cross (X) Polarized Wave generation (XPW)
front-end, there will be the possibility to compare the performance of both cleaning methods and to
observe their influence in laser-plasma interaction experiments.

Increasing the performance of the uOPA at the PHELIX front-end

As mentioned in section 4.5.1, the current configuration of the uOPA-upgrade still lacks in performance
and a further upgrade is planned to achieve the same results as presented in section 4.4. Although
this does not influence the existence of the remaining pre-pulses, their intensity might be reduced as a
consequence of a decreasing B-integral in the ring-regenerative amplifier of the PHELIX front-end and a
slight decrease in the ASE level can be expected.
Moreover, if a temporally clean and short 1mJ pulse is available, the direct output of the uOPA can

be measured using the full dynamic range of the Enhanced Intensity Cross-correlator for High Energy
Lasers (EICHEL) cross-correlator. Although a direct measurement requires moving the rather bulky
cross-correlator from the laser laboratory to the front-end, this enables us to identify which pre-pulses
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emerge from the front-end and which ones are artifacts of the measurement device itself. In turn, this
may facilitate the identification and removal of the remaining non-artificial pre-pulses.

A more radical approach to get rid of the pre-pulses, which emerge from the last front-end amplifier,
is the replacement of said amplifier by an OPCPA system. This replacement would minimize the number
of transmissive optics, the B-integral and potentially reduce the incoherent noise level. However, for this
to work, a powerful pump laser is mandatory.
A possible approach to the generation of such a pump pulse is an extension of the uOPA pump system by
an additional amplifier stage. This would have the benefit of already being temporally synchronized to
the signal pulse. Also, this amplifier can be seeded with several millijoules, as the uOPA pump provides
(when upgraded) a sufficient energy budget. However, this implementation requires to increase the
pump duration to at least 1 ns, which in turn requires to either use larger stretch factors in the uOPA
pump or to counteract gain narrowing such that enough bandwidth is maintained and the stretch
factor suffices. Obviously, this implementation is not a small task and needs thorough planning and
simulation, yet it offers an elegant solution to the front-end pre-pulse problematics and replaces bulky,
non-diode-pumped lasers.

Off-Harmonic probe laser at PHELIX

The setup of the uOPA at PHELIX inspired the recent construction of an off-harmonic probe laser, SEPPL
(Seeded Experimental Pulsed Probe Laser (SEPPL)), which is being used in laser-plasma interaction
experiments at PHELIX. The seed of this probe laser stems from leakage light of the uOPA pump laser.
With the center wavelength at 1030nm, off-harmonic probing can be realized, which allows a higher
signal-to-noise ratio with respect to the scattered light from the PHELIX main pulse. A further increase
of the signal-to-noise ratio can be applied by frequency-doubling the pulse, which, however, reduces the
available pulse energy from 10mJ at 1030nm to 2mJ at 515 nm.

Currently, the spectrum of the pump leakage is narrowed down in a Fabry-Perot setup, which generates
pulses in the nanosecond range, usable for streaked shadowgraphy of the laser-plasma interaction. More
variability is planned by seeding the full spectrum of the uOPA pump and setting up a compressor at
the PHELIX target area to create ps pulses, which can then be used for interferometric probe setups. To
make potential users aware of the availability of this kind of measurement at PHELIX, a publication is
in preparation [9].

Investigation of laser-accelerated protons with multi-ps long pulses

During this work, we conducted an experimental campaign with focus on proton acceleration via
Target Normal Sheath Acceleration (TNSA) and multi-ps long laser pulses. As the full evaluation of this
experiment is still pending and would exceed the scope of this thesis, I will only give a brief outline of
the concepts and the reasoning behind this study.
TNSA is one of the most robust and most investigated laser-ion acceleration mechanisms, yet, the-

oretical research mostly covers the pulse-duration regime of short (<1ps) and ultra-short pulses
(<100 fs) [224–226] and empirical scaling laws, which rely on experimental data, show that the
available data is clustered below 1ps and is sparse above 1 ps [227,228]. However, in the context of
inertial-confinement fusion [229], multi-ps pulses gained attention within the concept of proton-beam
driven fast ignition [230]. As the laser-pulse energy needs to be in the 100 kJ-range [231], longer pulses
mitigate the risk of damage on delicate optics, such as compressor gratings [232].
Therefore, to investigate laser-ion acceleration with the use of pulses with durations of 0.5 ps up to

13 ps, we conducted an experimental campaign during this work, which I planned and led. In order to

97



maximally isolate the influence of the varied pulse durations, we used two recent implementations at
PHELIX. First, a post-compression adaptive-optics system [5] was used to keep the spatial fluctuations
at a minimum. Second, the upgraded uOPA was used to enable the highest possible contrast at PHELIX
and thus minimized the risk of pre-ionization. Furthermore, an Acousto-Optic Programmable Dispersive
Filter (AOPDF) was installed and used to gain maximum control over the spectral phase. To manipulate
the pulse duration on a larger scale, the length of the PHELIX stretcher was varied.

During the experiment, we varied the pulse energy and pulse duration to move along different regimes
of constant laser power with 5TW, 9TW, 18TW, 60TW, 100TW and 200TW. At these power levels,
the laser was focused onto 4 µm thick gold targets to accelerate protons via TNSA. To characterize the
generated proton beams, we used two types of diagnostics: radiochromic films and a Thomson parabola.
The evaluation of the data is still pending since a recalibration of the radiochromic films is necessary in
order to fully characterize the generated proton beams. We believe that this dataset complements the
existing ones very well and will be valuable to the plasma-physics research community as it will help to
improve the accuracy of the empirical models, allowing for a better estimation of the performance of
future laser systems.
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hätte mein Aufbau im Blitzlampenlabor wohl niemals eine halbwegs stabile Temperatur annehmen
können und auch die Entwicklung des uOPAs im LEL (lel) hätte ohne dich wohl nie stattgefunden.

Wie sagte schon das fünfte der 10 einzig wahren Gebote: Ehre deinen Dörk und deine Diana. Ich weiß
nicht wie, aber du bringst immer Ordnung in hereinbrechende Wellen aus Chaos und selbst Studenten
wie ich, die manchmal wegen den vermutlich banalsten Dingen nerven, bringen dich nicht aus der

99
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sogar mit Stückchen. Ohne euch wäre die Zeit (vor allem die vor der Promotion) an der GSI wirklich
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ich weiß nicht ob ich ohne euch auch nur 1% des Spaßes am Studium gehabt hätte, wie ich ihn mit
euch hatte. Die gemeinsame Zeit ist einfach nicht zu ersetzen und definitiv unvergesslich. Naja bis auf
die Abende, an die man sich halt sowieso nicht mehr erinnern kann. Ich kann wirklich nur Danke für
die geile gemeinsame Zeit sagen und freue mich auf alle weiteren gemeinsamen Aktionen! (das bleibt
zwar unveränderbar hier stehen, aber leute: Prag steht noch aus!1!!ELF)

Danke auch an die gesamte PP/PHELIX Crew mit Abel, Albert, Bernhard, Dennis, noch ein Dennis,
Lila, Sabine, Stefan, Udo und Zsuzsi. Danke für eure Unterstützung in jeder Lebenslage und danke
dass ihr scheinbar eine Resistenz gegenüber meinem konsistenten Fluss an Dummschwätzerei aufgebaut
habt. Besser wäre es auf jeden Fall, denn los seid ihr mich ja noch nicht :D.
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Der ganze Rest der sich noch so an der GSI rumtreibt, also Pascal, Sarah, Haress, Leonard,
Philipp undMarcus verdienen sich natürlich auch ein Danke, sei es einfach nur für Diskussionen, lustige
Abende oder Doktorwagenbauten. Nehmt eure Bildschirmhintergründe in acht, bald bin ich wieder
regelmäßig an der GSI!

Auch vielen Dank nach Dresden anMarkus, Daniel undMathias für eure Unterstützung beim Aufbau
des uOPA Pumplasers und auch speziell an Markus für die durchzechten Nächte in Korea.

Ein ganz besonderer Dank muss natürlich bei den Übeltätern gelassen werden, ohne die ich im
wahrsten Sinne heute nicht hier wäre. Mama, Papa vielen Dank, dass ihr mich immer und bei allem
unterstützt habt und auch immer noch unterstützt. Das gleiche gilt natürlich für meinen Bruder
Marcel, auch wenn ich ihn enttäuschen muss, weil ich weder ein Lichtschwert gebaut habe, noch
Bratwurstverkäufer geworden bin. Ich bin unglaublich froh euch zu haben und weiß, dass ich bei euch
immer daheim bin. Ich hab euch lieb.

Offensichtlich fehlt hier noch eine letzte Person und das bis du, Kadda. Ich kann nur Danke sagen,
für deinen Rückhalt, deinen Humor, dass du mich Kindskopf aushältst, dass du mir Mut machst, dass du
mich während der Schreibphase den Schreibtisch hast zumüllen lassen, fürs Korrekturlesen, dass du mir
auch mal in den Arsch trittst, dass du mich liebst. Einfach danke für alles, ich liebe dich.
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AOM Acousto-Optic Modulator
AOPDF Acousto-Optic Programmable Dispersive Filter
AR Anti-Reflection
ASE Amplified Spontaneous Emission
BBO β-Barium BOrate
CaF2 Calcium Fluoride
CALGO Calcium ALuminum Gadolinium Oxide
CFBG Chirped-Fiber Bragg Grating
CPA Chirped Pulse Amplification
DFG Difference-Frequency Generation
DKDP Deuterated potassium (german: Kalium) Dihydrogen Phosphate
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FTL Fourier-Transform Limit
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HR High Reflectivity
KDP potassium (german: Kalium) Dihydrogen Phosphate
KGW potassium (german: Kalium) Gadolinium Tungstate (german: Wolfram)
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KTA potassium (german: Kalium) Titanyl Arsenate
LBO Lithium triBOrate
LIDT Laser-Induced Damage Threshold
LiNbO3 Lithium Niobate
MLD Multilayer Dielectric
MOPA Master Oscillator Power Amplifier
Nd Neodymium
Nd:glass Neodymium-doped glass
Nd:YAG Neodymium-doped YAG
NER Nonlinear Ellipse Rotation
NLFF NonLinear Fourier Filtering
OPA Optical Parametric Amplification
OPCPA Optical Parametric Chirped Pulse Amplification
OR Optical Rectification
PC Pockels Cell
PCF Photonic Crystal Fiber
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PD Photo Diode
PENELOPE Petawatt ENergy-Efficient Laser for Optical Plasma Experiments
PETAL PETawatt Aquitaine Laser
PHELIX Petawatt High-Energy Laser for heavy Ion eXperiments
PSF Parametric SuperFluorescence
PtV Peak-to-Valley
rms Root Mean Square
SD Self Diffraction
SEPPL Seeded Experimental Pulsed Probe Laser
SFG Sum-Frequency Generation
SHG Second-Harmonic Generation
SLM Spatial Light Modulator
SNLO Select Non-Linear Optics
SPIDER Spectral Phase Interferometry for Direct Electric-field Reconstruction
SPM Self-Phase Modulation
SRSI Self-Referenced Spectral Interferometry
STC Spatio-Temporal Coupling
Ti:Sa Titanium-doped Sapphire
TNSA Target Normal Sheath Acceleration
TWM Three-Wave Mixing
uOPA ultrafast Optical Parametric Amplification
WP Wave Plate
XPM cross (X) Phase Modulation
XPW cross (X) Polarized Wave generation
Yb Ytterbium
Yb:YAG Ytterbium-doped YAG
Yb:KGW Ytterbium-doped KGW
Yb:CaF2 Ytterbium-doped CaF2
YAG Yttrium Aluminum Garnet
YLF Yttrium Lithium Fluoride
YVO Yttrium Vanadium Oxide
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A. Appendix

A.1. Contrast-enhancing strategies at various laser facilities

In this section, I intend to provide an overview of the contrast enhancement methods used in multi-
TW and PW-class lasers worldwide. This is only a snapshot view of the current contrast-strategy
implementations and I do not claim this overview to be exhaustive.

Table A.1.: Front-end (FE) and post main amplification and compression (PComp) contrast-
enhancement strategies (CES) in various multi-TW and PW-class laser facilities and
achieved ASE contrast in orders of magnitude. ASE contrast: FE only, FE & PComp. Aster-
isk: implementation planned/estimated contrast. Slash: CES not used simultaneously.
SP-OPA: short-pulse OPA, XPW: cross-polarized-wave generation, SHG: second harmonic
generation, PM: plasma mirror, SFG: sum-frequency generation, SA: saturable absorber,
LG-OPA: low-gain OPA.

Titan [233] - SHG 5, 10

OMEGA-EP [62] SP-OPA - 9.5

Z-Petawatt [234] SP-OPA - 10

ALEPH [235] - SHG 5.7, 12

Bella iP2 [236] XPW PM 14

Bella [237] XPW - >9

Scarlet [238] XPW - >10

Hercules [133] XPW PM 11, 15

Texas PW [239] SP-OPA - 8.7

MEC [240] SP-OPA & SFG - >12

Vulcan [241] SP-OPA - 10

Astra-Gemini [242] - PM 12

Orion [243] SP-OPA SHG 9, 18

SCAPA [244] XPW *PM 10, -

PETAL [245] - - 7

Apollon [32] XPW & SP-OPA - 12

Laser facility FE CES PComp CES ASE Contrast

Continued on next page
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Table A.1.: Continued

ATLAS 3000 [246] XPW & SP-OPA - 10

PFS [247] XPW & SP-OPA - >11

Arcturus [248] XPW & SA PM 11, 13

PHELIX [167] SP-OPA - 12

POLARIS [135] XPW SHG >12, 17

PEnELOPE [249] *XPW/*SP-OPA - 9

DRACO [37] XPW PM 13, 14.5

Jeti200 [250] XPW PM -, 13

ANGUS [251,252] XPW - 10

VEGA [253] XPW - 10

ILIL [254] SA - 9

CETAL [255] XPW - 10

ELI-B, Allegra [256,257] SP-OPA - 9

ELI-B, DUHA [258] SP-OPA - *10

ELI-B, HAPLS [259,260] XPW *PM 9-11, n.a.

ELI-B, ATON [261,262] SP-OPA & LG-OPA - >8

ELI-NP, HPLS [263] XPW & SP-OPA PM 13, n.a.

ELI-ALPS, HF-PW [264,265] SP-OPA & SHG - >12

SG-II [266] - - >6

Qiangguang [267] XPW - 11

SULF [268] XPW & SP-OPA - >11

CAEP-PW /Silex-II [269] SP-OPA - 10

XG-III [270] XPW/SP-OPA - 9/8

CLAPA [271] XPW - >11

LFEX [272,273] SA PM 9, 11

J-KAREN [30] SA *PM 12, n.a.

SACLA [274] XPW - >11

CoReLS [31,134] XPW PM 12, 17

MTW OPAL [275,276] SP-OPA PM >10*, n.a.

SEL-100 PW [277,278] SP-OPA & SHG - >10

Laser facility FE CES PComp CES ASE Contrast
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A.2. Power of amplified spontaneous emission in a multi-pass amplifier

To estimate the emitted power of Amplified Spontaneous Emission (ASE) in a multi-pass amplifier, the
power of the spontaneously emitted fluorescence must be determined first. The spontaneous emission
depends on the decay rate of the upper laser level, which is described as [218]:

dn

dt
= −n(t)

τ
, (A.1)

with the number of electrons in the upper laser level per unit volume n(t) and the radiation lifetime τ .
As the change of n(t) describes the number of photons that are emitted from a unit volume, the power
of the emitted fluorescence can be written as:

Pfl =
dEfl

dt
= −h̄ω

dn

dt
dV = h̄ω

n(t)

τ
dV, (A.2)

with the energy of the photon h̄ω and the total energy of the emitted fluorescence Ef . Using the
definition of the small-signal gain g0 [57]:

g0 = (1− L)e(σabs+σem)nd, (A.3)

with the material thickness d, the emission and absorption cross-sections σem and σabs and potential
losses L, the population inversion n(t) in eq. A.2 can be replaced by n if a timescale t << τ is considered.

Inserting n into eq. A.2 and integration over the pump volume V = d ·A, with the pump area A, leads
to:

P
(1)
fl =

h̄ω

(σem + σabs)τ
A ln

(

g0
1− L

)

= IsatA ln

(

g0
1− L

)

, (A.4)

where Isat is the saturation intensity of the material and P
(1)
fl the power of the fluorescence after the

first pass [57]. To account for amplifier-specific configurations, the correction factors K∆ω, Kp and
K∆Ω, which describe the spectral, polarization and angular acceptance, must be included. To further
simplify the description, frequency-averaged values within the accepted bandwidth for the small-signal
gain ḡ0, the saturation intensity Īsat and the losses L̄ may be assumed. This results in:

P
(1)
fl = ĪsatA ln

(

ḡ0
1− L̄

)

·K∆ωKpK∆Ω. (A.5)

If the gain per pass in a multi-pass amplifier is assumed to be the small-signal gain ḡ0, the total
accumulated power of amplified spontaneous emission after n passes can be estimated to [56]:

PASE =
n−1
∑

m=0

ḡ0
m · P (1)

fl = ḡ0
n−1

n−1
∑

m=0

1

ḡ0
n−m−1

· P (1)
fl = ḡ0

n−1
n−1
∑

m=0

1

ḡ0
m

· P (1)
fl (A.6)

≈ ḡ0
n−1 ·

P
(1)
fl

1− 1/ḡ0
= ḡ0

n ·
P

(1)
fl

ḡ0 − 1
. (A.7)

In the last step, the sum was approximated by the limit of a geometric series, as ḡ0
−1 < 1 for

amplification.
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A.3. Derivation of the coupled-wave equations for monochromatic waves

Here, I will derive the coupled wave equations for monochromatic, plane waves and the analytic solution
for a non-depleting pump.
We start with the nonlinear response of a medium that can be described by a Taylor series of the

dielectric polarization density P(t) with [66]

P(t) = ε0

(

χ(1)
E(t) + χ(2)

E
2(t) + χ(3)

E
3(t) + · · ·

)

= P
(1)(t)+P

(2)(t)+P
(3)(t)+· · · . = PL(t)+PNL(t)

(A.8)
Here, ε0 is the vacuum permittivity, χ(n) the electric susceptibility of the order n and E(t) the electric

field. PL and PNL refer to the linear and nonlinear terms of the polarization, respectively. Of particular
importance for the Optical Parametric Amplification (OPA) process is the second term of the polarization
Taylor series, the second-order nonlinear polarization χ(2). Given a medium that solely exhibits a
second-order nonlinear polarization and an electric field with two frequency components ω1 and ω2,
the following fields result:

P(t) = 2ε0deffE(t)2 =
ε0
2
deff

(

E1e
−jω1t +E2e

−jω2t + c.c.
)2

=
ε0
2
deff (E

2

1e
−2jω1t → SHG

+E
2

2e
−2jω2t → SHG

+ 2E1E2e
−j(ω1+ω2)t → SFG

+ 2E1E
∗
2e

−j(ω1−ω2)t → DFG

+ |E1|2 + |E2|2 → OR

+ c.c.).

(A.9)

Here, j is the imaginary unit and deff is an effective scalar value, which represents the second-order
electric susceptibility [66]. From eq. A.9, four mixing processes can be identified: Second-Harmonic
Generation (SHG), Sum-Frequency Generation (SFG), Difference-Frequency Generation (DFG) and
Optical Rectification (OR) of which DFG is the basis for OPA. To create a better understanding of
how this process works and which factors impact the interplay between pump, signal and idler, the
next section treats the analytical description of the Three-Wave Mixing (TWM) process for OPA. A
reasonable starting point for this description is the scalar wave-equation [66], derived from the Maxwell
equations [279], which describes the evolution of the electric field

∇2E(x, y, z, t)− 1

c20

∂2

∂t2

(

E(x, y, z, t) +
1

ε0
P (1)(x, y, z, t)

)

= µ0
∂2P (2)(x, y, z, t)

∂t2
(A.10)

∂2E(z, t)

∂z2
− n2

c20

∂2E(z, t)

∂t2
=

2deff
c20

∂2E(z, t)2

∂t2
, (A.11)

where µ0 is the vacuum permeability, c0 the vacuum speed of light and n the refractive index. In
general, higher orders of the nonlinear polarization can also influence the evolution, but for the sake of
simplicity, these are discarded to isolate the influence of the second-order polarization.
From eq. A.10 to eq. A.11, I discarded the x- and y- dependency of the fields by assuming a plane-

wave and used the relation that 1 + χ(1)(ω) = ε(1)(ω) = n(ω)2 [66]. If we insert a field, consisting of
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monochromatic waves with three distinct frequency components ωp,s,i, that fulfill the energy conservation
as in eq. 3.1 and split the field into a slowly varying amplitude over z and a rapid oscillatory part such
that [142]

E(z, t) =
1

2





∑

m=[p,s,i]

Am(z)ejωmt−jkmz + c.c.



 , (A.12)

with km = ωmnm/c0 being the wave-number of the m-th frequency component, the terms on the
left-hand side of eq. A.11 result in:

∂2E(z, t)

∂z2
=

1

2





∑

m=[p,s,i]

[

∂2Am(z)

∂z2
− k2m − 2jkm

∂Am(z)

∂z

]

ejωmt−jkmz + c.c.



 (A.13)

∂2E(z, t)

∂t2
=

1

2





∑

m=[p,s,i]

[

−ω2
mAm(z)

]

ejωmt−jkmz + c.c.



 . (A.14)

(A.15)

The nonlinear polarization term of eq. A.10 results in a bunch of mixing products, similar to that
of eq. A.9. To get a closer look into the mechanism of OPA, only the components which result in the
frequencies ωp,s,i are kept, which reduces the term for the second derivative of the nonlinear polarization
to:

∂2P (2)(z, t)

∂t2
= −ω2

sdeff
c20

Ap(z)A
∗
i (z)e

jωst−j(kp−ki)z

− ω2
i deff
c20

Ap(z)A
∗
s(z)e

jωit−j(kp−ks)z

−
ω2
pdeff

c20
As(z)Ai(z)e

jωpt−j(ks+ki)z + c.c..

(A.16)

As eq. A.16 describes a source term for the electric fields, it is evident, that inside a nonlinear medium,
the electric fields at the frequency of the signal are created by the nonlinear coupling of the idler and
pump fields and vice versa. If we insert this and eqs. A.13 and A.14 into eq. A.11, use the slowly varying
envelope approximation [147]

∣

∣

∣

∣

∂2A(z)

∂z2

∣

∣

∣

∣

≪ 2k

∣

∣

∣

∣

∂A(z)

∂z

∣

∣

∣

∣

, (A.17)

which allows us to neglect the second-order derivative in z, and solve for the left part of the equation
we can determine the coupled equations which describe the TWM-process for three monochromatic
waves:

signal → ∂As(z)

∂z
= −jωsdeff

nsc0
Ap(z)A

∗
i (z)e

−j∆kz (A.18)

idler → ∂Ai(z)

∂z
= −jωideff

nic0
Ap(z)A

∗
s(z)e

−j∆kz (A.19)

pump → ∂Ap(z)

∂z
= −jωpdeff

npc0
As(z)Ai(z)e

j∆kz. (A.20)
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These equations describe the interplay of the mixing of three monochromatic, plane waves. Fur-
thermore, I introduced an important parameter, which is the wave-vector mismatch, also called phase
mismatch:

∆k = kp − ks − ki. (A.21)

This parameter describes the phase relation between the created wave and the nonlinear polarization.
For ∆k = 0 this relation stays fixed, which results in the most efficient energy transfer between the
three fields. The coupled equations can simply be solved in a numerical manner. However, if we assume
a large discrepancy in field strength between pump- and signal fields, which is common in OPA, we can

neglect the change of the pump field, such that Ap(z) = const. = Ap and therefore ∂2Ap(z)
∂z

= 0, and
further assume that Ai(0) = 0, which is mostly the case for OPA, the coupled equations can be solved
analytically. Applying these approximations and building the second derivative of eq. A.18 and A.19
with respect to z results in:

∂2As,i(z)

∂z2
= γ2 ·As,i(z)− j∆k

∂As,i(z)

∂z
with γ2 =

2ωsωid
2
eff

c3nsninpε0
Ip

and Ip =
1

2
npc0ε0 |Ap|2 ,

(A.22)

with Ip being the intensity of the pump. This sets up a linear, homogeneous second-order differential
equation, which can be solved with an exponential ansatz, such that we get the following solution for
the signal and idler fields:

As(z) = As,0e
− j∆k

2
z

(

j∆k

2g
sinh(gz) + cosh(gz)

)

(A.23)

Ai(z) = As,0Ap ·
−jωideff
gnic0

· sinh(gz) (A.24)

with g =

√

γ2 − ∆k2

4
. (A.25)

Here, I introduced the parameter g, the small-signal gain of the OPA [142], and the initial condition of
As(z = 0) = As,0 and Ai(z = 0) = 0 were used. Taking the square of the absolute value of the solution
for the fields and using the definition of the intensity from eq. A.22, the intensity of the idler and signal
as a function of the propagation distance z in the non-depleting-pump regime can be isolated

Is(z) = Is(0)

[

1 +

(

γ

g
sinh(gz)

)2
]

= Is(0) ·Gpar(z) (A.26)

Ii(z) = Is(0)
ωi

ωs

(

γ

g
sinh(gz)

)2

. (A.27)

where Gpar(z) is the parametric gain.

A.4. Derivation of the coupled-wave equations for short pulses

The coupled-wave equations, derived in sec. A.3 are only valid for monochromatic and plane waves.
However, if realistic pulses should be described, the equations must account for dispersive and diffractive
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effects, which were neglected before. The derivation and argumentation follow the description of [66].
To include diffractive, effects, we discard the approximation of a plane wave, which allowed us to
exchange the nabla operator by a simple derivative by z, and start at:

∇2E(x, y, z, t)− n2

c20

∂2E(x, y, z, t)

∂t2
=

1

ε0c20

∂2P (2)(x, y, z, t)

∂t2
. (A.28)

To account for the dispersive effects during propagation, the equations must be capable of describing
broadband pulses and the amplitude must exhibit a time dependency. Accordingly, a description of the
electric field via:

E(x, y, z, t) =
1

2

(

A(x, y, z, t)ej(k0z−ω0t) + c.c.
)

(A.29)

Ẽ (x, y, z, ω) =
1√
2π

∫ ∞

−∞
E(x, y, z, t)eiωtdt (A.30)

Ã (x, y, z, ω) =
1√
2π

∫ ∞

−∞
A(x, y, z, t)eiωtdt (A.31)

P̃ (x, y, z, ω) =
1√
2π

∫ ∞

−∞
PNL(x, y, z, t)e

iωtdt. (A.32)

Here, Ẽ(x, y, z, ω) refers to the Fourier transform of the temporal electric field, ω0 is the carrier
frequency and k0 is the wave number of the carrier frequency. For the sake of readability, the c.c. andthe
x,y,z and t or ω dependencies are dropped from here on. Transforming to the spectral Fourier domain,
the wave equation results in:

∇2Ẽ +
n2ω2

c20
Ẽ =

ω2

ε0c20
P̃ NL (A.33)

and inserting the definition for the electric field, we get:

∇2
⊥Ã +

∂Ã
2

∂z2
+ 2jk0

∂Ã

∂z
+
[

k(ω)2 − k20
]

Ã =
ω2

ε0c20
P̃ NLe

−jk0z. (A.34)

Here, ∇⊥ is the transversal nabla operator. By approximation of k(ω) as a Taylor series, the square of
k(ω) can be approximated by:

k(ω)2 = (k0 + k
(1)
k (ω − ω0) + D̃)2 (A.35)

≈ k20 + 2k0k
(1)(ω − ω0) + 2k0D̃ + 2k(1)D̃(ω − ω0) +

(

k(1)(ω − ω0)
)2

, (A.36)

with k(n) being the n-th derivative of k by ω and D̃ the Taylor series starting at n=2. In eq. A.36,

the term D̃
2
was dropped, because it is reasonably small. Inserting eq. A.36 into eq. A.34, applying the

slowly-varying envelope approximation and transforming back to the temporal domain by multiplying
with e−j(ω−ω0)t and integrating over ω − ω0, we get:

[

∇2
⊥ + 2jk0

[

∂

∂z
+ k(1)

∂

∂t

]

+ 2jk(1)D
∂

∂t
+ 2k0D

]

A =
1

ε0c20

∂2PNL

∂t2
e−j(k0z−ω0t) (A.37)
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Here, the differential operator D is defined as:

D =
∞
∑

n=2

1

n!
k(n)(j

∂

∂t
)n. (A.38)

By representing the nonlinear polarization terms as slowly varying amplitude, similar to eq. A.29 as:

PNL(x, y, z, t) = pNL(x, y, z, t)e
j(k0z−ω0t), (A.39)

the second derivative results in:

∂2PNL

∂t2
=

∂

∂t

(

−jω0

[(

1 +
j

ω0

∂

∂t

)

pNL

]

ej(k0z−ω0t)

)

= −ω2
0

[

(

1 +
j

ω0

∂

∂t

)2

pNL

]

ej(k0z−ω0t). (A.40)

Inserting this result into eq. A.37, we get:

(

∇2
⊥ + 2jk0

[

∂

∂z
+ k(1)

∂

∂t
− jD

(

1 +
jk(1)

k0

∂

∂t

)])

A = − ω2
0

ε0c20

[

(

1 +
j

ω0

∂

∂t

)2

pNL

]

(A.41)

In this equation, the terms within the parenthesis jk(1)

k0

∂
∂t

and j
ω0

∂
∂t

are especially relevant, if pulses
in the single-cycle regime are discussed, which also means, that the pulses feature large spectral
bandwidths. For such pulses, these terms are relevant, as they describe effects like self-steepening and
the different diffractive properties of each frequency component. However, regarding pulses that are not
close to the single-cycle regime, these terms are typically neglected, as they are small compared to unity.
Using this approximation, as well as discarding all terms of D, except for n=2 and identifying k(1) as the
group velocity v−1

g and k(2) as the group-velocity dispersion GVD, this further simplifies eq. A.41 to:

(

∇2
⊥ + 2jk0

[

∂

∂z
+

1

vg

∂

∂t
+

j ·GVD

2

∂2

∂t2

])

A = − ω2
0

ε0c20
pNL (A.42)

Finally, if we insert an electric field, consisting of signal, idler and pump, and sort the equation, such
that the center frequencies of the mixing products match with those of the inserted fields, the coupled
wave-mixing equations are:

signal →
(

∂

∂z
+

1

vg,s

∂

∂t
+ j

GV Ds

2

∂2

∂t2

)

As −
j

2ks
∇2

⊥As = −jσsApA
∗
i e

−j∆kz (A.43)

idler →
(

∂

∂z
+

1

vg,i

∂

∂t
+ j

GV Di

2

∂2

∂t2

)

Ai −
j

2ki
∇2

⊥Ai = −jσiApA
∗
se

−j∆kz (A.44)

pump →
(

∂

∂z
+

1

vg,p

∂

∂t
+ j

GV Dp

2

∂2

∂t2

)

Ap −
j

2kp
∇2

⊥Ap = −jσpAsAie
j∆kz., (A.45)

with σs,i,p =
ωs,i,pdeff
ns,i,pc0

. (A.46)

If the fields feature a Gaussian beam shape and the propagation distance z is significantly smaller
than the Rayleigh length of the beam, the diffraction term ∇⊥ can usually be neglected.
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A.5. Derivation of the broadband phase-matching condition

Here, I will derive the condition to achieve broad-band phase matching in a non-collinear OPA setup.
Starting from the phase mismatch in vector form:

∆k~ = k~p − k~s − k~ i = ∆k~‖ +∆k~⊥ (A.47)

∆k~‖ = k~p − k~s‖ − k~ i‖ (A.48)

∆k~⊥ = k~s⊥ + k~ i⊥. (A.49)

where kp,s,i = |k~p,s,i|. The phase mismatch is split up into parts, which are parallel and perpendicular
to the propagation direction of the pump. These parts can be represented as scalars:

∆k‖ = kp − ks cos(α)− ki cos(δ) (A.50)

∆k⊥ = ks sin(α)− ki sin(δ). (A.51)

Similar to the collinear configuration, a phase-matching angle, that minimizes ∆k, can be found. To
see how the phase mismatch varies in a frequency domain in which the center frequency is perfectly
phase-matched, it is reasonable to expand the phase mismatch into a Taylor series [142]:

∆k(ω) = ∆k(0) +∆k(1)(ω − ω0) +
1

2
∆k(2)(ω − ω0)

2 + · · · (A.52)

= ∆k(0) +
∂∆k

∂ω
(ω − ω0) +

1

2

∂2∆k

∂ω2
(ω − ω0)

2 + · · · . (A.53)

This expansion emphasizes, that even if phase matching is achieved at ω = ω0, it is generally not
for the surrounding frequencies. In order to achieve broader phase matching the Taylor coefficients
have to be minimized. This can be done by adding an additional degree of freedom, for example, the
non-collinear angle α. Calculating the first derivative of eq. A.50 and A.51 and set them to zero results
in:

0
!
= ∆k

(1)
‖ =

∂kp
∂ω

− cos(α)
∂ks
∂ω

− cos(δ)
∂ki
∂ω

+ sin(δ)ki
∂δ

∂ω
(A.54)

0
!
= ∆k

(1)
⊥ = sin(α)

∂ks
∂ω

− sin(δ)
∂ki
∂ω

− cos(δ)ki
∂δ

∂ω
. (A.55)

Combining these equations by addition, whereas eq. A.54 is multiplied by cos(δ) and eq. A.55 by
sin(δ), the angle-derivatives vanish:

0
!
=∆k

(1)
‖ cos(δ) + ∆k

(1)
⊥ sin(δ) (A.56)

=
∂ks
∂ω

[sin(α) sin(δ)− cos(α) cos(δ)]− ∂ki
∂ω

[

sin(δ)2 + cos(δ)2
]

(A.57)

=
∂ks
∂ω

cos(α+ δ)− ∂ki
∂ω

. (A.58)

The partial derivatives of k by ω can be identified as the group velocity vg of the propagating pulse
and also the sum of angles α+ δ which is the angle between idler and signal. This is shown in eq. A.59:
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vg,s = vg,i · cos(α+ δ). (A.59)

However, as the angle between idler and signal is rather difficult to set up, since the idler is typically not
present before amplification, it is reasonable to express the ideal group-velocity projection as a function
of the pump-to-signal angle. Using eq.3.13, the revelation between the wave vectors expressed via the
law of sines and the law of cosines, as well as the identity cos(x)2 + sin(x)2 = 1, the signal-to-pump
angle to match the group velocities of idler and signal, can be expressed as:

sin(α) = ±

√

√

√

√

√

1− v2g,s
v2g,i

1 + 2
ksvg,s
kivg,i

+ k2s
k2i

. (A.60)

If further enhancement of the broadband capabilities of OPA is necessary, another degree of freedom
must be added to minimize the phase mismatch. One solution to overcome this phase mismatch is to
"swap" the role of idler and signal by introducing an angular dispersion to the signal to mitigate this
angular dispersion in the generation of the idler [280]. Ideally, this angular dispersion is set, such that
there is perfect phase matching for every wavelength at the same pump-to-crystal angle θ. Another
solution to this is the so-called "frequency domain optical parametric amplification" [281] in which the
individual frequency components are split and amplified in distinct nonlinear crystals at different angles.
Shifting the manipulation from the side of the signal to that of the pump, yet another method would
be to use a broadband, chirped pump and split the amplification not in space, but in time such that a
single crystal can be used [150]. While all these solutions offer a broader amplification bandwidth, the
complexity of the experimental implementation rises quickly and has to be considered in the whole
scheme and goal of the amplification setup.
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