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Kurzzusammenfassung 

Die Kontrolle über destruktive atmosphärische Phänomene wie Blitze ist seit langem ein 

Traum der Menschheit. Im Rahmen des Laser Lightning Rod Projektes wird das aktive 

Triggern von aufwärts gerichteten Blitzentladungen mittels der Filamentation von ultrakurzen 

Laserpulsen erforscht. Mit Hilfe der Laserfilamente kann eine elektrische Leitfähigkeit der Luft 

verursacht werden, wodurch ein für die Blitzentladungen bevorzugter Pfad generiert werden 

kann. Um diesen leitfähigen Kanal permanent aufrecht zu erhalten wird eine Ultrakurzpuls-

Laserquelle mit einer Wiederholrate im Kilohertzbereich, Pulsenergien auf dem Joule-Level 

und Pulsspitzenleistungen im Terawattbereich benötigt.  

In der vorliegenden Thesis wird die Entwicklung einer für die Anwendung als Laser Lightning 

Rod in der Atmosphärenforschung spezialisierte Ultrakurzpuls-Laserquelle präsentiert. Das 

Lasersystem basiert auf industrieller Scheibenlasertechnologie unter Verwendung Ytterbium-

dotierter Laserkristalle und emittiert bei einer Wellenlänge von 1030 nm. Für die CPA 

Konfiguration wird ein gechirptes Faser Bragg-Gitter in Kombination mit einem 

Gitterkompressor verwendet. Die gestreckten Seed-Pulse werden von einem modifizierten 

kommerziellen Mikromaterialbearbeitungslaser bereitgestellt. Diese werden zuerst in einem 

regenerativen Verstärker auf 240 mJ und danach in einem Multipassverstärker auf 800 mJ 

verstärkt. Nach der Kompression wird eine Energie von 720 mJ bei einer Pulsdauer von 920 fs 

erreicht. Die Strahlqualität bei voller Leistung weist eine Beugungsmaßzahl von M2=1.9 auf. 

Um eine geeignete Laserscheibengeometrie für den Multipassverstärker auszuwählen wurde 

eine Studie hinsichtlich der Verstärkungseigenschaften und deren Limitierung durch 

verstärkten Spontanemission unter Variation der Pumpparameter durchgeführt. Ausgehend 

von diesen Resultaten wurde eine geeignete Laserscheibengeometrie für den 

Multipassverstärker für die Zielwiederholrate von 1 kHz ausgewählt.  

Mit der komprimierten regenerativen Verstärkerstufe wurden Vorexperimente zum Auslösen 

und Führen von elektrischen Hochspannungsentladungen im Labor durchgeführt. Durch 

Konversion von Teilen der Pulsenergie zur zweiten und dritten Harmonischen mittels 

nichtlinearer Kristalle konnte die Durchbruchspannung und die minimale Pulsenergie für 

Funkenüberschläge im Vergleich zur fundamentalen Wellenlänge trotz des Leistungsverlustes 

durch die begrenzte Konversionseffizienz deutlich reduziert werden.  

Das entwickelte Lasersystem wurde in einer experimentellen Kampagne eingesetzt, mit den 

Ziel, die Filamentation horizontal über eine Länge von 140 m zu charakterisieren. Die 

Filamentationszone erstreckte sich über mehr als 70 m und ihr Beginn konnte über eine 
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Distanz von 120 m hinausgezögert werden. Dies sind wichtige Eigenschaften für den Erfolg 

einer experimentelle Feldkampagne auf dem Säntis im Sommer 2021.  
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Abstract 

Controlling destructive atmospheric phenomena such as lightning has been a long dream of 

mankind. In the context of the Laser Lightning Rod project, active triggering of upward 

atmospheric lightning discharges using ultrafast laser filamentation is addressed. Enabled by 

the electrical conductivity associated with the laser filaments or the density depression in the 

laser wake, a preferential path for the lightning discharges can be generated. To maintain a 

permanent conductive channel from the thundercloud to the ground, an ultrafast laser source 

providing kilohertz repetition rate and Joule-class pulse energy is required.  

In this thesis, the development of an ultrafast laser system specialized for the application as a 

laser lightning rod in atmospheric research is presented. The laser system is based on 

industrial thin-disk technology using Ytterbium-doped laser crystals emitting at a wavelength 

of 1030 nm. The CPA configuration comprises a chirped fiber Bragg grating in combination 

with a grating compressor. The stretched seed pulses are generated by a modified industrial 

micromachining laser. They are amplified first with a regenerative amplifier to 240 mJ, and 

subsequently with a multipass amplifier to 800 mJ. After compression, 920 fs pulses with 

720 mJ were obtained. A beam quality with an M2 of 1.9 is measured at the full output power.  

To select a suitable thin-disk geometry for the multipass amplifier, a study on amplified 

spontaneous emission and on the energy storage in the disks was performed. The limitation 

of the population inversion due to amplified spontaneous emission was tested by varying the 

pump duration and the pump power. The inversion in the disks was probed across one pump 

cycle, revealing  plateaus for high pump energies as predicted by simulations of ASE in thin-

disk lasers in the literature. Based on the results, the optimal thin-disk geometry for a repetition 

rate of 1 kHz was selected. 

Laboratory experiments on triggering and guiding of electrical discharges were performed with 

the first amplifier stage of the laser system. With parts of the laser energy converted to the 

second and third harmonic using nonlinear crystals, it was demonstrated that the breakdown 

voltage could be significantly reduced as compared to using only the fundamental wavelength.  

The completed laser system was used in an experimental campaign to characterize the laser 

filamentation region horizontally over a length of 140 m. The longest filamentation zone 

extended over more than 70 m, and the onset of filamentation could be retarded beyond a 

propagation distance of 120 m. These are important characteristics for the experimental 

outdoor campaign during the lightning season in summer 2021 at Mt. Säntis, Switzerland.  
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1 Introduction 

 

Since the first demonstration of the ruby laser by Theodore Maiman in 1960 [1], it has 

transitioned from “a solution looking for a problem” to one of the most versatile tools in research 

and industry [2,3]. Today, driven by numerous applications, a broad parameter range is 

covered with respect to the wavelength, average power, pulse energy, and the pulse duration 

[4,5]. A steady increase of the energy and peak power of ultrafast pulses in the picosecond 

and femtosecond regimes could be achieved with the MOPA scheme, continuously expanding 

the spectrum of applications. Since the invention of the chirped-pulse amplification (CPA) 

technique [6], the available pulse energy has taken another leap, initiating a new era in the 

field of high-power lasers [7]. Associated with the previously unattained pulse energies and 

peak powers, new fields of research have emerged, as new physical phenomena became 

observable. Righteously, the 2018 Nobel prize in physics was therefore awarded partially to 

Donna Strickland and Gérard Mourou for the development of CPA [8,9].  

Enabled by CPA-based Ti:Sa lasers with multi-milli-Joule pulse energy and peak powers 

beyond the terawatt level, a self-channeling process of ultrafast pulses was first observed in 

1995 [10] and was later named laser filamentation, which led to a research field on its own 

[11,12]. While plasma generation in air can already be achieved by focusing highly energetic 

nanosecond laser pulses, the generated high electron densities above the critical plasma 

density render the air opaque for the trailing part of the pulses, preventing further propagation. 

As a consequence, localized plasma balls are formed. In turn, picosecond and shorter pulses 

can undergo extended filamentation, due to the absence of avalanche ionization within the 

duration of the pulse, allowing for further pulse propagation. The ability to remotely deliver high 

intensities with the laser beam, and the possibility to remotely create and control extended 

plasma channels with precise temporal control, unlocked numerous applications in 

atmospheric research [13,14]. These include laser-based telecommunication through fog [15–

17], cloud seeding to stimulate rain or snowfall [18–20], remote sensing of atmospheric 

compounds [21–23] and the laser lightning rod [24]. The latter is based on the electrical 

conductivity of the lineic plasma channel left in the wake of an ultrashort pulse undergoing 

filamentation, and also the subsequent air density depression, following Paschen’s law [25]. In 

laboratory environments, HV discharge triggering and guiding has early been demonstrated 

and investigated in detail [26–28]. Moreover, in outdoor experiments, filamentation could be 

observed over a distance of several hundreds of meters [29], while the beam collapse point 

can be controlled and retarded via the temporal duration of the laser pulses and geometrical 

focusing of the laser beam.  

file:///C:/Users/HerkommerCl/LRZ%20Sync+Share/TUM_Promotion/Thesis_Dissertation_WORD/High%23_CTVL001db75e01fa77649629184cfab77c37c5f
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Only two attempts to trigger atmospheric lightning with pulsed lasers have been launched in 

the past. The first was in 1999 with a combination of nanosecond CO2, Nd:Glass, and Nd:YAG 

lasers [30], and the second in 2008 using a femtosecond Ti:Sa laser [31]. From these 

experiments, the evidence on artificially triggered lightning is statistically questionable. 

However, electrical discharge events in the thunderclouds synchronized with the laser could 

be identified as described in [31], verifying the concept of laser-initiated lightning rod. 

The success of a laser-assisted lighting rod relies on the extended increased electrical 

conductivity invoked by the laser filaments. In addition to the electrical conductivity associated 

with the free carriers in the ionized channel, it was found that a cumulative effect at high laser 

repetition rates can further reduce the breakdown voltage between two HV electrodes [32–34]. 

After recombination of the free carriers with the nuclei in the plasma within tens of 

nanoseconds, a channel of heated and under-dense air remains in the wake of the pulse on a 

time scale of milliseconds (pulse propagation in air), providing a much longer-lived channel 

with an increased electrical conductivity as compared to regions apart from the laser beam. 

When the repetition rate of the laser approaches the inverse lifetime of the heated and under-

dense air channel, i.e. an order of 1 kHz, it is maintained permanently. Such a channel provides 

a preferential path for electric discharges following Paschen’s law [35] and allows for 

atmospheric leaders and corona fronts to propagate over long distance, facilitating the 

application as a laser lightning rod [14].  

From the perspective of laser engineering, the kilohertz repetition rate translates to average 

powers in a regime of hundreds of Watts, since high pulse energies and peak powers 

approaching the terawatt level are required to initiate the filamentation process and to provide 

an energy reservoir for long-distance and extended filament generation. Lasers based on the 

Ti:Sa technology have been the workhorse for research on laser filamentation for decades, 

due to the large available amplification bandwidth and the resulting femtosecond pulse 

durations, leading to terawatt peak powers at milli-Joule level pulse energies. However, high 

average powers are limited by the large quantum defect and the poor heat extraction in the 

bulk crystal geometry [36], preventing the combination of high pulse energies with high 

repetition rates.  

On the other hand, Ytterbium-based lasers are very successful in delivering kilowatt average 

powers [37–41]. Their exceptionally low quantum defect of only 9%, the absence of excited-

state absorption, and the availability of powerful InGaAs pump laser diodes in the 940-nm 

absorption band enable high efficiency and performance [42]. Pulse durations well below the 

picosecond level are supported by the amplification bandwidth. While the efficient heat removal 

in the fiber, slab and thin disk architectures have enabled kilowatt average-powered ultrafast 
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lasers [40,43–45], the thin-disk is particularly suited for high pulse energies due to its large 

aperture [46].  

Invented in 1992 by Adolf Giesen [42], the thin disk laser technology was matured and 

industrialized by TRUMPF Laser GmbH. In CW operation, the output power from a single disk 

can reach up to 12 kW in multimode operation [47] and up to 4 kW in single mode operation 

[48]. Recently, ultrafast pulsed thin-disk laser systems have also traversed the multi-kilowatt 

power threshold [49]. The maximum pulse energy can be scaled with the disk diameter, since 

the stored energy is increased and at the same time laser-induced damage is avoided as the 

peak fluence is decreased for larger beam diameters. Consequently, thin-disk based 

regenerative amplifiers have been leading the field of high-repetition rate and high-energy 

ultrafast lasers in the last decade. Up to 260 mJ have been achieved recently at 1 kHz with 

near-diffraction limited beam quality [50]. Average powers above the kilowatt level are provided 

by integration of a second laser head in the resonator of the amplifier [51,52]. For even higher 

pulse energies, eventually, a limitation is given by the aperture and optical quality of the 

Pockels cells typically used as electro-optic switch inside the resonator.  

Thin-disk based multipass amplifiers offer a simple and flexible platform for further scaling of 

the pulse energy and average power, profiting from the benefits of the thin-disk geometry. The 

linear propagation of the signal through the amplifier does not rely on a closed optical 

resonator, eliminating the limitation for the pulse energy otherwise set by the optical switch. 

Furthermore, arbitrary signals (eg. pulse bursts, long pulses) can be amplified, and 

nonlinearities are minimized when employing reflective optics. Finally, several laser heads or 

several multipass amplifier stages can be serially combined to scale pulse energy and average 

power.  

In the last decade, substantial progress has been achieved in the development of ultrafast thin-

disk based multipass amplifiers. Without CPA, single pulse energies up to 140 mJ have been 

achieved in 2013 with an amplifier operating in burst mode with 80 pulses per burst, leading to 

a total burst energy of 11.2 J [53]. This result was achieved at 10 Hz burst repetition rate, 

leading to an average power of 112 W. In the following years until 2016, researchers at the 

Institut für Strahlwerkzeuge (IFSW) in Stuttgart, Germany, continuously developed a CPA-free 

thin-disk based multipass amplifier yielding an average power as high as 2 kW with a pulse 

duration below 10 ps [45]. With a repetition rate of 300 kHz and a pulse energy of 6.7 mJ, the 

system was designed for novel applications in material processing such as the cutting of 

carbon fiber reinforced polymers. With a similar, industrialized multipass amplifier based on a 

monolithic glass mirror array, similar output power and pulse energy with a pulse duration of 

1.3 ps were demonstrated in 2020 [44], featuring an optimized thermal stability and 

robustness, and employed for glass cleaving applications.  
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The development of high-power thin-disk multipass amplifiers with high pulse energy has been 

less advanced so far by research and industry. While in laser facilities, large Yb-based 

nanosecond laser amplifiers have reached pulse energies in the range from several Joules 

[54–56] up to 100 J [57], they are operated at repetition rates of only less than 10 Hz, mostly 

rely on cryogenically cooled laser crystals, and require footprints too large to be transported to 

experimental sites. In 2015, a compact thin-disk based multipass amplifier including two thin-

disk laser heads operating at room temperature has attained a pulse energy of 1.07 J before 

the compression at a repetition rate of 100 Hz, with the potential for sub-picosecond pulse 

durations [58]. At repetition rates approaching 1 kHz, pulse energies above 1 Joule have to 

date been achieved only with cryogenically cooled multipass amplifiers, based on “thick-disk” 

type active mirror configurations [59,60]. However, the minimum pulse duration from such 

systems is limited to a few picoseconds due to the narrowed amplification bandwidth of the 

gain medium at cryogenic temperatures [61], which reduces the pulse peak power. For the 

application as a lightning rod, however, sub-picosecond pulse durations are desired as to 

enable extended filamentation with the absence of avalanche ionization.  

In the framework of this thesis, a sub-picosecond thin-disk amplifier with Joule-class pulse 

energy operating at 1 kHz was developed [62]. The CPA system was conceived and tailored 

as the drive laser source for the FET-open research project “Laser Lightning Rod” [63], 

addressing a disruptive lightning protection technique based on a powerful ultrafast laser [64]. 

The complete amplifier chain consists of a commercial fiber laser used as the seed laser, a 

regenerative thin-disk pre-amplifier, and a main thin-disk multipass amplifier. Before pulse 

compression, a pulse energy of 800 mJ is achieved. After compression, sub-picosecond 

pulses with an energy of 720 mJ remain. The CPA design includes a chirped fiber Bragg 

grating to stretch the pulses, a waveshaper for small dispersion corrections, and a grating 

compressor to recompress them. For transportability, the whole laser system is divided in five 

modules which are mounted on mobile support structures to allow deployment to the 

experimental sites.  
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Figure 1.1: Schematic application scenario of a laser lightning rod protecting a rocket on a 

launching pad from lightning strikes. Figure taken from [65]. 

 

First horizontal experiments have been performed at LAL, Orsay, studying the filamentation 

characteristics over >140 m. A final experimental campaign is planned in summer 2021 at the 

summit of Mount Säntis, Switzerland, which is one of the locations with the highest lightning 

occurrence in Europe [66,67]. By remotely generating extended laser filaments starting at the 

tip of the station’s 120 m tall antenna, upward lightning strikes are aimed to be initiated and 

guided from the tower. The results may have a major impact on future lightning protection 

approaches for sensitive sites such as airports, rocket launching pads, and power or industrial 

plants [64]. A schematic application scenario is shown in Figure 1.1. 
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2 Theory and Basic Aspects 

In this chapter some basic theoretic fundamentals are discussed. The goal of this chapter is to 

provide a fundamental understanding in the context of the experimental work carried out in the 

framework of this dissertation. In addition, some useful formulae are derived which are used 

during the evaluation of the experimental results. More details and completeness of ultrafast 

laser physics can be found in standard text books [4,68–72]. 

2.1 Ultrafast Laser Physics 

2.1.1 Fundamental Physical Properties of Yb:LuAG 

Yb:LuAG as an alternative to Yb:YAG has become an important laser material for high-power 

applications. Since diode-pumping was enabled by the development of InGaAs laser diodes, 

the high intensities and brilliance at its broad absorption feature around 940 nm became 

available and enabled to surpass the relatively high power threshold for lasing. In such diode-

pumped configurations, Yb:LuAG has several very useful advantages, which are detailed in 

the following. 

Energy levels, absorption and emission cross sections 

The energy level structure of the Yb3+ ion is relatively simple, when compared to those of other 

commonly used rare-earth dopants, as shown in Figure 2.1. In particular, no higher-energy 

levels exist above the two manifolds 4F7/2 and 4F5/2.  
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Figure 2.1: Energy levels of typically used rare-earth dopant ions. Technologically used optical 

transitions are indicated in red and green. Figure taken from [73]. 

This makes the Yb3+ ion suitable to be used in high doping concentrations, because parasitic 

processes such as excited-state absorption (ESA) of pump radiation as well as energy-transfer 

up-conversion (ETU) are absent, which would otherwise scale with the doping concentration. 

When used as a dopant in a host material such as LuAG, the 4F7/2 and 4F5/2 manifolds of Yb3+ 

are split further by the electric field of the crystal due to the Stark-effect, resulting in the laser-

active energy levels as shown in the diagram in Figure 2.2. The transition used for the laser 

signal has a wavelength of 1030 nm, and the transitions commonly used for pumping are 

located at 939 nm and 969 nm. The complete absorption and emission spectra of 10 at% 

Yb:LuAG are shown in Figure 2.3.  
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Figure 2.2: Energy level diagram of Yb:LuAG at 10 at%.  Figure taken from [74]. 

 

Figure 2.3: Emission and absorption cross sections of Yb:LuAG with 10 at% at 293 K.  Curves 

are reproduced from [75]. 

Pumping and three level behavior 

For the pumping process, the absorption bands around 940 nm and 969 nm are typically used. 

Around 940 nm, a quite broad absorption feature allows for straightforward diode pumping with 

a large wavelength tolerance. The Stokes quantum defect at this wavelength is 𝑞940 𝑛𝑚 =
(ℎ𝜈𝑃𝑢𝑚𝑝−ℎ𝜈𝐿𝑎𝑠𝑒𝑟)

ℎ𝜈𝑃𝑢𝑚𝑝
= 8.74 %. The 969 nm absorption line is called the zero phonon line, as the 

ions are excited directly  to the upper laser level and no non-radiative relaxation via lattice 

phonons takes place. This reduces the thermal load of the crystal further, with a resultant 

quantum defect 𝑞969 𝑛𝑚 = 5.92 %. 
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Due the small quantum defect of Yb:LuAG, very low heat is generated in the laser material, 

however, coming along with a pronounced quasi-three level behavior. At room temperature, 

the energy difference from ground state to the lower laser level Δ𝐸/ℎ ~ 600 cm−1. The thermal 

energy at 𝑇 = 293 K is ET/ℎ = 𝑘𝐵 𝑇/ℎ = 203.6 𝑐𝑚−1. Therefore the thermal population of the 

lower laser level is significant and leads to the typical behavior of quasi-three level laser media. 

 The laser medium is absorbing at the signal laser wavelength. To reach transparency 

for the laser wavelength, a certain pump intensity is required. The threshold intensity 

as a function of the pump wavelength for Yb:LuAG is calculated in equation 2.5 and 

plotted in Figure 2.1. 

 The corresponding inverted fraction beta cannot contribute to the gain and the energy 

stored in these ions cannot be accessed by the laser signal. For 𝜆𝐿𝑎𝑠𝑒𝑟 = 1030 𝑛𝑚 this 

fraction is 𝛽𝑚𝑎𝑥
(1030 𝑛𝑚)

= 6.21 %. For the typical pump wavelengths, the fraction is 

𝛽𝑚𝑎𝑥
(940 𝑛𝑚)

= 83.8 % and 𝛽𝑚𝑎𝑥
(969 𝑛𝑚)

= 51.2 %. 

 Therefore, during laser action, the lower limit for the inversion is given by 𝛽𝑚𝑎𝑥
(1030 𝑛𝑚)

and 

the upper limit for the inversion is given by 𝛽𝑚𝑎𝑥
(940 𝑛𝑚)

. This is visualized in Figure 2.4, 

additionally taking into account potentially occurring amplified spontaneous emission 

before reaching the transparency for the pump wavelength. The amount of energy 

storable in the laser medium is thereby reduced as corresponding to the accessible 

inversion range.  

 

 

Figure 2.4: Schematic diagram of the inversion ranges for Yb:LuAG.  At 𝛽𝑚𝑎𝑥
(1030 𝑛𝑚)

= 6.21 %,  

transparency for the laser wavelength is reached. Before reaching transparency for the pump 

wavelength at 𝛽𝑚𝑎𝑥
(940 𝑛𝑚)

= 83.8 %, ASE may further limit the inversion, depending on the 

geometry of the laser medium. The useable inversion range is therefore limited to the indicated 

range. 

Inversion 

Using the emission and absorption cross sections shown in Figure 2.3, one can calculate the 

steady-state inverted fraction 𝛽 when the laser medium is optically pumped. The base equation 

for the derivation is the rate equation for the laser material: 
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𝑑𝑛2
𝑑𝑡

=
𝐼 ⋅ 𝜆

ℎ ⋅ 𝑐
 (−𝜎𝑒𝑚

(𝜆) ⋅ 𝑛2 + 𝜎𝑎𝑏𝑠
(𝜆) ⋅ 𝑛1 )⏟                

𝑠𝑡𝑖𝑚.  𝑒𝑚.  / 𝑎𝑏𝑠.

−
𝑛2
𝜏𝑛2⏟

𝑠𝑝𝑜𝑛𝑡.  𝑒𝑚.

,  
2.1 

where 𝐼 is the intensity of the pump light, 𝜏 is the excited-state life time of the upper laser level, 

𝑛2 and 𝑛1 are the populations of the upper and lower level for the pump transition, and 𝜎𝑒𝑚
(𝜆)

 

and 𝜎𝑎𝑏𝑠
(𝜆)

 are the emission and absorption cross sections at the respective wavelength 𝜆.  

To obtain the population of the laser levels in the steady-state, the time derivative of 𝑛2 must 

vanish, i.e. 
𝑑𝑛2

𝑑𝑡
= 0, which gives: 

0 =
𝐼 ⋅ 𝜆

ℎ ⋅ 𝑐
(−𝜎𝑒𝑚

(𝜆)
⋅ 𝑛2 + 𝜎𝑎𝑏𝑠

(𝜆)
⋅ 𝑛1 ) −

𝑛2
𝜏
  

⇔
𝑛1
𝑛2
=

ℎ ⋅ 𝑐

𝐼 ⋅ 𝜆 ⋅ 𝜏 ⋅ 𝜎𝑎𝑏𝑠
(𝜆)
+
𝜎𝑒𝑚
(𝜆)

𝜎𝑎𝑏𝑠
(𝜆)

 

2.2 

 

With the definition of the inverted fraction 𝛽 =
𝑛2

𝑛1+𝑛2
 one obtains the steady-state inverted 

fraction at a specific pump wavelength: 

𝛽𝜆(𝐼) =
1

ℎ ⋅ 𝑐

𝐼 ⋅ 𝜆 ⋅ 𝜏 ⋅ 𝜎𝑎𝑏𝑠
(𝜆) +

𝜎𝑒𝑚
(𝜆)

𝜎𝑎𝑏𝑠
(𝜆) + 1

 . 
2.3 

For high pump light intensities, i.e. 𝐼 → ∞, the inversion goes a maximum value 𝛽𝜆
𝑚𝑎𝑥: 

𝛽𝑚𝑎𝑥
(𝜆)

=
𝜎𝑎𝑏𝑠
(𝜆)

𝜎𝑒𝑚
(𝜆)
+ 𝜎𝑎𝑏𝑠

(𝜆)
  

2.4 

This means that the maximum achievable steady-state inversion 𝛽𝑚𝑎𝑥
(𝜆)

 is given by the emission 

and absorption cross sections of the gain material at the pump wavelength.  

The maximum steady state inversion 𝛽𝑚𝑎𝑥
(𝜆)

 is plotted as a function of the wavelength in Figure 

2.5 (a) using the emission and absorption cross sections for Yb:LuAG given in [75]. The values 

at the two most common pump wavelengths 940 nm and 969 nm are indicated, showing 

significantly different maximum achievable inversions. As a consequence, when designing a 

laser or laser amplifier, the achievable inversion has to be traded off with the thermal load at a 

specific pump wavelength. 
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Figure 2.5: Diagram of the inverted fraction β. (a) Maximum achievable inverted fraction β as 

a function of the pumping wavelength, assuming high pump intensities. (b) Maximum 

achievable inverted fraction β for the pumping wavelengths 940 nm and 969 nm as a function 

of the total pump intensity. 

Moreover, in real setups, the pump power and therefore the pump intensity is finite, which caps 

the actual inversion at a value lower than the theoretical limit. The inverted fraction is plotted 

as a function of the pump intensity in Figure 2.5 (b) for the pump wavelengths 940 nm and 

969 nm. It can be seen that at approximately 100 kW/cm2, the inversion is approaching close 

to the theoretical maximum, providing an estimation for the order of magnitude of the required 

pump intensity.  

In thin-disk lasers, typically multipass arrangements are used to multiplex the pump light over 

the active medium. This enables pump intensities surpassing by far the single-pass intensity 

of the pump beam, leading to almost complete absorption of the pump power. 

Transparency pump intensity in quasi-three level lasers 

For classical four-level laser systems, inversion is achieved already at very low pump powers. 

This is due to the lower laser level being thermally unpopulated. In the case of quasi three-

level laser systems, the lower laser level is energetically close to the ground state and its 

thermal population is therefore significant. When unpumped, laser signal radiation is therefore 

absorbed by the active medium. As a consequence, there is a certain pump intensity required 

to achieve transparency for the laser signal radiation. Furthermore, the threshold inversion 

corresponds to a certain amount of excited dopant ions, which therefore does not contribute 

to available energy stored in the inversion. 

The transparency pump intensity can be calculated from the absorption and emission cross 

sections of the laser medium at the pump and the laser wavelength. First, the inversion 𝛽𝑡𝑟 

required for transparency at the laser wavelength 𝜆Laser is given by equation 2.4 with 𝜆 =

𝜆Laser. This can be understood by considering that an infinite intensity eventually results in a 

dynamic balance between simulated emission and absorption at the signal wavelength, where 
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𝑛1 = 𝑛2. By inserting 𝛽tr into equation 2.3 and solving for the intensity, the threshold pump 

intensity 𝐼th
(𝜆𝑃) required to achieve transparency at the laser wavelength is given: 

𝐼𝑡ℎ
(𝜆𝑃) =

ℎ ⋅ 𝑐

𝜆𝑝
⋅

1

(𝜎𝑎𝑏𝑠
(𝜆𝑃) (

𝜎𝑒𝑚
(𝜆𝐿𝑎𝑠𝑒𝑟) + 𝜎𝑎𝑏𝑠

(𝜆𝐿𝑎𝑠𝑒𝑟)

𝜎𝑎𝑏𝑠
(𝜆𝐿𝑎𝑠𝑒𝑟)

− 1) − 𝜎𝑒𝑚
(𝜆𝑃)) ⋅ 𝜏

  
2.5 

In Figure 2.6 the transparency intensity is plotted as a function of the pump wavelength for the 

case of Yb:LuAG. At the most common pump wavelengths 940 nm and 969 nm, the 

transparency pump intensities are 𝐼th
(940 𝑛𝑚)

= 1.62 𝑘𝑊/𝑐𝑚2 and 𝐼th
(969 𝑛𝑚)

= 1.48 𝑘𝑊/𝑐𝑚2. 

Consequently, it is obvious that powerful and brilliant pump sources are required for the 

efficient laser operation. Therefore, Yb:LuAG lasers are conventionally pumped by InGaAs 

laser diodes. 

 

Figure 2.6: Threshold intensity required to achieve transparency  at 1030 nm for Yb:LuAG as 

a function of the pump wavelength. 

 

Amplified spontaneous emission 

Photons which are spontaneously emitted in the bulk of the laser material are amplified via 

stimulated emission during the propagation in the pumped volume. For high gain cross 

sections 𝜎𝑔 = 𝛽 ∙ (𝜎𝑒𝑚 − 𝜎𝑎𝑏𝑠) − 𝜎𝑎𝑏𝑠, long geometrical extension 𝐿 of the laser medium, and 

high doping density 𝑁, this can lead to a high gain 𝐺𝐴𝑆𝐸, and therefore an exponentially growing 

ASE signal power 𝑃𝐴𝑆𝐸:  

𝐺𝐴𝑆𝐸 = 𝑒
𝜎𝑔∙𝑁∙𝐿 

𝑃𝐴𝑆𝐸 = 𝑃0,𝐴𝑆𝐸 ⋅ 𝐺𝐴𝑆𝐸  
2.6 
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As a consequence, the upper laser level can be significantly depleted, limiting the stored 

energy and therefore the gain for the laser signal. In fiber amplifiers, 𝐿 (the fiber length) is 

typically large, which causes a substantial (CW) ASE background emission [75].  

On the other hand, in the thin-disk geometry, 𝐿 is typically on the order of only ~100 µm, leading 

to a negligible 𝐺𝐴𝑆𝐸 at in the z-direction. However, the lateral extension is on the order of 

~10 mm, enabling substantial ASE build-up. Additionally, the propagation along a zig-zag path 

due to total internal reflection at the AR-coated side of the disk can take place at an angle 𝛽 

that is greater than the critical angle for total internal reflection 𝛽𝑇𝐼𝑅. This effectively increases 

the maximum propagation length even beyond the disk diameter. In Figure 2.7 (a) such a zig-

zag path is illustrated, starting at a spontaneous emission source in the bulk of the laser disk. 

At the edge of the disk, the ASE may be partially scattered, leading to a virtual source of 

radiation that can further propagate. If resonant, this process can even lead to transverse laser 

action [76]. It has been shown that, in thin-disk lasers, ASE can be responsible for considerable 

reduction of the maximum amount of stored energy and therefore also the gain for the laser 

signal [77–80].  

A way to reduce the loss due to ASE is to add an undoped, refractive index-matched material 

to the top of the laser-active medium, see Figure 2.7 (b). Here, zig-zag propagation can still 

occur, but the propagation through the laser medium is partially replaced by propagation 

through the undoped medium. Therefore, the total gain length of ASE is reduced [80]. 

 

Figure 2.7: Sketch of ASE propagation in a discoidal shaped laser medium  without (a) and 

with (b) anti-ASE cap. The yellow star marks the location of a spontaneously emitted photon 

propagating along the zig-zag path for 𝛽 > 𝛽𝑇𝐼𝑅. If the angle of incidence at the AR face 𝛼 <

𝛽𝑇𝐼𝑅, the emission is fully transmitted. 
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2.1.2 Dispersion and Ultrafast Optical Pulses 

The variation of the velocity of light with respect to its optical carrier frequency is called 

dispersion. It gives rise to a variety of rich physical phenomena, particularly in the field of 

ultrafast laser pulses. The different dispersion mechanisms are elaborated in this section.  

2.1.2.1  Material dispersion  

The wavelength dependence of the refractive index of optical materials can be derived from 

the Lorentz oscillator model [70]. It gives rise to a wavelength-dependence of the phase 

velocity of light propagating through the medium. Optical pulses consisting of a multitude of 

optical frequency components therefore acquire a spectral phase upon propagation through a 

dispersive medium. When neglecting nonlinear effects, the spectral phase grows linearly with 

the propagation distance. 

To describe the dispersion of an optical medium, the Sellmeier coefficients can be used [81]. 

For a given set of Sellmeier coefficients 𝐴1, 𝐴2, 𝐴3 and material resonance wavelengths 𝜆1, 𝜆2, 

𝜆3, the wavelength dependent refractive index can be well described by: 

𝑛(𝜆) = √1 +∑
𝐴𝑖 ⋅ 𝜆

2

𝜆2 − 𝜆𝑖
2

3

𝑖=1

   

2.7 

 

Via the dispersion relation 𝑘(𝜔) =
𝜔

𝑐0/𝑛
=
𝜔

𝑐0
⋅ 𝑛(𝜆) the dispersion coefficients 𝐷𝑚 are then given, 

as detailed in section 2.1.2.2. 

As an example, the curve is shown for the case of silica glass in Figure 2.8. For the calculation, 

the Sellmeier coefficients listed in Table 2.1 were used.  

 

Table 2.1: Sellmeier coefficients for silica glass.  Data taken from [82]. 

𝐴1 𝐴2 𝐴3 𝜆1 (µm
2) 𝜆2 (µm

2) 𝜆3 (µm
2) 

0.6961663 0.4079426 0.8974794 0.004679148 0.013512063 97.9340025 
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Figure 2.8: Refractive index of silica  calculated with the Sellmeier coefficients from Table 2.1. 

 

2.1.2.2  Group velocity dispersion  

In the following, the velocity of optical pulses and its spectral dispersion are considered and 

derived. The formulae are well known and can be found in standard text books [4,69,71] 

[Koechner, Milonny, Boyd]. 

From Maxwell’s equations, the well-known wave equation can be derived: 

(−(∇⃗⃗ )2 +
𝑛2

𝑐2
𝜕2

𝜕𝑡2
 ) 𝐸⃗ (𝑥 , 𝑡) = 𝜇0

𝜕2

𝜕𝑡2
  𝑃⃗ (𝑥 , t)  

2.8 

In the one-dimensional case (propagation only in x-direction) it simplifies to: 

(−
𝜕2

𝜕𝑥2
+
𝑛2

𝑐2
𝜕2

𝜕𝑡2
 )  𝐸(𝑥, 𝑡) = 𝜇0

𝜕2

𝜕𝑡2
𝑃(𝑥, 𝑡)  

2.9 

Solutions to this one-dimensional wave equation are plane waves, which can be described by 

a superposition of sine and cosine functions, or simply a complex exponential: 

𝐸(𝑥, 𝑡) = 𝐸0(𝑥, 𝑡) ⋅ 𝑒
𝑖(𝑘𝑥−𝜔𝑡⏞    
𝜑(𝑥,𝑡)

)  
2.10 

Here, 
2

k



  is the wavenumber (also called propagation constant) of the wave, 𝜔 is the 

frequency of the wave, and 𝐸0 is the amplitude of the electric field. Importantly, the phase 

( , )x t kx t    of the exponential is a function of the time and space coordinate. This gives 

rise to the phase velocity of the wave, which is defined as the speed with which fixed phase 

values of the wave propagate, i.e. the distance 𝜆 traveled within one optical cycle 𝑇: 
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𝜆

𝑇
  =

2𝜋/𝑘

2𝜋/𝜔
=
𝜔

𝑘
 2.11 

 

The phase velocity represents the propagation speed of the phase fronts of the monochromatic 

plane wave.  

Most light sources, however, are not monochromatic and have a finite bandwidth. Moreover, 

for the case of ultrafast pulsed lasers, wave packets are formed through the phase-locked 

superposition of many longitudinal laser modes. The actual propagation of the wave packets 

occurs at the group velocity, which is generally different from the phase velocity for the case 

of dispersive media. Therefore the group velocity is the more relevant quantity for most 

applications. 

An intuitive derivation of the group velocity is to consider a superposition of two plane waves 

𝐸1 and 𝐸2 with slightly different frequencies, i.e. 𝜔1 and 𝜔2, and therefore also slightly different 

wave numbers 𝑘1 and 𝑘2: 

𝐸1(𝑥, 𝑡) = 𝐸0 ⋅ exp(𝑖(𝑘1𝑥 − 𝜔1𝑡)) 

𝐸2(𝑥, 𝑡) = 𝐸0 ⋅ exp(𝑖(𝑘2𝑥 − 𝜔2𝑡)) 

2.12 

It is useful to define the average k-vector and frequency, and the difference in k-vector and 

frequency: 

kave =
(𝑘2 + 𝑘1)

2
 , 

ωave =
(𝜔2 +𝜔1)

2
 , 

Δ𝑘 =
(𝑘2 − 𝑘1)

2
 , 

Δ𝜔 =
(𝜔2 −𝜔1)

2
 . 

2.13 

Then, the superposition of 𝐸1 and 𝐸2 can be written as: 

𝐸(𝑥, 𝑡) = 𝐸1(𝑥, 𝑡) + 𝐸2(𝑥, 𝑡)

= 𝐸0 ⋅ [exp(𝑖(𝑘1𝑥 − 𝜔1𝑡))  + exp(𝑖( 𝑘2𝑥 − 𝜔2𝑡))]  

= 𝐸0 ⋅ exp(𝑖(𝑘𝑎𝑣𝑒𝑥 − ωave𝑡)) ⋅ [exp(𝑖(Δ𝑘𝑥 − Δ𝜔𝑡)) + exp(−𝑖(Δ𝑘𝑥 − Δ𝜔𝑡))] 

= 2 ⋅ 𝐸0 ⋅ exp(𝑖(𝑘𝑎𝑣𝑒𝑥 − ωave𝑡))⏟              
𝑝ℎ𝑎𝑠𝑒 𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛𝑠

⋅ cos(Δ𝑘𝑥 − Δ𝜔𝑡)⏟          
𝑝𝑢𝑙𝑠𝑒 𝑡𝑟𝑎𝑖𝑛 𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒

 

2.14 

As a result, the coherent superposition of the two waves 𝐸1 and 𝐸2 leads to a rapidly oscillating 

part of the E-field with the average frequency of the original waves. In addition, an envelope is 
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present for the E-field, whose frequency is given by the frequency difference of the original 

waves. Moreover, the “phase velocity of the envelope” can be calculated using the same 

consideration as used for equation 2.11, yielding the group velocity 𝑣𝐺: 

𝑣𝐺 =
Δ𝑘

Δ𝜔
   
𝑘2→𝑘1
→       

d𝑘

d𝑤
=

1

d𝑘/d𝑤
  

2.15 

Here, the continuous limit was considered when 𝑘2 approaches 𝑘1, leading to the differential 

of 𝑤 with respect to 𝑘, or more commonly the inverse of the differential of 𝑘 with respect to 𝑤. 

In conclusion, the phase-locked superposition of plane waves leads to a signal that consists 

of a rapid carrier oscillation and a slowly oscillating beat envelope. The time period of the 

envelope corresponds to the inverse frequency distance between the individual waves of the 

superposition. The minimum temporal width of the wave packets corresponds to the inverse 

of the frequency interval covered by the individual waves. The group velocity as the 

propagation velocity of the wave packets is therefore relevant for the maximum speed of the 

transmission of energy and hence for the transmission of information. In the following, the wave 

packets are called pulses. 

 

If a pulse propagates a distance 𝐿 through a dispersive medium or a dispersive optical element 

with  𝑘 = 𝑘(𝜔), it acquires a phase which is given by  

𝜑(𝜔) = 𝑘(𝜔) ⋅ 𝐿 . 
2.16 

 

The spectral phase 𝜑(𝜔) is therefore directly related to the dispersion relation 𝑘(𝜔). To 

separate the different orders of polynomial contributions, the spectral phase can be written as 

a Taylor expansion around a central frequency 𝜔0: 
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𝜑(𝜔) = ∑
1

𝑛!
(
𝑑𝑛𝜑

𝑑𝜔𝑛
)

∞

𝑛=0 |𝜔0

⋅ (𝜔 − 𝜔0)
𝑛 

= 𝜑(𝜔0)

+ (
𝑑𝜑

𝑑𝜔
)
|𝜔0⏟    

𝐺𝐷

⋅ (𝜔 − 𝜔0)

+
1

2
(
𝑑2𝜑

𝑑𝜔2
)
|𝜔0⏟      

𝐺𝐷𝐷

⋅ (𝜔 − 𝜔0)
2

+
1

6
(
𝑑3𝜑

𝑑𝜔3
)
|𝜔0⏟      

𝑇𝑂𝐷

⋅ (𝜔 − 𝜔0)
3

+
1

24
(
𝑑4𝜑

𝑑𝜔4
)
|𝜔0⏟      

𝐹𝑂𝐷

⋅ (𝜔 − 𝜔0)
4… 

2.17 

 

The linear term denoted as GD is called the group delay. It gives the temporal delay of the 

pulse due to the reduced group velocity in the dispersive medium.  

The quadratic term denoted as GDD is called the group delay dispersion. It gives the variation 

of the group delay across the spectral components of the carrier waves.  

The cubic and quartic terms called denoted as TOD and FOD are called the third- and fourth-

order dispersion, and represent the higher-order variations of the group delay with respect to 

the optical frequency. 

 

From a practical perspective, the nth derivative of the spectral phase gives the nth-order 

variation of the spectral phase with respect to frequency. Therefore, after traveling through a 

dispersive medium or dispersive optical element, the spectral phase contains the encoded 

information on the dispersion of the medium.  

For the dispersion management of a picosecond (i.e. medium-broad band) optical system, 

typically the first two dispersion orders (GD, GDD) are considered : 

𝐺𝐷 =
𝑑𝜑

𝑑𝜔
 

= 𝜑(𝜔0) + (
𝑑𝜑

𝑑𝜔
)
|𝜔0

⋅ (𝜔 − 𝜔0) +
1

2
(
𝑑2𝜑

𝑑𝜔2
)
|𝜔0

⋅ (𝜔 − 𝜔0)
2 

+
1

6
(
𝑑3𝜑

𝑑𝜔3
)
|𝜔0

⋅ (𝜔 − 𝜔0)
3 +

1

24
(
𝑑4𝜑

𝑑𝜔4
)
|𝜔0

⋅ (𝜔 − 𝜔0)
4 +⋯ 

2.18 
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𝐺𝐷𝐷 =
𝑑2𝜑

𝑑𝜔2
 

= (
𝑑𝜑

𝑑𝜔
)
|𝜔0

+ (
𝑑2𝜑

𝑑𝜔2
)
|𝜔0

⋅ (𝜔 − 𝜔0) +
1

2
(
𝑑3𝜑

𝑑𝜔3
)
|𝜔0

⋅ (𝜔 − 𝜔0)
2 

+
1

6
(
𝑑4𝜑

𝑑𝜔4
)
|𝜔0

⋅ (𝜔 − 𝜔0)
3 +⋯ 

2.19 

 

Often, the dispersion parameter Dλ or D2 is used, which can be calculated from the GDD: 

𝐷2 = Dλ = −
2𝜋𝑐

 λ2
 
𝑑2𝜑

𝑑𝜔2
= −

2𝜋𝑐

 λ2
 GDD 

2.20 

 

Here, for Dλ the units of 
𝑝𝑠

𝑛𝑚
 are used, while units of 𝑝𝑠2 are used for the GDD.  

The group velocity dispersion (GVD) of a dispersive optical medium or element is the GDD of 

a pulse after propagation through it divided by the propagation length.  

The knowledge of the dispersion curve of an optical system allows to design and match the 

overall dispersion such that the residual dispersion of the pulse after traveling through the 

system is eliminated. In the case of chirped-pulse amplifier systems, the pulse stretcher and 

compressor are chosen such as to compensate each other’s dispersion and at the same time 

to account for any dispersion contributed by optical elements of the amplifier. 

2.1.2.3  Higher-order dispersion 

For optical systems that are sensitive on dispersion, higher orders of the variation of the 

spectral phase must be taken into account in order to achieve the desired pulse shape (i.e. in 

many cases the Fourier-transform limited pulse duration). This is especially applicable to very 

broadband spectra, where only a low GDD is required to obtain a high stretching factor, or to 

pulses stretched by optical elements with higher-order contributions.  

The third-order dispersion is given by the third-order variation of the spectral phase across 

frequency. It is given by the Taylor expansion (equation 2.17): 
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𝑇𝑂𝐷 =
𝑑3𝜑

𝑑𝜔3
 

= (
𝑑2𝜑

𝑑𝜔2
)
|𝜔0

+ (
𝑑3𝜑

𝑑𝜔3
)
|𝜔0

⋅ (𝜔 − 𝜔0) +
1

2
(
𝑑4𝜑

𝑑𝜔4
)
|𝜔0

⋅ (𝜔 − 𝜔0)
2 +⋯ . 

2.21 

 

 

Accordingly, the fourth-order dispersion can be written as: 

𝐹𝑂𝐷 =
𝑑4𝜑

𝑑𝜔4
 

= (
𝑑3𝜑

𝑑𝜔3
)
|𝜔0

+ (
𝑑4𝜑

𝑑𝜔4
)
|𝜔0

⋅ (𝜔 − 𝜔0) + ⋯ .                                                   

2.22 

 

Often the conversion from the dispersion orders in the frequency domain (GDD, TOD, FOD,…) 

to units of wavelength (𝐷2, 𝐷3, 𝐷4) is useful: 

 

D3 = −
1

2
(
4 ⋅ 𝜋 ⋅ 𝑐

λ3
⋅ 𝐺𝐷𝐷 + (

2 ⋅ 𝜋 ⋅ 𝑐

𝜆2
)
2

⋅ 𝑇𝑂𝐷)   
2.23 

 

D4 = −
1

6
(
12 ⋅ 𝜋 ⋅ 𝑐

λ4
⋅ 𝐺𝐷𝐷 + 

24 ⋅ (𝜋 ⋅ 𝑐)2

𝜆3
⋅ 𝑇𝑂𝐷 + (

2 ⋅ 𝜋 ⋅ 𝑐

𝜆2
)
3

⋅ 𝐹𝑂𝐷) 
2.24 

 

2.1.2.4  Dispersive optical elements  

Chirped Fiber Bragg grating 

Compact dispersive optical elements can be manufactured by the UV-laser inscription of 

periodic refractive index structures into optical fibers, resulting in Bragg-type fiber reflectors. 

By varying the refractive index periodicity, chirped fiber Bragg reflectors can be realized with a 

designed dispersion. Typically, a maximum group delay of several nanoseconds and a power 

loss of ~10 % are available [83]. Such dispersive, chirped fiber Bragg gratings (CFBGs) are 

routinely used for dispersion compensation in fiber optics, eg in telecommunication. 

Furthermore, CFBGs provide a compact alternative to the grating based Martinez-type pulse 
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stretchers [84] commonly used in CPA laser systems. Due to their small form factor, they can 

be easily integrated into the seed laser via fiber splicing.   

 

 

Grating compressor 

Negative (anomalous) GDD can be achieved by a Treacy-type grating compressor [85]. 

Numerous studies have been performed on such grating compressors concerning their layout, 

stability, or alignment sensitivity. Details can be found in references  [86–91]. In the following 

a review of the properties of Treacy-type grating compressors is outlined. 

The grating equation relates the diffraction angle β′ of a light beam at a wavelength 𝜆 from the 

grating in the mth diffraction order to the angle of incidence α on the grating with a grating 

period N: 

sin(β′) = sin(α) +m
𝜆

N
 

2.25 

In most cases of grating compressors, to achieve a high diffraction efficiency, near-Littrow 

configurations are chosen, and the optimized line grating period allows only for the negative 

first diffraction order to exist, i.e. m = −1.  

 

The spectral phase of a Treacy-type compressor can be written as: 

φ(ω) =  2
𝜔

 𝑐
D cos( 𝛽0 − 𝛽(𝜔)) 

2.26 

With the grating separation 𝐷 along the propagation path of the central wavelength, the 

diffraction angle  𝛽0 = 𝛽(𝜔0) of the central wavelength, and the diffraction angles 𝛽(𝜔) of other 

wavelengths. 

From equations 2.25 and 2.26, the different polynomial contributions for the spectral phase 

response of such a grating compressor can be calculated by the nth differentiation of φ(ω), 

according to 2.17 (note a factor 2 due to the double-pass in the compressor): 

GDD = φ
(2)(ω0) =  −

2D𝜆3

 2 𝜋𝑐2𝑁2cos2(𝛽0)
 

2.27 



Theory and Basic Aspects 

22 

 

TOD = φ
(3)
(ω0) =  

6D𝜆4

 4𝜋𝑐3𝑁2cos2(𝛽0)
(1 +

𝜆 sin(𝛽0)

𝑁 cos2(𝛽0)
) 

2.28 

 

FOD = φ
(4)
(ω0) =  −

6D𝜆5

 8𝜋𝑐4𝑁2cos2(𝛽0)
 [4 (1 +

𝜆 sin(𝛽0)

𝑁cos2 (𝛽0)
)

2

+ (
𝜆

𝑁 cos2(𝛽0)
)
2

] 
2.29 

 

If the normal separation of the gratings 𝑠 = 𝐷 ⋅ cos(𝛽0) is used instead of the distance along 

the propagation path of the central wavelength, the GDD is given by [86,90]: 

GDD = −
𝑠𝜆3

 𝜋𝑐2𝑁2
 

1

cos3(𝛽(𝜆𝑐))
 

2.30 

 

In turn, to choose the correct grating distance for a pulse with a given GDD, equation 2.27 can 

be solved for 𝐷: 

  D = −
𝜋𝑐2𝑁2

𝜆3
cos2(𝛽(𝜆𝑐)

′ ) ⋅ GDD  
2.31 

 

2.1.2.5  Ultrashort pulses 

The generation, amplification, propagation, and application of ultrashort optical pulses provides 

rich physics and all aspects are active fields of research. To achieve highest peak powers, 

careful design of the physical aspects of ultrashort laser pulses is necessary. Here, some 

useful aspects are discussed. 

In many cases, the temporal shape of the intensity of an optical pulse can be approximated by 

a Gaussian curve [68]: 

𝐼𝑝𝑢𝑙𝑠𝑒(𝑡) = 𝐼𝑝𝑒𝑎𝑘 ⋅ e
−2(

𝑡
𝜏0
)
2

. 
2.32 

Here, 𝜏0 is the 1/e2-half-width of the temporal pulse envelope. The temporal FWHM of the 

pulse can be calculated from 𝜏0 via: 
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Δ𝜏𝐹𝑊𝐻𝑀 = 2 ⋅ 𝑡𝐹𝐻𝑊𝑀 = √2 ln(2) 𝜏0 ≈ 1.177 𝜏0 . 
2.33 

As the pulse travels through a dispersive medium with a group velocity dispersion 𝛽2(𝜔), the 

pulse temporally broadens. After propagation of a distance 𝑧 through the medium, the temporal 

pulse duration can be calculated via 

𝜏(𝑧, 𝛽2) = 𝜏0 ∙ √1 + (
𝑧 ∙ |𝛽2|

𝜏0
2 )

2

. 

2.34 

The energy of the pulse can be calculated by integrating over the both the temporal and spatial 

intensity distribution of the pulse. If assuming a Gaussian spatial mode with an 1/𝑒2-beam 

diameter 𝑤0, the pulse energy can be calculated by: 

𝐸𝑝𝑢𝑙𝑠𝑒 = ∫𝑑𝑡∫𝑟 𝑑𝑟 𝑑𝜑  𝐼(𝑟, 𝑡) 

= ∫𝑑𝑡 𝐼𝑝𝑢𝑙𝑠𝑒(𝑡) ⋅ ∫𝑑𝜑∫𝑑𝑟 𝑟 ⋅ 𝑒
−2(

𝑟
𝑤0
)
2

 

= √2𝜋
𝜏0
2
𝐼𝑝𝑒𝑎𝑘 ⋅  2𝜋∫𝑑𝑟 𝑟 ⋅ 𝑒

−2(
𝑟
𝑤0
)
2

 

= √2𝜋
𝜏0
2
𝐼𝑝𝑒𝑎𝑘 ⋅ 2𝜋

𝜔0
2

4⏟        
𝑃𝑝𝑒𝑎𝑘

 

= √2𝜋 ⋅
1

2

𝑡𝐹𝑊𝐻𝑀

2√1/2 ln(2)
⋅ 𝑃𝑝𝑒𝑎𝑘  

= √
𝜋

4 ln(2)
  𝑡𝐹𝐻𝑊𝑀 ⋅ 𝑃𝑝𝑒𝑎𝑘 

2.35 

Hence, for a known pulse energy and pulse duration, the peak power can be calculated by 

solving equation 2.35 for 𝑃𝑝𝑒𝑎𝑘: 

𝑃𝑝𝑒𝑎𝑘 = √
4 ln (2)

𝜋
⋅
Epulse

𝑡𝐹𝐻𝑊𝑀
≈ 0.94 ⋅  

Epulse

𝑡𝐹𝐻𝑊𝑀
 

2.36 

 

Fourier Transform 

The pulse described in equation 2.32 can be transformed to the frequency domain via the 

Fourier transformation using 𝐸(𝑡) = √𝐼(𝑡) = √𝐼𝑝𝑒𝑎𝑘 ⋅ 𝑒
−(

𝑡

𝜏0
)
2

 : 
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𝐸(𝜔) = 𝐹𝑇(𝐸(𝑡)) =
1

√2𝜋
∫ 𝐸(𝑡) ⋅ 𝑒𝑖𝜔𝑡 

∞

−∞

∝ 𝑒

−(
𝜔
2/𝜏0⏟
∶=𝜏𝜔

)

2

 

⟹ I(𝜔) = |𝐸(𝜔)|2 ∝ 𝑒
−2(

𝜔
𝜏𝜔
)
 

2.37 

 

 

The following conclusions can be drawn: 

(i) The spectral intensity of a Gaussian pulse has a Gaussian shape  

(ii) The spectral FWHM Δν𝐹𝑊𝐻𝑀 can be calculated from the FWHM pulse duration: 

2π ⋅ Δν𝐹𝑊𝐻𝑀 = √2 ln(2) ⋅ 𝜏𝜔 = √2 ln(2) ⋅
2

𝜏0
= √2 ln(2) ⋅

2 ⋅ √2 ln(2) 

Δ𝜏𝐹𝐻𝑊𝑀
=
4 ln(2)

Δ𝜏𝐹𝐻𝑊𝑀
 

2.38 

 

Hence, the spectral intensity width of the Gaussian pulse is inversely proportional 

to the temporal pulse duration 𝜏0.  

(iii) The (FWHM-) time-bandwidth product of the a Gaussian pulse is given by: 

Δ𝜈𝐹𝑊𝐻𝑀 ⋅ Δ𝜏𝐹𝐻𝑊𝑀 =
4 ln(2)

2𝜋
≈ 0.441 . 

2.39 

 

2.1.3 Optical Resonators 

A simple model for an optical resonator is given by two spherical mirrors 𝑀1 and 𝑀2 with radii 

of curvature 𝑅1 and 𝑅2, that are placed at a distance 𝐿 from each other (see Figure 2.9). For a 

Gaussian beam to be stable inside the resonator, the wavefront curvatures of the beam at the 

mirror positions must match 𝑅1 and 𝑅2. Depending on 𝑅1, 𝑅2, and 𝐿, the beam waist radius 𝜔0,  

the beam radii 𝜔1 and 𝜔2 at the resonator mirrors, and the position of the waist between the 

mirrors  𝑡1and 𝑡2can be derived [72,92]: 

 

𝜔1
4 = (

𝜆𝑅1
𝜋
)
2

⋅
𝑅2 − 𝐿

𝑅1 − 𝐿
⋅

𝐿

𝑅1 + 𝑅2 − 𝐿
 

2.40 
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𝜔2
4 = (

𝜆𝑅2
𝜋
)
2

⋅
𝑅1 − 𝐿

𝑅2 − 𝐿
⋅

𝐿

𝑅1 + 𝑅2 − 𝐿
 

2.41 

 

𝜔0
4 = (

𝜆

𝜋
)
2

⋅
𝐿 ⋅ (𝑅1 − 𝐿)(𝑅2 − 𝐿)(𝑅1 + 𝑅2 − 𝐿)

(𝑅1 + 𝑅2 − 2𝐿)
2

 
2.42 

 

𝑡1 =
𝐿 ⋅ (𝑅2 − 𝐿)

𝑅1 + 𝑅2 − 2𝐿
 

2.43 

 

𝑡2 =
𝐿 ⋅ (𝑅1 − 𝐿)

𝑅1 + 𝑅2 − 2𝐿
 

2.44 

 

Commonly, the stability of such a resonator can be assessed by the stability criterion: 

0 ≤ 𝑔1𝑔2 ≤ 1 

with 

𝑔1,2 = 1 −
𝐿

𝑅1,2
 . 

2.45 

 

Figure 2.9: Sketch of an optical resonator consisting of two spherical mirrors.  Figure taken 

from [91]. 

2.1.4 Beam Quality 

Many optical resonators are optimized for the fundamental transverse laser mode. The 

divergence of this mode is minimal, enabling small focal beam diameters and therefore high 

power densities and high brightness. This is useful for many applications. 
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For the fundamental mode (TEM00) of a Gaussian beam, the beam radius at a position 𝑧 from 

the waist is given by [71]: 

𝜔(𝑧) = 𝜔0√1 + (
𝑧

𝑧0
)
2

  . 

2.46 

 

Here, 𝑧0 is the Rayleigh length, which is given by  

𝑧0 =
𝜋𝜔0

2

𝜆
 . 

2.47 

 

The divergence angle 𝜃 can then be calculated as  

𝜃 =
𝜆

𝜋𝜔0
 . 

2.48 

 

For most real resonators, often higher-order modes are oscillating above the laser threshold, 

too, altering the divergence angle for a given focal waist 𝜔0. For a given transverse Hermite-

Gaussian mode with the orders 𝑚 and 𝑛, TEMmn, the divergence angle increases by a factor 

𝑀𝑥(𝑦)
2 = √1 + 2𝑚(𝑛) ,respectively in the x and y directions. The parameter 𝑀2 is called the 

beam quality parameter. To determine the beam quality parameter of an experimental laser 

beam, a method described in the ISO standard 11146 can be used. Here, the beam waist 

diameters 𝜔(𝑧) are measured at several distances 𝑧 from the focus position. The beam quality 

parameter 𝑀2 is then obtained by fitting equation 2.49 to the data via 𝑀2, where 𝑧0 is replaced 

with 𝑧0,𝑀2 = 𝑧0/𝑀
2: 

𝜔(𝑧) = 𝜔0√1+ (
𝑧

𝑧0,𝑀2
)

2

  . 

2.49 

 

2.2 Basics of Nonlinear Optics 

Nonlinear polarization 

The polarization invoked by light traveling through a medium gives rise to the phenomena of 

nonlinear optics. Depending on the symmetry of the material, different types of nonlinear 
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processes can take place. In this section the basics for important nonlinear effects are detailed, 

as described in many text books [68,69,71]. 

The left-hand side of the wave equation 2.9 describes the electric field of the initial 

electromagnetic wave traveling through the medium. The right-hand side describes the 

polarization of the medium invoked by the electromagnetic wave. Depending on the material, 

the polarization can contain nonlinear components, which is due to its characteristic nonlinear 

susceptibility 𝜒. In general, the susceptibility is a three-dimensional tensor, which accounts for 

the three-dimensionality of the optical material. Here the one-dimensional case is described, 

which is valid for one certain alignment between the incident wave and the nonlinear material. 

A Taylor expansion for the susceptibility can be used to describe the response of the 

polarization of the material to the electric field. The resulting nonlinear susceptibility coefficients 

𝜒(𝑛) with 𝑛 ≥ 2 can then be used to calculate the nonlinear material polarization:  

𝑃𝑁𝐿(𝑥, 𝑡) =∑𝑃𝑁𝐿
(𝑛)

𝑛

=∑𝜖0𝜒
(𝑛)𝐸𝑛

𝑛

(𝑥, 𝑡) 2.50 

 

Depending on the symmetry of the material, the even or odd elements of 𝜒(𝑛) vanish due to 

symmetry conditions. For non-centro-symmetric materials, all odd contributions vanish, so the 

lowest nonlinear contribution is of second order. In turn, for centro-symmetric materials, all 

even contributions vanish, leaving the third order as the lowest nonlinear contribution n.  

 

Second order nonlinear effects  

The second order nonlinear polarization for an incident field 𝐸(𝑥, 𝑡) = 𝐸0𝑒
𝑖𝜔𝑡 is given by  

𝑃𝑁𝐿
(2)(𝑥, 𝑡)  = 𝜖0𝜒

(2)𝐸2(𝑥, 𝑡) 

= 𝜖0𝜒
(2)𝐸0

2𝑒𝑖2𝜔𝑡 

2.51 

 

This means, that a light wave with frequency 2𝜔 is generated due to the quadratic dependence 

of the material polarization on the electric field of the driving wave. This phenomenon is called 

second harmonic generation (SHG).  

Other second-order nonlinear effects occur, if multiple (≥ 2) light waves are applied together 

to the nonlinear material, eg. 𝐸1(𝑥, 𝑡) = 𝐸1𝑒
𝑖𝜔1𝑡 + 𝑐𝑐. and 𝐸2(𝑥, 𝑡) = 𝐸2𝑒

𝑖𝜔2𝑡 + 𝑐𝑐. . Then 𝑃𝑁𝐿
(2)

 is 

given by: 
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𝑃𝑁𝐿
(2)(𝑥, 𝑡)  = 𝜖0𝜒

(2) (𝐸1 (𝑥, 𝑡) + 𝐸2 (𝑥, 𝑡))
2

 

= 𝜖0𝜒
(2) (𝐸1

2𝑒𝑖2𝜔1𝑡⏟      
𝑆𝐻𝐺

+ 𝐸2
2𝑒𝑖2𝜔2𝑡⏟      
𝑆𝐻𝐺

+ 2𝐸1𝐸2𝑒
𝑖(𝜔1+𝜔2)𝑡⏟          
𝑆𝐹𝐺

+ 2𝐸1𝐸2
∗𝑒𝑖(𝜔1−𝜔2)𝑡⏟          
𝐷𝐹𝐺

+ (𝐸1 𝐸1
∗ + 𝐸2𝐸2

∗)⏟          
𝑂𝑅

) 

2.52 

 

Hence, in addition to the SHG of the two input frequencies, the sum frequency (SFG) and 

difference frequency (DFG) are generated due to the material response. A static component 

with frequency 𝜔 = 0 is also created, called optical rectification (OR). 

 

Third-order nonlinear effects 

The third-order nonlinear polarization for an incident field consisting of three waves  𝐸𝑗(𝑥, 𝑡) =

𝐸𝑗𝑒
𝑖𝜔𝑗𝑡 , with 𝑙 = 1,2,3 , gives rise to the third-order nonlinear processes. When sorting the 

contributions for their frequencies 𝜔𝑗, the nonlinear polarization is given by: 

𝑃𝑁𝐿
(3)(𝑥, 𝑡)  = 𝜖0𝜒

(3) (𝐸1 (𝑥, 𝑡) + 𝐸2 (𝑥, 𝑡) + 𝐸3 (𝑥, 𝑡))
3

 

= 𝜖0𝜒
(3)

(

 
 
 

∑|𝐸𝑗|
2
𝐸𝑗𝑒

𝑖𝜔𝑗𝑡

𝑗⏟          
𝑆𝑃𝑀 (𝑇𝑃𝐴)

+∑𝐸𝑗
3𝑒𝑖3𝜔𝑗𝑡

𝑗⏟        
𝑇𝐻𝐺

+∑(|𝐸𝑗|
2
+ |𝐸𝑘|

2)𝐸𝑙𝑒
𝑖𝜔𝑙𝑡

𝑗,𝑘,𝑙⏟                
𝑋𝑃𝑀

+ ∑ 𝐸𝑗𝐸𝑘𝐸𝑙𝑒
𝑖(𝜔𝑗+𝜔𝑘+𝜔𝑙)𝑡

𝑗,𝑘,𝑙
𝑤/𝑜  𝑗=𝑘=𝑙⏟                    

𝐹𝑊𝑀 )

 
 
 

 

2.53 

 

Note that the complex conjugates of the electric fields are not written out for simplicity, but 

must be considered for the complete evaluation of 𝑃𝑁𝐿
(3)(𝑥, 𝑡).  

The most important effects in the context of high-power and high-intensity lasers stem from 

the first term of equation 2.53. They are discussed in the following. 
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Optical Kerr Effect 

The contributions of 𝑃𝑁𝐿
(3)(𝑥, 𝑡) with one of the input frequencies 𝜔1, 𝜔2, 𝜔3 lead to an effective 

modulation of the susceptibility and hence a modulation of the refractive index of the material. 

This effect is often referred to as the optical Kerr effect [93]. It can be derived by calculating 

the total polarization 𝑃𝑇𝑂𝑇 for a centrosymmetric medium, as induced by a monochromatic 

wave with frequency 𝜔: 

 

 

𝑃𝑇𝑂𝑇(𝜔) = 𝑃𝐿𝐼𝑁 + 𝑃𝑁𝐿 = 𝜖0𝜒
(1)𝐸(𝜔) + 3𝜖0𝜒

(3)|𝐸(𝜔)|2𝐸(𝜔) 

= 𝜖0 (𝜒
(1) + 3𝜒(3)|𝐸(𝜔)|2)⏟              

𝜒(𝑒𝑓𝑓)

 𝐸(𝜔) 

2.54 

 

Using the definition of the refractive index 𝑛𝑒𝑓𝑓
2 = 1 + 𝜒(𝑒𝑓𝑓), the refractive index can be written 

as a function of the time-averaged intensity of the optical field  𝐼(𝑥, 𝑡) = 2𝑛0𝜖0𝑐 |𝐸(𝜔)|
2: 

𝑛𝑒𝑓𝑓 = 𝑛0 + 𝑛2 ⋅ 𝐼(𝑥, 𝑡) , 
2.55 

 

with the nonlinear refractive index 

𝑛2 =
3

4𝑛0
2𝜖0𝑐

𝑅𝑒(𝜒(3)) . 
2.56 

 

The optical Kerr effect gives rise to important phenomena of nonlinear optics, including self-

phase modulation (SPM) and self-focusing (SF) of laser beams. SF will be discussed in more 

detail in section 2.3. SPM is an instantaneous modulation of the temporal phase due to the 

varying intensity of a pulsed laser signal, that can cause significant spectral broadening of the 

input spectrum of the pulse. As an example, consider an unchirped, Gaussian pulse, according 

to equation 2.32, 𝐼(𝑡) = 𝐼𝑝𝑒𝑎𝑘 ⋅ e
−2(

𝑡

𝜏0
)
2

. Then the real part of the refractive index is given 

according to equation 2.55 and leads to a modulated propagation constant 𝑘: 
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𝑘(𝜔0) =
𝜔0
𝑐
⋅ 𝑛𝑒𝑓𝑓 

=
𝜔0
𝑐
𝑛0 +

𝜔0
𝑐
𝑛2 ⋅ 𝐼(𝑥, 𝑡) 

= 𝑘0 +
Φ𝑁𝐿
𝑧

 

2.57 

 

with Φ𝑁𝐿 = 𝑧 ⋅
𝜔0

𝑐
𝑛2 ⋅ 𝐼(𝑥, 𝑡).  

The resulting temporal phase 𝜑(𝑡) = 𝜔0𝑡 − 𝑘(𝜔0)𝑧 is thus modulated by the instantaneous 

optical field intensity 𝐼(𝑥, 𝑡). For the case of the Gaussian pulse shape, this leads to a 

modulated instantaneous frequency 𝜔(𝑡): 

 

𝜔 = −
𝜕𝜑

𝜕𝑡
 

= 𝜔0 −
𝜕

𝜕𝑡
Φ𝑁𝐿 

= 𝜔0 −
𝜔0𝑛2
𝑐

𝑑𝐼(𝑥, 𝑡)

𝑑𝑡
 

= 𝜔0 + 
𝜔0𝑛2
𝑐

⋅ 4 𝐼𝑝𝑒𝑎𝑘
𝑡

𝜏0
2 𝑒

−2(
𝑡
𝜏0
)
2

  

2.58 

 

The effect of SPM on a Gaussian pulse is qualitatively plotted in Figure 2.10. In panel (a), the 

instantaneous frequency shift is overlayed with the Gaussian intensity shape. In panel (b) the 

electric field oscillations of the phase-modulated pulse are shown.  

 

Figure 2.10: Illustration of self-phase modulation. (a) The initial pulse with a Gaussian shape 

leads to a frequency modulation dependent on the slope of the pulse edges. (b) The frequency 

modulation leads to red-shifted frequencies generated at the leading edge of the pulse, and 

blue-shifted frequencies generated at the trailing edge of the pulse. 
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Two-photon absorption (TPA) 

Any imaginary contributions of 𝜒(3) in the first term of equation 2.53 have an influence on the 

imaginary part of the refractive index an therefore give rise to TPA instead of SPM. As a 

consequence, the absorption coefficient 𝛼 depends on the intensity of the optical field: 

𝛼𝑒𝑓𝑓 = 𝛼0 + 𝛼2 ⋅ 𝐼 , 
2.59 

 

where the nonlinear absorption coefficient 𝛼2 is given by the imaginary part of 𝜒(3): 

𝛼2 =
−3𝜔

2𝑛0
2𝜖0𝑐

2
𝐼𝑚(𝜒(3)) . 

2.60 
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2.3 Filamentation and Breakdown of Optical Pulses 

Self-focusing  

Next to the above described mechanism of self-phase modulation, the optical Kerr effect also 

gives rise to the phenomenon of self-focusing of a laser beam. For a spatially inhomogeneous 

beam profile, the nonlinear refractive index is modified according to equation 2.55 across the 

beam profile. If 𝑛2 > 0, then the lateral refractive index profile corresponds to a positive lens, 

that is self-enhanced as the beam narrows. As a result, the beam is focused upon propagation 

through the transparent nonlinear material, as shown in Figure 2.11. 

 

Figure 2.11: Illustration of the effect of self-focusing in a transparent nonlinear material.  The 

radial intensity distribution 𝐼(𝑟) leads to a positive lens if 𝑛2 > 0. Figure taken from [11]. 

To overcome diffraction, the peak power of the laser pulse must exceed a critical power. For 

the case of a Gaussian beam profile the critical power for self-focusing is given by [11]: 

Pcrit = 
3.77 ⋅ 𝜆0

2

8𝜋 ⋅ 𝑛0𝑛2  
 

2.61 

 

For the case of propagation in air under normal atmospheric conditions, 𝑛0 = 1 and 𝑛2 ≈

3 ⋅  10−23
𝑚2

𝑊
, [11,14] which leads to a critical power of ≈ 5 GW at a wavelength of 𝜆0 = 1030𝑛𝑚 

[94]. Importantly, it is the peak power of the laser pulse (instead of the peak intensity) that 

eventually leads to the collapse of an initially collimated beam at a distance 𝐿𝑐, which is 

dependent on the Rayleigh length 𝐿𝐷𝐹 of the beam [95]: 

Lc = 
0.367 ⋅ 𝐿𝐷𝐹

√[(
𝑃𝑖𝑛
𝑃𝑐𝑟𝑖𝑡

)

1
2
− 0.852]

2

− 0.0219  

 . 
2.62 
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For non-collimated beams, the distance until beam collapse is altered. If the beam is passing 

through an additional lens with a focal length 𝑓, then the collapse distance is given by: 

1

Lc,f
=
1

Lc
+
1

𝑓
 . 

2.63 

 

Filamentation 

The self-focusing effect of laser beams leads to increased optical intensities as the beam 

diameter decreases. Eventually, this leads to ionization of the transparent medium, first via 

multi-photon ionization and at higher via intensities tunnel ionization. Due to the radial gradient 

of the density of the generated plasma 𝜌(𝑟, 𝑡), the effective refractive index is modulated and 

reduced at the center of the laser beam [96]: 

𝑛 ≈ 𝑛0 −
𝜌(𝑟, 𝑡)

2𝜌𝑐𝑟𝑖𝑡
 . 

2.64 

 

Here, the critical plasma density 𝜌𝑐𝑟𝑖𝑡 gives the threshold above which the plasma becomes 

opaque for the laser light, and is given by: 

𝜌𝑐𝑟𝑖𝑡 = 𝜖0𝑚𝑒𝜔0/𝑒
2 

2.65 

 

where 𝜖0 is the vacuum permittivity, 𝑚𝑒  is the electron mass, 𝜔0 is the frequency of the 

electromagnetic wave, and 𝑒  is the electron charge. 

As a consequence, thin plasma channels can be formed in transparent media, enabled by the 

balance between the Kerr self-focusing effect and the defocusing effect due to the generated 

plasma. An illustration is shown in Figure 2.12. Interestingly, the intensity reached within the 

core of a filament is clamped due to locally saturated self-focusing at the center of the filament, 

which causes local defocusing and thereby limits the reached intensity [97]: 

𝐼 ≈
0.76 𝑛2𝜌𝑐
𝜎𝐾𝑡𝑝𝜌𝑎𝑡

. 
2.66 

 

 

The diameter of the filament is then given by [10,98]: 
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𝜔0 ≈ (
2𝑃𝑐𝑟𝑖𝑡

𝐺𝑎𝑢𝑠𝑠

𝜋 ⋅ 𝐼 
)

1
2

  , 

2.67 

which give a value of 𝜔0 ≈ 100 µ𝑚 for a laser pulse at a wavelength of 1030 nm filamenting in 

air. The clamped intensity 𝐼 has been shown to lead to an amount of power contained in a 

filament close to the Pcrit.. 

 

 

Figure 2.12: Balance between Kerr self-focusing and plasma defocusing in filaments.  Figure 

taken from [11]. 

The nature and theoretical description of laser filaments has been studied and summarized in 

several books and review papers since their first demonstration in 1995 [10] [11,12,14,99,100]. 

While the first demonstration  of filamentation of ultrashort laser pulses occurred in a laboratory 

environment, filaments extending over hundreds of meters have been demonstrated in open-

air experiments [29,101]. 

 

Multifilamentation 

For laser pulses exceeding by far the critical power Pcrit given in equation  2.61, the spatial 

frequencies (noise) present in the transverse laser beam profile lead to the formation of 

multiple filaments within the beam profile due to a spatial modulational instability (MI) effect 

[11]. For pulsed laser beams with a Gaussian profile, the threshold peak power PMI for the 

MI  effect starting from spatial intensity noise was reported to be approximately 

PMI ≈ 100 ⋅ Pcrit  [102]. The total number of filaments 𝑁𝑓𝑖𝑙  can then be estimated from the ratio 

of the total peak power PLaser and the critical power Pcrit [103]: 

𝑁𝑓𝑖𝑙 ≈
PLaser
5 ⋅ Pcrit

   . 
2.68 
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3 Front-End  

The front-end of the developed laser system acts as a stable source of medium-energy laser 

pulses for further amplification in the main amplifier. It consists of the seed oscillator and the 

first high-power regenerative amplification stage. For the complete multi-stage CPA system, 

the front end represents a key component to achieve the Joule-level, kilowatt-class ultrafast 

laser output. It will be presented in this chapter. 

3.1 Seed Laser 

As an industrial-grade ultrafast laser, the Trumpf TruMicro2000 series was chosen as the seed 

laser for the amplifier chain [104]. It is a fiber-based ultrafast laser typically used for 

micromachining. The advantages of the seed source are its compactness and the industry-

proven reliability with turn-key operation and an internal monitoring system. Several thousand 

operating hours can be achieved without significant maintenance. A photograph of an industrial 

TruMicro2000 is shown in Figure 3.1 (b). 

To adapt the industrialized TruMicro2000 as a seed laser suitable for the following CPA 

amplifier chain, it was equipped with a chirped fiber Bragg grating that temporally chirps the 

ultrafast pulses from the mode-locked oscillator. The output spectrum after passing the CFBG 

is shown in Figure 3.1 (a). At the output, the seed pulses can reach an energy of up to 100 µJ, 

and the repetition rate is reduced to 1 kHz via an external AOM. To facilitate the alignment of 

the laser system, the repetition rate of the TruMicro2000 can be increased up to 100 kHz, 

resulting in an average power up to 10 W.  

 

Figure 3.1: Characteristics of the seed laser.  (a) Spectrum of the seed laser pulses after 

passing the chirped fiber Bragg grating. (b) Photograph of a TruMicro2000 micromachining 

laser [104] (Courtesy of TRUMPF Laser GmbH). 



Front-End 

36 

3.2 Regenerative Amplifier 

The regenerative amplifier is used to pre-amplify the laser pulses to an energy of up to 240mJ. 

The main design aspects were first conceived by TRUMPF Scientific Lasers GmbH & Co. KG 

in 2015 [105] and similar systems are commercially available with the Dira series. Within the 

scope of this thesis, a regenerative amplifier based on the Dira series was built up with some 

modifications to adapt and optimize the system to function as a front end for the multipass 

amplifier. The core design aspects are summarized in this chapter. 

Overview of the regenerative amplifier 

The schematic layout of the regenerative amplifier is shown in Figure 3.2. The main 

components of the system are the seed oscillator, the thin-disk laser head, the Pockels cell, 

the amplifier cavity, and the timing unit. Within each roundtrip inside the cavity, the pulses are 

amplified by passing through the active laser disk. The breadboard-type laser board therefore 

enables flexible alignment and implementation of different folded cavity designs. 

 

Figure 3.2: Layout of the regenerative amplifier.  The beam path the seed in-coupling is marked 

in yellow. The pulses are then amplified in the cavity marked in red. After polarization switching 

by the Pockels cell, the pulses follow the output beam path marked in purple. (a) Seed 

oscillator. (b) Thin-disk laser head. (c) Pockels cell. (d) Amplifier cavity. (e) Timing unit. 
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Cavity design 

The cavity of the regenerative amplifier has to fulfil the following requirements: 

 The resonator must be designed to be stable for the chosen minimum beam size. 

 The thermal lens of the thin-disk induced by the pump must be supported within the 

stability range of the resonator. 

 The beam diameter inside the resonator must be sufficiently large not to exceed the 

laser-induced damage threshold of the involved optics (thin-disk, Pockels cell, thin-film 

polarizer, mirrors).  

To meet these conditions, the main degrees of freedom when designing the cavity are  

 the focal lengths of intracavity telescope mirrors,  

 the mounting radius of curvature (ROC) of the thin-disk  

 the distances between the curved optics. 

A design was found to be both theoretically and experimentally stable using telescope mirror 

focal lengths of fcav = -10.0 m and fvex = 10.0, a disk mounting radius of ROCdisk = 20 m a cavity 

length of approximately 22 meters results, while the beam diameter is maintained above 

3.5 mm within the cavity. The cavity design is shown in Figure 3.3. 

 

Figure 3.3: Design of the resonator of the regenerative amplifier.  The beam diameter is plotted 

as a function of the propagation distance inside the cavity for a thin-disk ROC of 30 m (low 

pump power) and 60 m (high pump power). The positions of the disk reflection are marked in 

green, the positions of the Telescope mirrors are marked in red (convex) and purple (concave). 
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Pump source 

The power required to pump the regenerative amplifier is delivered by two high-power InGaAs 

laser diode stack modules provided by TRUMPF Laser GmbH. Each pump module can deliver 

up to 2 kW of optical power, resulting in a maximum total pump power of  𝑃𝑃𝑒𝑎𝑘 = 4 kW. The 

pump energy provided within a duration of 𝑡𝑝𝑢𝑚𝑝 is therefore 𝐸𝑃𝑢𝑚𝑝 = 𝑡𝑝𝑢𝑚𝑝 ∙ 𝑃𝑃𝑒𝑎𝑘 , scaling 

linearly with the pump duration and the peak pump power. Since the available pump power is 

sufficiently large to provide a multiple of the required pump energy within less than the inverse 

of the repetition frequency of 1 kHz, the pump diodes are driven in pulsed mode. In this way, 

the time interval where the upper energy level is occupied is minimized, which reduces the 

average rate of nonradiative decay processes and therefore the heat generated in the laser 

crystal. The difference between cw-pumping and pulsed pumping are schematically visualized 

in Figure 3.4. As a rule of thumb, the pump pulse duration must be significantly shorter than 

the relaxation time of the employed laser medium in order to reduce the amount of generated 

heat.  

Performance optimization 

The dynamics of regenerative amplifiers have been subject to several studies in the last years 

[106–108]. The initially exponential growth of the pulse energy inside the regenerative amplifier 

as a function of the number of intracavity roundtrips is flattened when approaching the 

saturation fluence of the laser gain material at the current pump power. To meet the optimum 

point of operation, the number of roundtrips has to be traded off with the pump power, in order 

to achieve  

(i) a high pulse energy as desired for experimental applications, with  

(ii) as few roundtrips as possible to minimize the cumulated B-integral, while  

(iii) maximum pulse-to-pulse energy stability is achieved, and 

(iv) the thermal influence is minimized by minimizing the pump power. 

Figure 3.4: Visualization of pulsed pumping vs. cw pumping. 
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Figure 3.5: Amplification with different numbers of roundtrips.  On the top the corresponding 

collimated output beam profiles are shown. 

In practice, the pulses should perform as few roundtrips as possible while already being at high 

energy, in order to minimize the cumulated B-integral. On the other hand, by reducing the 

number of roundtrips, the pump power has to be increased and thermal wavefront distortions 

are provoked by the thermal load of the thin-disk. To find an optimum operation point, the 

number of roundtrips was swept from 21 to 24. At the same time, the pump power was adapted 

in order to maintain 240 mJ of final pulse energy. In Figure 3.5 the intracavity pulse build-up 

signal measured with a photodiode is shown as a function of the number of roundtrips. For 

each number of roundtrips, the pump power was adapted in order to achieve 240 mJ of pulse 

energy. The traces are re-scaled and overlayed for clarity. From the photodiode traces it can 

be seen that during the last two to three roundtrips, the pulses are circulating inside the cavity 

with only marginal energy gain. As a result, the corresponding near-field beam profiles are 

deformed with respect to a fundamental Gaussian mode due to phase distortions, accumulated 

from the thin-disk and the Pockels-cell crystals. The settings with 21 roundtrips were therefore 

chosen for the final point of operation. 

Performance characteristics 

The characteristics of the regenerative amplifier at the chosen operation point are detailed in 

the following. In Figure 3.6 (a) the output pulse energy is plotted as a function of the pump 
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energy, measured using a calibrated photodiode. The optical efficiency is calculated by the 

 

Figure 3.6: Amplification characteristics of the regenerative amplifier.  (a) Amplification slope 

and optical efficiency, measured by a calibrated photodiode. (b) Pulse-to-pulse energy stability 

of 10,000 consecutive shots, measured with a calibrated photodiode. (c) Spectrum of the 

output pulses measured with a grating spectrometer. (d) Evolution of the spectrum before 

(seed) and after (regen) amplification. The transmission of the FBG is included to illustrate the 

cut-off on the long-wavelength side. The spectral emission cross section of Yb:LuAG is 

overlayed and refers to the right-hand ordinate. 

ratio between average output power and average pump power. 240 mJ are achieved at a pump 

energy of 950 mJ, translating to an optical efficiency slightly above 25 %. The fast-time pulse 

energy stability from 10,000 consecutive pulses was also measured using a calibrated 

photodiode. The result is shown in Figure 3.6 (b). The green area marks the standard deviation 

of the distribution (0.21 %), which follows a Gaussian, as shown on the right hand side of the 

figure. After amplification to 240 mJ, the spectrum of the output pulses was measured using a 

grating spectrometer, as shown in Figure 3.6 (c). By fitting a Gaussian curve to the measured 

data, a spectral bandwidth of 1.97 nm (FWHM) is obtained for the output pulses of the 

regenerative amplifier. For comparison, the spectrum of the seed pulses and the spectral 

transmission of the (FBG) are included in Figure 3.6 (d). It can be seen that the center of the 

output spectrum is shifted towards the peak of the gain spectrum of the employed Yb:LuAG 

gain material at room temperature. In addition, the spectrum is narrowed significantly due to 

the gain peak.  
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Figure 3.7: Spectral pre-shaping of the seed pulses to compensate for the gain narrowing.  (a) 

Spectra of the seed pulse with and without shaping. (b) Spectra of the amplified output pulses 

with and without spectral pre-shaping. A bandwidth increase of 37 % is achieved. 

Spectral pre-shaping 

An attempt to counteract the observed gain narrowing was performed using a spectral light 

modulator (SLM). The spectral intensity of the seed pulses was pre-shaped with the SLM so 

as to pre-compensate for spectral evolution during pulse amplification [109]. In Figure 3.7 the 

spectra of the seed pulses and the spectra of the amplified pulses at 208 mJ are shown both 

with and without spectral pre-shaping. By attenuating the seed pulses in the spectral region 

around the peak of the spectral gain, a broader spectral intensity distribution is obtained after 

pulse amplification. The spectral bandwidth of the output pulses from the regenerative amplifier 

could be increased by 37 % from 1.90 nm to 2.6 nm using this technique.  

 

Figure 3.8: M2 measurement of the uncompressed output of the regenerative amplifier. (a) The 

measured beam diameter in the major and minor axis show an M2 parameter of 1.19 and 1.18, 

respectively. On the top, the beam profiles at the indicated z-positions are shown. (b) Near-

field beam profile at the output of the regenerative amplifier. 
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Beam quality of the regenerative amplifier 

Enabled by the one-dimensional heat flow in the back-side cooled laser disk, the beam quality 

of thin-disk based regenerative amplifiers can typically approach close to the diffraction-limit 

of fundamental mode Gaussian beams. To quantify the beam quality, M2 measurements 

according to the ISO 11146 standard [110] were performed using a home-built setup including 

a motorized linear stage and a high dynamic-range CCD camera. Evaluation of the beam 

diameters was performed using the second moment method [111] and using the beam 

diameters along the determined major and the minor axes (not X and Y directions). A typical 

M2 measurement is shown in Figure 3.8. By fitting the model to the data with the M2, w0 and z0 

as free parameters, a beam quality of M2
Maj. = 1.19 and M2

Min. = 1.18 is obtained.  

Long-term stability of the regenerative amplifier 

Stable operation over several hours is an important condition for the regenerative amplifier, as 

its purpose is to serve as a front end for the high-energy multipass amplifier. The high average 

pump power close to 1 kW and the high circulating power in the cavity are causing thermal 

drifts of the optics and therefore of the beam pointing. This will translate to a pointing instability 

of the output beam and as a consequence a change of the pulse energy. To compensate for 

the thermally induced drift, an active beam stabilization based on position-sensitive detectors 

and piezo-controlled mirrors is included, and the pump power is actively controlled as fed-back 

from a photodiode continuously measuring the pulse energy. As a result, the regenerative 

amplifier can be operated over tens of hours at the full output energy, with no manual 

corrections necessary. In Figure 3.9 a long-term measurement over >13 hours is shown. The 

regenerative amplifier was operated at 240 mJ and is stabilized by both the piezo-controlled 

mirrors and the pump power modulation, resulting in a very reliable front laser source.  

 

Figure 3.9: Long-term measurement of the regenerative amplifier.  (a) Pulse energy (PEM) and 

pump modulation of the energy stabilizer (PID) in percent of the nominal peak pump power. 

(b) Actuation of the piezo mirrors of the active beam stabilization stages. 
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Operation at different Repetition Rates 

It is interesting to investigate the energy storage in the active laser medium of the regenerative 

amplifier at different repetition rates. While the pump energy per seed pulse is maintained 

constant, the average pump power scales linearly with the repetition rate. Therefore, thermal 

effects are revealed as well as the influence of the decay time of the upper laser level. For 

higher repetition rates, the thermal load of the disk increases with the average pump power, 

translating to a lower optical-to-optical efficiency. To obtain the same output pulse energy, the 

pump power would have to be increased at a higher repetition rate. On the other hand, the 

lifetime of the upper laser level of approximately 985 µs of Yb:LuAG [112] is on the order of 

the relevant repetition rates around 1 kHz, so the pump energy for a previous pulse can still 

contribute to the energy content in the disk during amplification of the next pulse. In Figure 

3.10 (a) the measured amplification slopes are shown for repetition rates of 250 Hz, 500 Hz, 

and 1 kHz. It can be seen that, in the chosen parameter regime (pump energy, duty cycle, 

efficiency, cavity design, disk geometry), the efficiency of the pulse amplification increases with 

the repetition rate. The cumulative effect of consecutive pump pulses at higher repetition rate 

at the same time scale as the excited-state lifetime of the laser-active ions contributes 

significantly to the overall energy stored in the thin disk.  

 

Figure 3.10: Operation of the regenerative amplifier with different repetition rates.  (a) 

Amplification slopes at different repetition rates. (b)-(d) Near-field output beam profiles for the 

repetition rates 1 kHz (b), 500 Hz (c), 250 Hz (d). 

The thermal effect acting detrimental on the efficiency with respect to the repetition rate is still 

weak at the chosen repetition rates. From the comparison of the amplification slopes it can be 

seen that at low pump energies the output pulse energies are even further apart compared to 

high pump energies. This indicates that thermal effects favoring operation at lower repetition 

rate are becoming relevant in this pump power regime. 
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Compression of the Regenerative Amplifier Output  

The compressor as designed for compression of the Joule-class output pulses was used to 

compress the output pulses from the regenerative amplifier. In principle the compressor 

configuration does not differ for the compression of different pulse energies. However, 

nonlinear effects occurring in the gain medium and other transmissive optics can slightly alter 

the spectrum and the spectral phase. This will be discussed in more detail in section 6. The 

measurements of the pulse compression are shown in Figure 3.11.  

 

Figure 3.11 Compression of the regenerative amplifier output.  (a) Measured compressed 

output power as a function of uncompressed output power. The slope of the linear fit yields a 

compressor efficiency of 86 %. (b-c) Beam profile of the raw compressed output, original sized 

(b) and de-magnified (c) using a Galilean telescope for visualization with the CCD camera (chip 

size 12.5 mm x 10 mm). (d) Autocorrelation trace of the compressed pulses with narrow 

scanning window. (e) Autocorrelation trace of the compressed pulses with large scanning 

window. Both traces are fitted with a Gaussian curve to extract the pulse duration of 810 fs.  

The compressor efficiency at this configuration was determined to be around 86 %. The beam 

profile after compression showed some faint horizontal striations, which is caused by the 

compressor gratings. The overall shape of the spatial profile, however, is not notably altered. 

A pulse duration of 810 fs could be achieved with at 195 mJ compressed pulse energy. The 

side-wings visible in the autocorrelation occur from the alignment of the compressor optimized 

for the high-energy output pulses from the multipass amplifier instead of the regenerative 

amplifier. The large-scan-range autocorrelation does not indicate any pre- or post-pulses.  
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4 Study of energy storage and ASE in different thin-disk 

geometries 

The amplifier system presented in this thesis is aimed at providing highest pulse energies. This 

is achieved with an high-energy main amplifier realized as a thin-disk multipass amplifier. One 

of its crucial main component is the thin-disk used as the gain medium in the laser heads. Its 

properties such as the geometry, shape, and doping concentration can have a major influence 

on the amount of energy that can be stored in the disk, and hence the single-pass gain for the 

laser signal. In this chapter, three different thin-disks are characterized with regard to their 

applicability for the multipass amplifier. The results provide an understanding for the further 

layout of the amplifier at the targeted repetition rate. 

4.1 Measurement setup and approach 

In this section the experimental setup and the methods of the study on amplification are 

described. The experimental results ultimately provide information on the gain and energy 

storage of different thin-disk geometries, and allow for selecting the appropriate disk for certain 

laser operation parameters.  

When propagating through the active medium, an optical signal is amplified by a certain total 

gain factor. For a medium with the length L and the dopant ion density N, the gain is given by  

𝐺 = 𝑒𝑔0∙𝐿 = 𝑒𝜎𝑔∙𝑁∙𝐿. 
4.1 

Here, 𝜎𝑔 is the gain cross section, given by 

𝜎𝑔 = 𝛽 ∙ (𝜎𝑒𝑚 − 𝜎𝑎𝑏𝑠) − 𝜎𝑎𝑏𝑠, 4.2 

With the absorption and emission cross sections 𝜎𝑒𝑚 and 𝜎𝑎𝑏𝑠, and the fraction of inverted 

dopant ions 𝛽 [107]. 

The gain per single pass through the active medium can be directly measured experimentally. 

If the material parameters and the absorption and emission cross sections are known, the 

fraction of inverted dopant ions can be calculated by solving equation 4.2 for β. By replacing 

the gain cross section 𝜎𝑔 according to equation 4.1, this yields: 

 

𝛽 =
1

𝜎𝑒𝑚 − 𝜎𝑎𝑏𝑠
∙ (𝜎𝑎𝑏𝑠 +

ln𝐺

𝑁 ∙ 𝐿
) 4.3 
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To calculate the amount of optically accessible stored energy within the inverted gain volume, 

the energy per photon is considered, and multiplied by the number of excited ions within the 

volume.  

𝐸𝑠𝑡𝑜 =  𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑝ℎ𝑜𝑡𝑜𝑛 ∙ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑐𝑖𝑡𝑒𝑑 𝑖𝑜𝑛𝑠

= ℎ ∙ 𝜈 ∙ 𝛽 ∙ 𝑁𝑑𝑜𝑝𝑖𝑛𝑔 ∙ 𝐴 ∙ 𝐿 
4.4 

 

Where ℎ is Planck’s constant, 𝜈 =
𝑐

𝜆
 is the frequency of the laser-active transition with the speed 

of light 𝑐, and A is the area of the pumped spot on the disk. The stored energy per unit gives 

the stored fluence J and can be calculated via  

 

𝐽𝑠𝑡𝑜 =
𝐸𝑠𝑡𝑜

𝐴
 . 

4.5 

 

The material parameters for a standard Yb doped thin disk are shown in Table 4.1. The data 

is taken from references [75] and [113]. As the emission and absorption cross sections are 

dependent on the temperature, the values for 20 °C, 100 °C, and 140 °C are included.  

 

Table 4.1: Material properties of a standard Yb doped thin disk. 

Parameter Value 

Dopant ions density (Ndoping) at 10 % at. 1.43 ∙ 1027 𝑚−3  [113] 

Dopant ions density (Ndoping) at 7 % at. 1.00 ∙ 1027 𝑚−3 [113] 

Absorption cross section (𝝈𝒂𝒃𝒔,(𝟏𝟎𝟑𝟎𝒏𝒎,𝟐𝟎°𝑪)) 1.49 ∙ 10−25 𝑚2 [75] 

Absorption cross section (𝝈𝒂𝒃𝒔,(𝟏𝟎𝟑𝟎𝒏𝒎,𝟏𝟎𝟎°𝑪)) 1.81 ∙ 10−25 𝑚−3 [75] 

Emission cross section (𝝈𝒆𝒎,(𝟏𝟎𝟑𝟎𝒏𝒎,𝟐𝟎𝑪°)) 2.79 ∙ 10−24 𝑚2 [75] 

Emission cross section (𝝈𝒆𝒎,(𝟏𝟎𝟑𝟎𝒏𝒎,𝟏𝟎𝟎𝑪°)) 2.00 ∙ 10−24 𝑚−3 [75] 

Thermal conductivity  ~7 𝑊 ∙ 𝑚−1𝐾−1 [113] 

 

With these considerations, the measurement of the single pass gain of an optical signal 

propagating through the thin disk under test allows to calculate the inversion in the gain 

medium, and furthermore the stored energy and stored fluence. 
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Measurement setup  

To determine the single pass gain of the different thin disks, a multipass amplifier with 4 passes 

was set up. The regenerative amplifier served as a seed source and was operated at different 

repetition rates but equal pulse energy for the tests. The multipass thin disk was pulsed 

pumped with varying duty cycles and peak power levels.  

 

 

 

Figure 4.1: Schematic sketch of the experimental setup for the study on energy storage.  4 

passes over the disk are aligned via the folding mirrors, amplifying the seed pulses. The output 

power is measured with a powermeter. The stray light scattered off the disk can be analyzed 

temporally with a photodiode and spectrally with a fiber-coupled spectrometer. 

 

By measuring the output power, the small signal single pass gain can be calculated: 

𝐺 =   ((
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛
)

1
4
− 1) ∙ 100% 4.6 
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4.2 Results for 3 thin-disk geometries and discussion 

In this section the experimental results are presented and discussed. In total, three different 

disk geometries were studied. They are listed in Table 4.2 and will be referred to as Disk#1, 

Disk#2, and Disk#3 in the following. 

Table 4.2: Studied disk geometries. 

 Doping concentration Thickness 

Disk#1 10 % at. 125 µm 

Disk#2 10 % at. 400 µm 

Disk#3 7 % at. 750 µm 

 

With a seed pulse energy of 35 mJ the output power as a function of the pump pulse energy 

was measured and converted to the single pass gain (SPG) using equation 4.6. The 

measurements were performed at the shortest possible pump duration, while duty cycles in 

the range from 15 % to 70 % were used to cover the required pump energy range. See Table 

10.1 in appendix A1 for the exact pumping conditions. 

The measurement results are shown in Figure 4.2. In the left column of the figure the SPG 

values calculated according to Equation 4.6 are plotted. The corresponding values for the 

stored fluence calculated via the equations 4.3-4.5 are shown in the right column of the figure. 

From the measured data the following conclusions can be drawn. 

 The single pass gain values are saturated at a certain pump energy, leading to a 

plateau for higher pump energies. The saturation may stem from the energy 

saturation of the disk when approaching the maximum of its energy storing capacity 

or from a parasitic depletion mechanism initiated when a certain population 

inversion is attained (see chapter 2.1.1). 

 The maximum SPG values increase approximately linearly with the total number of 

dopant ions 𝑁𝑑𝑜𝑝
(𝑡𝑜𝑡.) along the thickness 𝑑𝑑𝑖𝑠𝑘 of the disks, i.e.  𝑁𝑑𝑜𝑝.

(𝑡𝑜𝑡.) =

𝑁𝑑𝑜𝑝𝑖𝑛𝑔 ∙  𝑑𝑑𝑖𝑠𝑘 

 For each disk the maximum SPG values decrease when increasing the repetition 

rate, i.e. at higher average pump power. This can be attributed to a higher 

temperature of the active medium, resulting in reduced emission cross sections 

[75].  
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 The relative decrease of the SPG as a function of the repetition rate tends to be 

higher for thicker disks. At a pump energy of 2.53 Joule, the measured data gives 

a reduction of the SPG by 26 % for Disk#1, 26 % for  Disk#2, and 43 % for Disk#3. 

 

Figure 4.2: Measured single pass gain (left-hand side) and corresponding stored fluence (right-

hand side) at different pump pulse energies for three disk geometries. The measurements 

were performed at different repetition rates between 100 Hz and 1000 Hz.  

For the choice of a suitable thin disk geometry, therefore the desired repetition rate must be 

taken into account, in order to achieve a maximum stored energy and hence a maximum SPG. 

A convenient way to compare the performances of the different thin disk geometries is to plot 

the maximum SPG values obtained in the measurements as a function of the repetition rate, 

see Figure 4.3 (a). As expected, the SPG decreases with the repetition rate as the thermal 

load is scaled. At a low repetition rates, disk#3 would be favored for a laser application, as it 

provides the maximum SPG of almost 30 %, followed by disk#2 (23 %) and disk#1 (11%). At 

a repetition rate of 350 Hz there is a cross-over between disk#3 and disk#2, which renders 
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disk#2 favorable for any laser application operating at the corresponding average pump power 

level.  

 

Figure 4.3: Maximum single-pass gain and inversion ( (a) and (b). ) as a function of the 

repetition rate. The thermal influence is responsible for the degradation of the gain. At low 

repetition rates Disk#3 provides the highest gain values (shaded in red). Above a repetition 

rate of 350 Hz, Disk#2 outperforms Disk#3 in terms of single pass gain. Disk#1 outperforms 

Disk#3 at a repetition rate of 1 kHz, but Disk#2 still provides the highest single pass gain. 

 

When extrapolating for repetition rates beyond 1 kHz, another cross-over can be expected 

around 2 kHz between disk#1 and disk#2, making disk#1 the candidate for operation at this 

point. 

Interestingly, when calculating the inversion 𝛽 from the SPG values (see equation 4.3), it can 

be seen that the highest inversion is attained in disk#1 (i.e. the thinnest disk), followed by 

disk#2 and then disk#3. This can be attributed to the total intensity attained in the pumped spot 

on the disk, where a total of 22 pump light passes are cumulated by the multipass pump head 

configuration. The smaller single-pass pump light absorption for thinner laser disks1 leads to 

more pump light reflections, resulting in a higher cumulated intensity, which allows for a higher 

achievable steady-state inversion in the disk, as discussed in chapter 2.1.1 (see Figure 2.5). 

An extensive discussion on modelling the pumping process can be found in [107]. 

Temporal and spectral analysis of the pumping process 

A possible reason for the low value of the inverted fraction is the parasitic depletion of parts of 

the stored energy already during the pumping process. Amplified spontaneous emission (ASE) 

has been identified in the past to be a crucial parasitic process limiting the stored energy and 

the gain in thin disk laser systems [77,78]. To analyze the influence of ASE, the pumping 

                                                

1 at constant doping concentration 
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process was investigated in more detail with temporal and spectral measurements. With a 

photodiode, the temporal signal of pump light and scattered and stray light was measured, 

while the spectra of the emitted light could be measured using a fiber-coupled grating 

spectrometer (see Figure 4.1). The experimental results from the temporal and spectral 

analysis of the pump process are shown in Figure 4.4. The temporal measurements were 

performed for all of the three thin disks, while the spectral measurement was only performed 

for disk#1. All measurements were performed at a repetition rate of 100 Hz to reduce thermal 

effects. The experimental results are shown in Figure 4.4. The signal recorded by the 

photodiode and the spectrometer was not spectrally filtered, therefore the fluorescent emission 

of the laser disk is visible as well as stray pump light. The measurements were performed at 

different pump energies, achieved by modifying the duty cycle and hence the duration of the 

pump pulses. While at low pump energies the photodiode signal (panels (a), (c) and (d)) 

increases approximately linearly with the pump duration, an steeper increase of the signal 

occurs at a pump energy of 2.0 J for disk#1, 3.1 J for disk#2, and 6.14 J for disk#3.  

 

 

Figure 4.4: Photodiode (PD) signals and spectra measured during the experiments.  In all 

measurements the stray light emitted from the disk in forward direction is recorded. (a) PD 

signal for Disk#1. (b) Emission spectra measured for Disk#1 without any seed. (c) PD signal 

for Disk #2. (d) PD signal for Disk#3. 
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The sharp peaks visible in the photodiode traces corresponds to the position of the seed pulse, 

and the pump-seed delay was optimized for the maximum output power before recording the 

data. The sudden increase of the photodiode signal after the position of the seed pulse 

indicates the initiation of an enhanced emission process in addition to the energy extraction by 

the seed pulse. Amplified spontaneous emission (ASE) can be such a parasitic process, that 

is initiated when a certain gain is achieved inside the gain medium. It is known from thin-disk 

lasers, that the multiple partial reflection at the edge of the thin disk, as well as the total internal 

reflection at the thin disk faces can lead to a strong ASE effect limiting the energy storage and 

hence, the gain [77–79]. The increase of signal visible in the photodiode traces after the 

optimum pump-seed delay may therefore originate from ASE losses building up in the thin 

disk, and being both partially scattered and reflected. A spectral measurement  of the scattered 

light was performed for disk#1, as shown in Figure 4.4 (b). For each pump energy set point a 

spectrum was recorded, and the data was normalized to the double-peaks at a wavelength of 

930 nm. From the data it is visible that the emission peak of the laser wavelength at 1030 nm 

is increased for higher pump energies. In conjunction with the temporal photodiode traces 

(panel (a)), this enhanced emission at 1030 nm provides a further indication of ASE being 

evoked above a certain pump energy.  

 

Figure 4.5: Instantaneous gain probed over the duration of the pump pulse at 100 Hz.  The 

graphs on the top are the photodiode traces corresponding to the pump energy set points. The 

graphs on the bottom show the instantaneous gain measured with the setup shown in Figure 

4.1. For the measurements, disk#1 (left) and disk#2 (right) were used.  
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Probing of the instantaneous gain  

In continuation of the results indicating ASE within the pumping process, a further experiment 

was performed to temporally probe the instantaneous gain during a pumping cycle. The same 

measurement setup from Figure 4.1 was used. To obtain the instantaneous gain at a certain 

time delay after the beginning of the pump pulse, the delay of the seed pulse relative to the 

pump pulse was scanned across approximately the lifetime of the gain material, i.e. 985 µs 

[112]. Simultaneously, the photodiode traces were recorded, analogous to Figure 4.4. The 

experimental results are shown in Figure 4.5 for disk#1 and disk#2. For visualization, the 

photodiode traces corresponding to the delays with maximum single pass gain are plotted on 

the same horizontal axis as the measured gain. Therefore, the positions of the seed pulses 

(=sharp peaks) in the photodiode traces coincide with the delay for the maximum gain. As 

energy is deposited and stored in the laser disks after the beginning of the pump pulse, the 

gain increases as expected. For a small pump energy (i.e. a short pump pulse duration) the 

gain then decays exponentially over time, as expected due to the finite lifetime of the excited 

laser ions. When increasing the pump energy, however, a shoulder starts to emerge after the 

maximum of the gain. The pump energy where this shoulder emerges is different for the two 

disk geometries, amounting to 1.47 J for disk#1 and 3.1 J for disk#2. Interestingly, the sudden 

increase of the photodiode signal coincides with the emergence of the shoulder in the gain 

trace. In simulations, similar data has been obtained when modelling ASE in thin-disk lasers 

[78], showing that a further deposition of energy in the gain medium is prevented by ASE when 

the gain attains a certain value.  

 

Figure 4.6: Simulation of the gain build-up as a function of time  during a quasi-cw pulsed 

pumping cycle. When including ASE with a feedback mechanism based on scattering at 

the disk edge, a shoulder and a plateau emerges for long pump durations. Simulation 

parameters are: disk diameter 25 mm, disk thickness 150 µm, pump spot diameter 

11.6 mm, pump power 4 kW, pump duration 1 ms. Figure taken from [78]. 
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A simulation of the gain in a similar Yb:LuAG thin-disk geometry is shown in Figure 4.6.The 

build-up of the gain during pumping is shown with different rates of backscattering at the edge 

of the thin-disk. It can be seen that the occurrence of the shoulder in the instantaneous gain is 

associated with the backscattering rate of ASE photons at the edge of the thin-disk. The 

rollover is attributed to repeated partial reflections of the transversely propagating parasitic 

radiation. For long pump durations, a stationary plateau is eventually formed representing the 

steady state of the dynamic balance between pumping and parasitic ASE. As a result, in order 

to optimize an amplifier using this thin-disk configuration, the pump-seed delay must be 

adjusted to the time when maximum gain is reached, i.e. at the beginning of the shoulder. For 

longer pump durations the gain will roll over and the amplifier be less efficient, as can be seen 

from the photodiode traces in Figure 4.4. Moreover, extra thermal load is induced by pump 

durations beyond the gain rollover point, which should be avoided.  

In conclusion, the experimental results provide information for the optimum operation point for 

a certain thin-disk geometry and peak pump power. Depending on the repetition rate, different 

disk geometries have to be selected to achieve an optimum result. A maximum favorable pump 

pulse energy can be deduced from the measurement for the three disks, where maximum gain 

is attained. Pumping beyond this energy will not result in a higher gain or stored energy, but 

rather deteriorate the thermal behavior of the laser system. 

 

The following conclusions can be drawn for the multipass amplifier developed in the 

framework of this thesis:  

 Disk#2 is favorable among the tested geometries in the regime around 1 kHz repetition 

rate, as the provided gain outperforms disk#1 and disk#3  (see Figure 4.3) 

 The pump energy should be limited to <3.1 J to maximize the gain while minimizing the 

thermal load in the thin disk. This was found by probing the instantaneous gain via 

scanning the pump-seed delay, where a shoulder in the gain trace indicates the 

prevention of further inversion build-up by ASE, in agreement with simulations [78].  

 The pump energy should therefore be limited to <3.1 J to approach close to the 

maximum gain while minimizing the thermal load in the disk. Pumping beyond this 

energy will not result in higher gain or stored energy, but  rather deteriorate the thermal 

behavior of the laser systems 

 The pump power is further restricted by heat-induced damage issues, which may 

constitute the major limitation at high repetition rates. See chapter 5 for more details.  
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5 Thin-disk Multipass Amplifier 

In this chapter the development of the main amplifier is summarized. Three experimental 

concepts were tested, in which the number of laser heads was increased from one, to two, to 

four. Based on the concept using four laser heads, the final design of the multipass amplifier 

was conceived and implemented. In addition to experiments addressing energy extraction, 

strategies for spatial mode conservation and optimization were analyzed. The results were 

applied in the amplification experiments and in the final multipass amplifier. Additionally, the 

key laser components used for the multipass amplifier are presented and characterized in this 

chapter. Furthermore, fundamental criteria for the design and layout of the Joule-class 

multipass amplifier are described, concerning the energy storage in the laser disks, beam 

guiding concepts in the amplifier.  

5.1 Design Considerations  

Energy storage in the laser disk 

In pulsed laser amplifiers, the energy is stored in the laser medium before it is extracted by the 

seed pulses. The energy extraction typically occurs on a time scale of nano- to microseconds, 

corresponding to a seed propagation distance up to hundreds of meters inside the amplifier. 

For the case of diode pumped solid state lasers (DPSSL), the energy is delivered by laser 

diodes. By combining many diode emitters, an optical output power in the range of Ppump =

10 kW is routinely achieved. For the given example, a pump time TPump =
EPump

PPump
= 250 µs is 

required to accumulate an energy of  Epump = 2.5 J. As a consequence for the laser medium, 

the upper-state lifetime must be on the order of, or above the required pump time (≈ 965 µ𝑠, 

for Yb:LuAG [113]) and the geometry and doping concentration of the laser medium must be 

designed such as to be able to store the required amount of energy.  

From the measurements presented in chapter 4.2, the most suitable disk geometry was found 

to be Disk #2. At a repetition rate of 1 kHz, the stored fluence reached 18.5 mJ/mm2 at a total 

pump energy of 2.5 J (see Figure 4.2). Under consideration of the overlap efficiency 𝜂0 ≈ 40% 

of a TEM00 laser beam with a circular flat-top pump profile [114,115], the minimum stored 

energy necessary to provide an extractable energy of 1 Joule  amounts to 2.5 J, corresponding 

to a pumped spot diameter 𝐷2.5J = 13.2 mm in the case of Disk #2. In practice, however, a 

lower energy extraction efficiency can be expected due to losses and a finite number of 

roundtrips. Therefore, either larger pumped areas on the thin-disks or multiple, serially 

combined thin-disks are expected to be required for an amplifier providing an energy of 1 Joule. 
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Thin disk laser heads 

The thin-disk laser heads chosen for the multipass amplifier can host a thin-disk with a 

diameter up to 20 mm. Each thin-disk can be pumped with 12 kW optical power in CW 

operation. In the pulsed operation, the average power is reduced with the duty cycle. Further 

experimental characterization of the pump modules is detailed in section A1. 

The typical pump spot diameter on the thin-disk is ~12 mm, which is determined by the optical 

setup of the pump unit, allowing for a certain focal spot size on the laser disk (beam quality of 

the laser diodes, focal lengths of the imaging optics, magnification). For the thin-disk #2 (see 

chapter 4.2), the energy that can potentially be stored within this spot is 1.92 J. Note that a 

significantly higher amount of pump energy is required to achieve this stored energy.  

High pump light absorption is obtained with a multipass arrangement for the pump beam. A 

total of 44 passes through the laser disk are realized by a parabolic mirror in combination with 

several prism pairs displacing the beam spatially. Due to the overlapping areas of each pump 

pass, the effective pump intensity on the disk is a multiple of the intensity of the pump beam. 

This enables to achieve a high inversion, as described in section 2.1.1 by equation 2.3 and 

Figure 2.5.  

 

Beam guiding  

The paramount benefit of the uni-axial heat flow provided by the thin disk laser geometry at 

the cost of a small longitudinal extension of the gain medium typically leads to low single-pass 

gain factors [42]. Therefore, the seed pulses must pass the thin-disk multiple times to achieve 

a high energy extraction. While in regenerative amplifiers the seed multiplexing takes place 

temporally within a resonator, in multipass amplifier configurations the beam is folded 

geometrically over the disk. Among the most important advantages of multipass amplifiers are: 

 The feasibility for amplification of arbitrary temporal signal waveforms, independent of 

pulse duration, repetition rate, or timing jitter. 

 The linear layout of the amplifier, eliminating the need for an electro-optic switch, 

thereby enabling large beam diameters and hence high pulse energy, that can be 

scaled via the apertures of thin-disk and folding mirrors.  
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Figure 5.1: Schematic visualization of different concepts to achieve stable propagation. 

See the text for details.  

 

On the other hand, the beam routing through the multipass amplifer can be challenging, as 

long propagation distances are realized, and small perturbations of the beam size and 

divergence can be amplified during propagation. Particularly for high-energy and high-power 

lasers, where the beam diameter must be maintained above a certain diameter to respect the 

damage threshold of the optics, several propagation schemes have been proposed: 

 

1) Relay Imaging [56,116,117] 

The 4-f configuration can be used to relay-image the beam at the plane of the thin-disk 

from pass to pass as shown in Figure 5.1 (a). As a result the beam diameter at the thin-

disk is constant and independent on its spherical curvature. This allows for operation 

at different thermal lensing. The foci between the imaging lenses or mirrors lead to high 

intensities and eventually ionization of the air in the case of high peak powers. 

Therefore, such multipass configurations must be realized in vacuum. Another 

drawback is that wavefront distortions of the beam invoked by the disk surface 

accumulate for each pass, as the beam position and size is the same due to the 

imaging process. 

 

2) Resonator-Like Propagation [79,118,119] 

By unwinding the roundtrips of a stable optical resonator, stable propagation can be 

realized in a linear multipass setup. The beam path then follows a concatenation of 

stable resonator segments with length L0, see Figure 5.1 (b). As a result, good beam 

quality is achieved as higher-order modes are suppressed by higher losses. Depending 

on the particular layout, however, long propagation distances either as free propagation 
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or as effective propagation using telescope mirrors are required. Since for high-energy 

pulses the beam diameter must be maintained sufficiently large, a resonator-like 

propagation will lead to long propagation distances in this case. 

 

3) Lens Guiding [44,120,121] 

Stable propagation can be achieved via a balance between periodic focusing and the 

beam divergence due to diffraction. By employing a concave curved disk, the focusing 

takes place at each disk pass. This layout can be designed such, that the wavefront 

curvature matches the disk curvature for each pass, leading to a quasi-collimated 

propagation with stable beam diameter, see Figure 5.1 (c). For the design, the free 

parameters are the disk radius of curvature (ROC), the beam propagation distance 

between two disk passes, the seed beam diameter, and the beam quality of the seed 

beam. For the case of high beam quality and large beam diameters, the divergence is 

low. This leads to large disk ROCs and long propagation distances between two disk 

passes. Moreover, the beam diameter excursions in case of imperfect layout 

parameters are large, eventually limiting the feasibility of the concept due to laser 

induced damage on the optics when the beam becomes too small. An additional 

technological uncertainty is given by the initial disk ROC as it is slightly dependent on 

the manufacturing batch. A further constraint is given by the variable thermal lens, 

depending on the pump power. For thin-disk lasers featuring a thermal lens, this 

approach works only for a certain point of operation. 

 

4) Quasi-Collimated Propagation [122,123] 

A modification of approach No. 3) can be realized by employing additional curved 

mirrors suitable to correct the beam divergence and hence the beam diameter in case 

the beam diameter undergoes large excursions after different passes. The curved 

mirrors can be placed as transfer mirrors between two disk passes. As a result, the 

seed beam can propagate quasi-collimated in the multipass amplifier provided the 

thermal lens of the thin-disk is constant, see Figure 5.1 (d). Therefore, this approach 

works only for a certain point of operation at a specific pump power. On the other hand, 

the beam propagation can be modified and adjusted during the experiment, and high 

pulse energies can be achieved at a specific point of operation. At the same time, 

propagation distances are kept short, allowing for stable operation due to minimized 

pointing instability. For the multipass amplifier realized in the framework of this thesis, 

the quasi-collimated propagation approach was chosen. 
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5.2 Preparatory Experiments 

5.2.1 Characterization of the pump power 

The performance of the available pump modules was tested by measuring the average power 

using a thermal powermeter and a photodiode detecting the stray pump light. The diodes were 

driven in cw operation and pulsed mode at different duty cycles to characterize the dynamics. 

Spectra of the pump light at the different operation points were recorded using a grating 

spectrometer (Ocean optics HR4000). In Figure 5.2 the measurement results are shown. The 

output power shows a linear dependence from the diode current for the different duty cycles. 

In CW mode, the measurement was stopped at 12 kW output power as limited by the 

powermeter capability. The slopes measured at different duty cycles exhibit a linear behavior 

of the pump power with respect to both the pump current and to the pump duration, as can be 

seen from the slopes of the linear fit curves. 

 

Figure 5.2: Characterization of the pump unit comprising 6 pump laser diode modules.  (a) 

Average pump power as a function of the diode current for different duty cycles at 1 kHz. (b) 

Spectra of the pump light measured for different average pump powers. A central wavelength 

of 940 nm is reached at 12 kW average pump power. The absorption cross section of Yb:LuAG 

is overlayed for clarity. (c) Instantaneous pump power measured with a calibrated photodiode. 
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The spectrum of the pump light is shifted by approx. 1.1 nm/kW output power, which is due a 

decreased band gap energy during thermalization of the semiconductor material when 

operating at high powers. However, the broad absorption feature of Yb:LuAG around 940 nm 

also provides a sufficiently high absorption cross section in the range between 920 nm and 

940 nm, as shown in Figure 5.2 (b). In combination with a total of 44 passes of the pump light 

through the thin disk a very high pump light absorption is expected [124].  

5.2.2 Thermal load reduction by pulsed pumping 

As mentioned in chapter 3.2, the thermal load on the disk can be reduced by pumping with 

reduced duty cycle at the laser repetition rate. A reduced thermal load leads to weaker 

wavefront distortions of a beam reflected at the laser disk, and to a reduced change of the 

dioptric power of the disk.  

 

Figure 5.3: Experiment to determine the dioptric power of the thin-disk  as a function of the 

pump power for CW and pulsed pumping. (a) Measured beam diameter after 5 disk passes as 

a function of the average pump power. (b) Modeled beam diameter evolution during the 5-pass 

beam propagation. The green lines mark the position of the thin-disk. The red lines mark the 

position of curved mirrors used to control the beam quasi-collimation. In the model, the dioptric 

power of the thin disk was adjusted such that the output beam diameter matched with the 

measured beam diameter at different pump powers. (c) Resulting dioptric powers of the thin 

disk from the model plotted as a function of the pump power. 
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To characterize the reduction of the thermal load, the dioptric power of the laser disk was 

measured as a function of the average pump power in CW and pulsed operation. In an 

experimental setup, the laser beam was guided five times over the disk, and the output beam 

diameter was measured using a beam profiler camera. The experiment is summarized in 

Figure 5.3.  

In the experiment, the pump power was increased up to 2.5 kW for the case of pulsed pumping, 

and 2.0 kW for the CW case. When using pulsed pumping with a duty cycle of 25 %, the dioptric 

power change is reduced from -18.6 mdpt/kW to -15.16 mdpt/kW. This reflects also the 

reduction of wavefront distortions associated with the thermal load of the disk, which is 

advantageous in addition to the reduced thermal lensing when increasing the pump power. 

For these reasons, a reduced pump duty cycle was employed for the multipass amplifier. 

Note that a maximum average pump power of 2.5 kW was defined as an upper limit throughout 

all experiments carried out in this thesis. This value is based on experience with thin-disk lasers 

using similar parameters of the laser head [125]. 

5.2.3 Influence of the pump spot on the propagation 

General considerations 

The characteristics of the pump spot or the pump volume have an important influence on the 

behavior and the performance of a laser. The spatial distribution of the pump intensity often 

causes an inhomogeneous transverse distribution of the gain coefficient. For the laser signal, 

the inhomogeneous gain can cause phase distortions, which are often undesired since the 

beam profile and the beam quality of near-fundamental mode laser beams can be altered. In 

laser resonators, the degradation of  beam quality and transverse beam profile formally 

corresponds to a (resonant) coupling of the fundamental mode to higher order modes, whereby 

power is transferred to the higher-order modes and the beam quality suffers [126]. Common 

techniques to mitigate such unwanted effects are manifold. First, these concern the layout of 

optical resonators such that parasitic higher-order modes are non-resonant with the desired 

fundamental mode, i.e. a relative Gouy phase shift between the fundamental and the higher 

order mode does not amount to a multiple of 2𝜋 for one resonator round trip. Second, the 

excitation of higher order modes can be avoided by selectively introducing losses to the 

parasitic mode by means of apertures clipping away some of the power carried in the higher 

order modes. In this context, the pump spot can function as a soft aperture for the laser signal 

beam by favoring the fundamental mode by providing higher gain as compared to beam profile 

components belonging to higher-order modes. In other words, it is evident that the profile of 
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the pump spot can have an influence on the propagation of the signal laser beam and therefore 

on the beam quality at the output.  

In the present multipass amplifier, the beam is propagating quasi-collimated and no resonator 

is present in which resonant power transfer to higher order modes could occur. However, non-

resonant power transfer can still introduce significant beam profile distortion, which degrades 

the beam quality. To test the sensitivity of the beam profile on the pump spot, different pump 

spot diameters and shapes were tested for their influence on the beam quality.  

 

 

Pump light transport 

The pump spot is generated by imaging the end of the light homogenizer rod onto the disk 

multiple times using the multipass pump laser head. To collimate the pump light beam exiting 

the homogenizer, a collimation lens is used. By using collimation lenses with different focal 

lengths, the diameter of the collimated beam can be adjusted, while at the same time the focal 

spot size changes inversely proportional according to the magnification factor of the optical 

system. If the distance between the end of the homogenizer and the collimation lens does not 

match with the focal length of the collimation lens, the pump beam is not collimated completely 

and the pump beam remains slightly convergent. When focused by a parabolic mirror designed 

for a collimated incident beam, the thin disk appears behind the focal plane, which results in a 

blurred image and therefore a smoother pump profile with shallower edges. In Figure 5.4 a 

schematic sketch of the pump beam transport is shown for the case of a correctly aligned 

collimation lens at a distance fColli from the homogenizer and at a displacement of dz. In the 

pump head multi-pass configuration, a total of 44 disk reflections are achieved by displacing 

the beam between the disk passes. In Figure 5.5 the pump spots using collimation lenses with 

different focal lengths are shown both for the correct alignment (disk in focus) and for the 

misaligned collimation lenses (disk out of focus). The distribution of the intensity is thereby 

transformed from a flat-top shape to a super-Gaussian with less steep edges.  
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Figure 5.4: Collimation and beam transport of the pump light.  from the homogenizer  to the 

disk. The light exiting the homogenizer rod is first collimated by the collimation lens and then 

focused by the parabolic mirror onto the thin disk. The divergent beam is re-collimated by the 

parabolic mirror, displaced by a retro-reflecting mirror pair, and focused onto the thin disk 

again. The red line shows the beam caustic with a misaligned collimation lens.  

 

 

 

Figure 5.5: Pump spots for different focal lengths of the pump collimation lens.  

 

Experiment on the influence of a de-focused pump spot 

The influence of the focus position of the pump spot relative to the plane of the thin disk on the 

signal beam profile is shown in Figure 5.6. For this experiment, the Gaussian shaped output 

beam from the regenerative amplifier was directed onto the disk 8 times using folding mirrors. 

A small signal power of  a few Watts was used for the experiment, however, the experimental 

results are also valid for higher seed power, as the influence of the spatial gain profile apply to 

smaller signal power equally. The disk was pumped with an average power of 1.75 kW. After 
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each disk reflection, the instantaneous beam profile was measured using a CCD beam profiler 

camera with a chip size of 12.5 mm x 10.00 mm (Spiricon LT665). Curved mirrors were 

implemented between the disk passes to maintain a collimated beam with constant beam 

diameter. From the measured beam profiles, it can be seen that the octagonal shape of the 

focused pump spot is slightly imprinted on beam profiles at the wings, altering the profile for 

each pass. Finally, this leads to an inhomogeneous intensity distribution after 8 passes. The 

same experiment performed with de-focused pump spot yields a more homogeneous intensity 

distribution after 8 passes, and also smoother beam profiles throughout the propagation. This 

is attributed to the enhanced radial symmetry of the de-focused pump spot on the one hand 

(no octagonal shape), and to the smoother intensity distribution inside the pump spot due to a 

small displacement for each pump pass on the other hand.  

 

Figure 5.6: Beam profile evolution over 8 disk passes. for a focused pump spot (a) and a de-

focused pump spot (b). The beam profiles are shown on the camera chip with a size of 

12.5 mm x 10 mm. The pump spot diameter was ~12.4 mm. The black solid lines mark the 

position of the thin disk. The corresponding pictures of the pump spot are included. The beam 

profiles were recorded at the positions of the folding mirrors between the disk passes, marked 

by the red dashed lines. Focal lengths of the curved folding mirrors are indicated. (c) X-Y-

averaged beam diameters (1/e2) measured using 1D-Gaussian fit curves. 
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Experiment on the influence of the pump spot size 

The effect of a decreased diameter of the pumped area on the thin disk relative to the diameter 

of the seed laser mode was tested by replacing the 45-mm pump collimation lens with a 50-

mm collimation lens. A longer focal length leads to a decreased pump spot diameter, as 

visualized in Figure 5.4. For the experiment, the seed beam performed six passes over the 

thin-disk. For the case of a 12.4 mm pump spot diameter, the signal beam diameter increases 

during the propagation until approximately the width of the camera chip (=12.5 mm) is reached. 

The initially Gaussian beam profile is altered, going towards a TEM01 Laguerre-Gaussian 

mode. After exchanging the collimation lens, a pump spot diameter of 11.8 mm is achieved. 

With the same beam folding setup and alignment, the initially Gaussian mode is again altered. 

Here, the TEM01 Laguerre-Gaussian mode shape is more pronounced. Moreover, the beam 

diameter does not increase after the third pass, but the diameter of less than the height of the 

camera chip (=10.0 mm) is maintained.  

This can be understood by considering diffraction at the soft-aperture of the pumped spot on 

the laser disk. The wings of the initially Gaussian beam profile overlapping with an unpumped 

(or lower pumped) region on the thin-disk are amplified less than the center of the beam profile. 

This leads to clipping of the seed beam at the soft-aperture provided by the pump spot, and 

hence to a deformation of the initially Gaussian laser mode.  

 

Figure 5.7: Beam profile evolution over six passes for different pump spot diameters. Top: 

pump spot diameter 12.4 mm. Bottom: pump spot diameter 11.8 mm. The scale is given by 

the CCD chip size of the beam profiler camera (12.5 mm x 10.0 mm). The pump power was 

2.5 kW for both measurements. 
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5.3 Studies on high-energy pulse amplification 

5.3.1 Concept A: Amplifier including 1 thin disk 

Experimental Setup 

A prototype setup was constructed to test the amplification of pulses using one thin disk 

amplifier head. The installation included the laser head consisting of pump unit and thin disk, 

and the folding mirror arrangement on a breadboard.  

 

Figure 5.8 Experimental setup of the first multipass amplifier prototype. Top: Schematic top 

view of the beam propagation for 4 disk passes including a curved mirror after the 2nd pass. 

Center left: folding mirrors for the geometric multiplexing of the seed over the active medium. 

Bottom left:  Pump unit and thin-disk laser head used for the experiments. Right: Overview of 

the experimental setup as seen from the side of the laser head. 
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Experimental results for different amplification passes 

The first experiments on pulse amplification were performed using a pump power of 1.82 kW, 

provided by a pump duty cycle of 30 %. To scale the output pulse energy, pulse amplification 

measurements were performed with 4 to 10 passes over the disk. While maintaining a constant 

pump power, the seed pulse energy was slowly increased by increasing the output energy of 

the regenerative amplifier. The measured data points provide the total gain of the amplifier at 

the current seed energy. In combination, a characteristic slope for the fixed pump power and 

number of amplification passes is obtained. The measurements with up to 10 disk passes are 

shown in Figure 5.9. In case of a small signal, the gain is far from saturation, resulting in a high 

amplification factor of up to 3.1 for the case of 10 disk passes. At higher input pulse energies 

the gain decreases, which becomes especially pronounced at a high number of passes, as the 

cumulated seed fluence through the gain medium is increased. As the saturation fluence is 

reached, the gain is decreased by a factor 1/e = 37 % [4]. For the performed measurement 

with 4 disk passes, the gain is only reduced by approximately 20 %, while the reduction 

amounts to approximately 50% for the measurement with 8 disk passes. The measurement 

with 10 disk passes was interrupted at a seed pulse energy of 100 mJ, as the disk was 

damaged during the measurement by the amplified pulses. 

 

 

Figure 5.9: Amplification with the first multipass amplifier prototype using one thin disk laser 

head. Left: Measurement of the output pulse energy as a function of the input pulse energy for 

4 to 10 amplification passes. The dashed lines show the instantaneous gain calculated by G(n) 

for the measurements with 4 (blue) and 8 (black) passes. Right: Near-field output beam profiles 

after different numbers of amplification passes. 
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Experiments with reduced duty cycle and increased pump power 

Another parameter to increase the achievable output pulse energy from the multipass amplifier 

is the pump power. The amount of energy stored in the disk clearly depends on the available 

pump energy per pulse, on the pump intensity, and on the temperature of the gain material. 

The amplification of pulses at different pump conditions is shown in Figure 5.10 for a constant 

number of 8 disk passes, starting from the parameters used in the previous plot (see Figure 

5.9). In a first step, the pump duty cycle was decreased from 30 % to 20 % while keeping the 

average pump power constant. Here, the peak pump power was increased from 7.8 kW to 

11 kW. An improvement in terms of the output pulse energy of approximately 12 % is obtained, 

when comparing the previous measurements at a seed pulse energy of 110 mJ.  

 

  

Figure 5.10: Pulse amplification with different pump energies 𝐸𝑝 and duty cycles (DC). 

 

This is attributed to both a higher inversion achievable by the increased pump intensity, and a 

lower thermal load due to the shorter pumping interval. By increasing the pump power to 

2.29 kW via a duty cycle of 25 %, the output pulse energy could be increased further to 

maximum of 585 mJ, at a seed pulse energy of 217 mJ. By comparing the output pulse energy 

obtained at 110 mJ seed pulse energy, an improvement in terms of the output pulse energy of 

16 % is obtained, when comparing with the 20 % duty cycle measurement. 

While a high pulse energy could be already be achieved with the presented configuration, the 

spatial profile of the output beam was far from a fundamental Gaussian mode, as shown in the 

inset of Figure 5.10. On the on hand, a the relatively large mode overlap with the pump spot 

(see the fluorescence images in Figure 5.10) provides a high amount of stored energy that can 

be addressed with the seed beam. On the other hand, any inhomogeneities originating from 
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the disk surface or the pump intensity distribution are imprinted on the seed beam, leading to 

the observed wavefront distortions. Maintaining a homogeneous spatial beam profile close to 

a Gaussian mode is therefore be incorporated for future experiments as a necessary condition 

for the configuration of the experimental setup.  

 

Experiments optimized for beam quality 

As discussed previously, the distortions of the spatial seed beam profile were experimentally 

found to increase when the beam diameter is large. Maintaining a small beam diameter on the 

disk can therefore contribute to preserving a homogeneous beam profile, even after several 

disk reflections.  

  

Figure 5.11: Pulse amplification with the alignment optimized for the beam quality.  

 

Furthermore, by slightly tilting the folding mirrors, the positions of the different passes on the 

disk are transversely shifted. Thereby, the output beam profile can be optimized, as both the 

inhomogeneous gain distribution caused by the pump spot, and the roughness of the disk are 

imprinted at different spatial locations in the beam profile. As a cumulative effect, the overall 

distortion can be minimized by optimizing the alignment, as distortions can then compensate 

each other. Additionally, the pump power provides a free parameter that can be slightly varied 

within a narrow interval to optimize the output beam profile. 

In Figure 5.11, the measurement of pulse amplification with a beam propagation optimized for 

the output beam profile is shown. For comparison, the measurement without optimized beam 

profile is included. The achieved output pulse energy is slightly lower for the optimized 

measurement, particularly at a high seed pulse energy. This can be understood by taking into 

account the smaller effective overlap area of the seed laser mode with the pump spot, which 

causes stronger local gain saturation in the case of the smaller beam diameter with 

optimization for the beam quality.  
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In conclusion, by minimizing the seed beam diameter, and by tuning the alignment via folding 

mirrors and pump power, the beam quality can be optimize, at the expense of a slightly  

degraded energy extraction efficiency.  

Experiments with de-focused pump spot and many amplification passes 

Due to the arising local gain saturation, the overlap between the seed beam and the pump 

spot must be increased in order to achieve a higher output pulse energy. With a higher number 

of disk passes, this can be achieved while making use of the optimization strategy mentioned 

in the previous section, i.e. optimizing with folding mirrors and pump power. 

 

Figure 5.12: Pulse amplification using 12 disk passes and a de-focused pump spot.  A 

maximum pulse energy of 489 mJ is achieved with a homogeneous output beam profile. The 

measurement with 8 passes (see Figure 5.11) is included as a comparison. The tangential 

slopes of the two measurements are shown with the dashed lines.  

The results from an experiment for pulse amplification using 12 disk passes are shown in 

Figure 5.12, while the previous measurement using 8 passes is included for comparison. 

Again, the alignment was optimized for a homogeneous shape of the output beam profile, while 

the pump power was slightly increased since no beam quality degradation occurred. 

Additionally, the pump spot was defocused, as described in section 5.2.3. Here, an output 

pulse energy of 489 mJ was achieved, with a homogeneous output beam shape. The depletion 

zone in the pump spot also visualizes a higher overlap of the seed with the pump spot as 

compared with the 8-pass measurement.  

 

An indication for the gain saturation is given by calculating the tangential gain G(n) from the n 

data points using 

𝐺(𝑛) =
𝐸𝑜𝑢𝑡

(𝑛)− 𝐸𝑜𝑢𝑡
(𝑛−1)

𝐸𝑖𝑛
(𝑛)− 𝐸𝑖𝑛

(𝑛−1)  . 
5.1 
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The tangential gain can be interpreted as the gain for any additional small seed pulse energy 

at the current seed pulse energy of the nth data point. For higher additional seed pulse energy, 

the tangential gain will be further reduced. In Figure 5.12 the tangential gain is shown for the 

measurements with 8 and 12 passes are shown. In the small signal region up to a seed pulse 

energy of 30 mJ, the tangential gain for the 12-pass measurement is at the maximum value 

around 6, while it is reduced to ~1.4 at a seed pulse energy of 200 mJ, i.e. a reduction to 23%. 

At the saturation fluence, the small signal gain is reduced to 37% of the initial value [127]. 

Therefore, the amplifier is operated in a regime above the saturation fluence, and further 

increasing the seed pulse energy will not significantly improve the extraction efficiency of the 

amplifier.   

The following conclusions can be drawn from the performed experiments: 

 The seed beam diameter should be as small as possible to preserve a homogeneous 

spatial laser mode.  

 The duty cycle should be as short as possible with a peak pump power as high as 

possible. This minimizes the thermal load on the disk and facilitates a high population 

inversion, leading to a large amount of stored energy and hence, a high gain for the 

seed pulses. 

 By optimizing the alignment of the seed beam on the disk using the folding mirrors, 

wavefront distortions can partially be compensated by successive passes. Slightly 

optimizing the pump power within a narrow interval can also contribute to achieve a 

homogeneous output beam profile. 

 Alignment of the different disk passes for optimized output beam quality resulted in a 

relatively narrow depletion zone at the center of the laser disk. This is detrimental for 

full energy extraction, suggesting to use more than one laser disk for amplification to 

higher pulse energies.  

Medium-power multipass amplifier based on 1 laser head 

Finally, an experimental study was performed using the multipass amplifier layout with one 

laser head, focusing on a high beam quality, qualified by M2 measurements according to the 

ISO16444 standard. Though the output pulse energy could not be amplified to the Joule-level, 

such an amplifier system can still provide a laser output with competitive parameters, so far 

unattained by regenerative amplifiers. Moreover, a medium-high pulse energy of 400-500 mJ 

could be used as a pre-amplifier stage for further amplification. To demonstrate medium-

energy pulses with good beam quality, 6 disk passes were aligned on the disk while optimizing 

pump power, beam diameter, and the seed beam reflection positions on the disk for the spatial 

output mode homogeneity.  
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The M2 measurement setup is shown in Figure 5.13. The beam height is adapter from the 

multipass amplifier to the  M2 measurement setup using a periscope. A wedged beam sampler 

(Thorlabs BSF20-B) reflects a portion of 0.5 % of the pulse energy to the M2 measurement 

stage. A thin-film polarizer with a half-waveplate is used to adjust the power in the 

measurement arm. A f=750 mm lens is used to focus the beam. 

 

Figure 5.13: M2 measurement setup  for the medium-pulse energy output of the multipass 

amplifier setup with 1 thin disk laser head. HWP: Half-wave plate. TFP: thin-film polarizer, 

QWP: Quarter-wave plate. 

The results of the M2 measurements are shown in Figure 5.14. By fitting the measured beam 

diameters along the z-axis with the model, the M2 parameter is obtained. For the chosen 

alignment, the pump power could be adjusted between 2.0 kW and 2.5 kW while the output 

laser mode diameter was only increased slightly, as can be seen from the measured beam 

profiles. By increasing the pump power up to 2.5 kW, a pulse energy of almost 440 mJ could 

be achieved.  The corresponding M2 parameters are plotted on the same axis, showing that no 

deterioration occurs up to an output power of 420 mJ. As a result, a pulse energy of 420 mJ 

can be delivered from such a system with an excellent beam quality of M2 <1.5. 
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Figure 5.14 M2 measurements from the 1-head multipass amplifier  optimized for the output 

beam quality. (a): Measured beam caustics along the major axis for the pump power interval 

from 2.0 kW to 2.5 kW. (b): Output pulse energy and M2 parameters as a function of the pump 

pulse energy. The near-field output beam profiles shown on the top correspond to the pump 

set points. 

 

In summary, pulse amplification with the multipass amplifier comprising 1 thin disk laser head 

was shown up to an energy of 585 mJ when optimizing the setup for the output power. In this 

case, however, the beam profile was strongly distorted, caused by inhomogeneities of the thin 

disk surface due to the thermal load, as well as an inhomogeneous gain across the pump spot. 

To obtain a homogeneous output beam profile, the experiments showed that the seed beam 

diameter must be kept as small as possible, and that the positions of the seed passes on the 

disk must be chosen according to the best output beam profile. Here, 489 mJ could be 

achieved using 12 amplification passes, but strong gain saturation of occurred as must 

amplification passes were centered on the laser disk. Higher pulse energy can therefore by 

achieved by providing more stored energy. The number of laser heads was therefore increased 

for the following concept studies.  
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5.3.2 Concept B: Amplifier including 2 thin disks 

The experimental setup including 2 thin disk amplifier heads is presented in Figure 5.15. 

Similarly to the previous setup, the beam is folded over the laser disks multiple times using 

mirrors. A powermeter (Coherent PowerMax PM1k) is used to measure the output power. In 

this setup, the disks were used in a serial configuration, meaning that the seed pulses are 

passing them alternatingly. In the example shown in Figure 5.15, 4 passes are realized over 

each disk by the folding mirrors (FM). Here, thin disk 1 (D1) and thin disk 2 (D2) are passed in 

the order (D1-FM0°-D2-FM45°- FM45°) x 4. Note that the folding mirrors between D1 and D2 are 

used under an angle of incidence (AOI) of ~0° (FM0°), while the folding mirrors between D2 an 

D1 are two AOI=45° mirrors (FM45°). In this layout, curved mirrors to compensate for the thermal 

lens of the thin disks can be placed between the disks. Thereby, the propagation distance is 

minimized, as compared to the 1-head setup in Figure 5.8, where transfer mirrors are needed 

for each pass containing a curved mirror2. To increase the number of passes, the folding 

mirrors can be arranged in different vertical planes, as shown in the photograph (b) of Figure 

5.15. The pump units and the thin disk laser heads are shown in the panels (c) and (d).  

With this configuration, experiments for pulse amplification were performed in an analogous 

way as for the experimental setup with one laser head. As described in section 5.3.1, the 

configuration was optimized to achieve a homogeneous beam profile at the output of the setup. 

To achieve this, after the finalization of the beam alignment, the input folding mirror was slightly 

tuned and the pump power slightly adjusted. For the experiments, the seed pulse energy was 

increased to 233 mJ, to obtain a better extraction efficiency. The output power of this multipass 

amplifier setup was measured after 2, 4, 6, 8, 10, and 12 disk passes, i.e. after each round-trip 

in the 2-head experimental setup. The measurement results are shown in Figure 5.16, along 

with the corresponding output beam profiles. Note that for the measurements with 10 and 12 

disk passes, the average pump power was increased from 2.0 kW to 2.2 kW and 2.3 kW, in 

order to optimize for the output beam profile via the thermal lens of the disks. A pulse energy 

of 785 mJ was measured at the maximum number of passes (12 passes). The beam profile at 

this point of operation shows some distortions compared to a Gaussian, however, a 

homogeneous profile with only low spatial frequencies is maintained. 

                                                

2 Note that in theory off-axis spherical or parabolic mirrors the compensating mirrors can also be 

integrated in AOI=45° mirrors. However, the cost of such custom shaped optics is much higher than that 

of conventional spherical mirrors. With the small angles of incidence (typically less than 7°) the 

astigmatism induced by the spherical mirrors is small. 
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Figure 5.15: Experimental setup of the second multipass amplifier prototype  including two thin 

disk laser heads. (a): Schematic sketch of the beam propagation for 4 disk passes over each 

disk. The mirrors 2, 5, 8, and 11 can be replaced by curved mirrors, if necessary. The mirror 

are numbered according to propagation of the beam. (b): folding mirrors setup. (c):  Pump units 

used for the experiments. (d): Overview of the experimental setup as seen from the side of the 

laser heads. 
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Figure 5.16: Experimental results from pulse amplification with 2 laser heads.  (a) beam profile 

of the amplified output after different numbers of passes. (b) Experimental results of pulse 

amplification using the setup with two laser heads. (c) The experimental results plotted as a 

function of the number of passes. (d) Extracted energy calculated from the measured data. 

The insets show the partially depleted pump spot after 12 (e) and after 2 (f) passes. (g) Total 

gain of the experimental multipass amplifier setup, calculated from the measured data.  

 

It is interesting to plot the measured output pulse energy as a function of the number of passes, 

as shown in Figure 5.16 (b). While for a low seed energy, the amplification scales rather 

exponentially with the number of passes, the amplification is saturated when increasing the 

seed fluence to 233 mJ. At this point, an increased number of amplification passes will yield 

only little extra output pulse energy. When plotting the energy extracted from the disks by each 

seed pulse (Figure 5.16 (d) ), a strong reduction of the extraction efficiency (extracted energy 

per seed pulse energy) can be seen from the measurement with 12 amplification passes3.  

Here, the gain in the 12 pass measurement is reduced from a factor 8 to a factor 3.3, as shown 

in Figure 5.16 (g).  

                                                

3 A constant extraction efficiency would result in an energy extraction scaling linearly with the seed pulse 

energy.  
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Figure 5.17: Reduction of the tangential gain as a function of the seed pulse energy.  for 

different numbers of amplification passes. The data is calculated from the measurements 

shown in Figure 5.16. using equation 5.1. (a) Tangential gain for the experimental results. (b) 

Gain reduction when comparing the gain at high seed fluence (G(230mJ)) with low seed fluence 

(G(10mJ)). 

To compare the gain saturation with the multipass amplifier concept using only 1 laser head, 

the tangential gain G(n) curves were calculated according to equation 5.1 for the measured 

slopes, which is shown in Figure 5.17. In panel (a) the tangential gain is shown for the slopes 

with 2 to 12 amplification passes. The maximum reduction of the tangential slope with respect 

to the small signal values at low seed energy was calculated according to G(230mJ)/G(10mJ), which  

is shown in panel (b) of the figure 4. While for a small number of passes the tangential gain is 

only reduced to >80% of the initial value, a maximum gain reduction to 30 % is achieved for 

12 amplification passes. This means that the cumulated seed fluence at this point has already 

surpassed the saturation fluence at the depleted zone of the pump spot, which would reduce 

the gain to 37 % of the initial value [127]. A way to reduce the cumulated seed fluence on the 

disk is given by increasing the cumulated area of the seed on the disk, which can be achieved 

either by increasing the seed beam diameter, or by scanning across the disk area with different 

amplification passes. It was shown in section 5.3.1 that with these methods the energy 

extraction efficiency can indeed be increased, however, the beam quality is strongly 

deteriorated. On the other hand, attempting to further increase the output pulse energy by 

realizing more than the 12 amplification passes will further reduce the tangential gain. 

Therefore, a significantly higher output pulse energy is not expected.  

Results from the experimental setup using two laser heads including high-energy pulse 

compression (470 mJ, 900 fs) have been presented in 2019 by the author of this thesis [128]. 

 

                                                

4 Note that for the strongly fluctuating curves (8 and 12 passes), the mean value of 

[G(200mJ); G(200mJ) ; G(230mJ)] was taken. 



Thin-disk Multipass Amplifier 

78 

 

 

Comparison to concept A 

The improvement of the amplifier system achieved by integrating a second laser head into the 

experimental setup can be visualized by comparing the amplification slopes of the experiments 

performed at the same number of passes (=12) and the same pump power (=2.3 kW). The 

slopes are shown in Figure 5.18. First, the output pulse energy could be increased from 

approximately 500 mJ to 780 mJ. This corresponds to an extracted energy of 280 mJ for the 

first setup and and 550 mJ for the second setup, i.e. 275 mJ per laser disk. The output pulse 

energy could therefore be scaled via the number of integrated laser disks. Second, to achieve 

a high output beam quality (i.e. homogeneous output laser mode), the experimentally 

optimized alignment resulted in a depletion zone with limited stored energy content that can 

be addressed by the seed. Therefore, higher output pulse energy could not be achieved from 

this setup.  

To achieve higher output pulse energy, a straight-forward and simple possibility is given by up-

scaling the number of laser heads integrated in the amplifier. This effectively results in more 

total pump power and more total stored energy that is available for pulse amplification. Though 

for small signals the same total gain is expected at an equal number of disk passes, at high 

seed fluence the gain is expected to saturate less. This route was realized for the multipass 

amplifier concept C which is presented in the next section. 

 

 

Figure 5.18: Comparison of experimental results using 1 laser head and 2 laser heads.  (a) 

Experimental results for the pulse amplification. (b) Collimated output beam profile for the 

measurement with 2 laser heads. (c) Collimated output beam profile for the measurement 

with 2 laser head. 
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5.3.3 Concept C: Amplifier including 3 and 4 thin disks 

In the third experimental setup, a total number of 4 thin disk laser heads were integrated and 

arranged similar to concept B, as described in section 5.3.2. An overview of the setup is 

provided in Figure 5.19. The beam routing is indicated by the numbering of the folding mirrors 

as an example for an experimental setup including 4 laser heads, with 3 amplification passes 

on each disk. 

As a first step, experiments with 3 disks were performed for different numbers of amplification 

passes. The experimental results are shown in Figure 5.20 (a) and (b). Up to the maximum 

number of 9 amplification passes, the tangential gain of the slopes is only reduced to 75 % of 

the initial value (i.e. from ~4 to ~3), indicating that unextracted energy is still stored in the disks. 

Note that the pump power was slightly increased (+ 10%) after achieving the full seed energy.  

In panel (b), the experimental results are plotted as a function of the number of passes. For 

comparison, the experimental results using only 1 and 2 laser heads are included. Clearly, an 

improved performance can be seen when comparing the output energy after 9 amplification 

passes when using 3 laser disks (720 mJ) and 2 laser disks (~620 mJ).  

As a second step, a measurement using all four laser disks was performed. The experimental 

results are included in Figure 5.20 for comparison with the other results. Again, the pump 

energy was increased by ~10% after achieving a seed pulse energy of 217 mJ. Finally, an 

output pulse energy of 863 mJ was achieved. At this point of operation, laser-induced optical 

damage on the thin-disk prevented to obtain even higher pulse energy with the setup. 

In conclusion, the integration of further thin-disk laser heads for the multipass amplifier allowed 

to gradually achieve higher pulse energy while maintaining a smooth beam profile. The high 

amount of stored energy available in the amplifier with four thin-disk laser heads allowed for a 

pulse energy above 860 mJ obtained with a maximum number of 12 disk passes. In this 

configuration, the amplifier is still operated in a regime with relatively low energy extraction (i.e. 

below the saturation fluence for the seed). The gain at the full seed energy is therefore still 

high. As a consequence, the beam propagation in the amplifier is not altered significantly while 

ramping up the seed energy, and the alignment and beam quality of the small signal at low 

seed energy is maintained also for the full output power. Moreover, compared to the multipass 

amplifier concept B, the same pulse energy can  be achieved here with at least one disk pass 

less, which can be crucial when aiming for an optimal beam quality. Despite a relatively poor 

overall power efficiency, this concept allows for a stable amplifier with cutting-edge laser 

parameters that have not been attained with other concepts.  
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Figure 5.19: Experimental setup of concept C with 4 thin disk lasers heads integrated.  (a) 

Schematic sketch of the beam propagation in a zig-zag path alternatingly passing the four laser 

disks. In the sketch, 3 passes over each disk are indicated. For the experiments using only 3 

laser heads, the mirrors in the grey shaded area were used. (b) Photograph of the closed 

experimental setup used to reduce air turbulence during pulse amplification. (c) Photograph of 

the experimental setup as seed from the side of the 4 serial laser heads. (d) Top view 

photograph of the experimental setup. 
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Figure 5.20: Experimental results from the setup including up to 4 thin disk laser heads.  (a) 

Output pulse energy as a function of the input pulse energy. The dashed lines indicate the 

tangential gain of the curves with equal color. For clarity, the curves with 5 and 7 passes have 

been spared. (b) Measured data plotted as a function of the number of amplification passes. 

For comparison, some experimental data from the setups using 1 and 2 laser disks are 

included.  
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5.4 Final Multipass Amplifier Layout 

The final design for the multipass amplifier is based on the experimental concept C, as 

presented in the previous section (5.3.3), including 4 thin-disk laser heads. Differently to 

concept C, the final amplifier was divided into two stages to achieve an optimal trade-off 

between beam quality and output pulse energy. A schematic drawing of the setup is shown in 

Figure 5.21, where the two stages are marked. The input beam is stabilized against pointing 

fluctuations using a piezo-controlled beam stabilization stage before entering the multipass 

amplifier. Here, the first two thin-disk laser heads are used to amplify the 240 mJ seed pulses 

from the regenerative amplifier to an energy of 550 mJ. The next two laser heads are used for 

the final amplification of the pulses to 800 mJ, before the temporal compression of the pulses. 

To actively stabilize the beam inside the amplifier against thermal drifts, piezo-controlled 

mirrors are used together with position-sensitive detectors in a closed-loop configuration. ASE 

and other stray light emitted from the laser heads is shielded to a large degree by the water-

cooled pinholes in order to minimize heating of the optomechanical parts. 

Separating the amplification process in two stages has two advantages. First, the beam 

diameter can be varied and adapted for different seed pulse energies, limited by the laser-

induced damage threshold (LIDT) of the optics. In the first stage, the diameter of the seed 

beam is kept as small as possible to minimize the phase aberrations induced in the gain 

medium. In the second stage, the beam diameter is slightly increased, in order to account for 

the higher pulse energy.  

 

Figure 5.21: Schematic top view of the final multipass amplifier.  The stages 1 and 2 are marked 

shaded in red and green, respectively. Beam propagation of in-coupling and input stabilization 

is marked in red. Beam propagation in the multipasss amplifier is marked in blue. Beam 

propagation at the input and output is marked in black. 
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As a second advantage, the number of passes performed in each amplifier stage can be 

chosen such that the cumulated seed pulse energy in each stage is similar (see Table 5.1). 

This allows for the operation of the two stages in similar regimes with respect to energy 

extraction, optimizing the overall achieved gain. Moreover, a similar effective seed mode area 

on the disks of both stages can be achieved by slightly scanning the reflection positions of the 

smaller spots on the disks of stage 1, while the same positions are maintained for the larger 

seed beam on the disks of stage 2.  

The beam diameters after different numbers of amplification passes are shown in Figure 5.22. 

The typical beam diameter in stage 1 is around 5 mm, which is increased to approximately 

6 mm in stage 2. The beam profiles used to measure the beam diameter are stacked on top 

of Figure 5.22. It is interesting to note that the beam profiles at some intermediate positions in 

the multipass amplifier may be inhomogeneous and far from round (see eg the beam profile 

after pass number 6). However, the beam profile may restore its roundness and homogeneity 

after performing more amplification passes, where phase distortions and lateral 

inhomogeneous gain may be compensated. The optimum alignment can be found by slightly 

optimizing the alignment via the folding mirrors.  

Table 5.1: Cumulated fluence in the two multipass amplifier stages.  

pass number n pulse energy after n-th pass (mJ) cumulated pulse energy (mJ) 

1 270 

2775 

2 304 

3 342 

4 385 

5 430 

6 489 

7 550 

8 604 

2796 
9 663 

10 728 

11 800 
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Figure 5.22: Beam propagation inside the final multipass amplifier setup.  The average of the  

beam diameter along the x and y directions after each of the disk passes is plotted, obtained 

from the measured beam profiles. The positions of the disk passes are marked with red dashed 

lines. 7 passes are performed in stage 1 (red shading), 4 passes are performed in stage 2 

(green shading). The beam profiles are measured using the leakage behind the folding mirrors. 

The focal length of the refractive optics between the disk passes is indicated.  

 

Performance characterization of the final multipass amplifier 

The results of the characterization of the final multipass amplifier output are summarized in 

Table 5.2, together with the measurement instrument and method.  

Table 5.2: Summary of the output parameters of the final multipass amplifier. 

Laser Parameter Instrument Value 

average output power powermeter <810 W 

pulse energy  photodiode  <810 mJ 

pulse duration SHG autocorrelator >920 ps 

Spectral bandwidth grating spectrometer 1.7 nm (FWHM) 

collimated output beam profile CCD camera  

beam quality after compression (M2) CCD camera & lin. stage  

pulse energy stability5 photodiode  0.76 % (rms) 

long term stability6 photodiode  0.56% (rms) 

                                                

5 Statistics of 10,000 consecutive laser pulses. 

6 Statistics of the mean pulse energy values calculated every 1000 consecutive laser pulses. 
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The measurement of the output pulse energy as a function of the seed pulse energy is shown 

in Figure 5.23 for different numbers of amplification passes in the final multipass amplifier 

system. The corresponding profiles of the output beam are included. A pulse energy of 550 mJ 

is reached after stage 1 at a seed pulse energy of 240 mJ. With two more passes in stage 2, 

the pulse energy is increased to 660 mJ, and after 4 passes in stage 2 the maximum of 

>800 mJ is obtained. The spatial profiles of the collimated output are shown in the insets 

(b) - (d). The beam quality of the output beams at the different pulse energies was 

characterized by determining the M2 parameter according to the ISO 11146 standard 

[110,111], using a home-built setup including a linear stage and a CCD camera. A lens with a 

focal length of 1000 mm was used for the measurements. The experimental results are shown 

in Figure 5.24 (a) - (c), together with the corresponding beam profiles of the collimated beam 

(near field) and the beam profile near the waist position (far field). The average of the M2 

parameter  along the major and minor axis for the output beams before pulse compression is 

rather constant with (M2
Major+ M2

Minor)/2 = 1.6. However, an increased astigmatism can be 

deduced from the measurement at 800 mJ, which may be due to curved optics (thin disk, 

compensating mirrors) being used with non-zero degree angles of incidence. The beam 

profiles measured near the waist position (see the insets on the right-hand side) resemble 

Gaussian modes and show that the beams can be tightly focused, despite the deviation from 

a fundamental Gaussian mode in the near field.  

 

 

 

Figure 5.23: Performance of the multipass amplifier.  (a) Slopes from operation using 7 

(Stage 1), 9 (Stage 1 + 2 Passes), and 11 (Stage 2) disk passes. (b)-(d) Collimated beam 

profiles measured at the output of the multipass amplifier at 800 mJ (b), 660 mJ (c), and 

550 mJ (d). 
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Figure 5.24: M2 measurements at of the two multipass stages.  The insets show the collimated 

output beam profile (left) and the beam profile in the focus (right). (a)-(c) Measured before 

compression. (a) Stage 1 at 500 mJ output pulse energy (7 disk passes). (b) Stage 1 plus 2 

passes in stage 2 (in total 9 disk passes) at 660 mJ. (c) Stage 2 at 800 mJ (11 disk passes). 

(d) Measured after compression at 720 mJ pulse energy. 

 

The beam quality is deteriorated after pulse compression, as can be seen from the M2 

measurement in Figure 5.24 (d). The mean M2 parameter is increased to 2.1, however, the 

mode profile near the beam waist (see right-hand side inset) still appears round, again 

indicating a high intensity enabled by the tight focus. Note that the beam was expanded by a 

factor of 4 before pulse compression. Therefore the focal beam diameter is also decreased by 

a factor of 4 down to <50 µm, which introduced a higher amount of noise in the measurement, 

as the spatial resolution by the CCD camera pixels remains constant (3.75 µm pixel pitch).  

After compression, the pulse duration was measured using an SHG autocorrelator 

(APE pulseLink 150). The corresponding spectrum was measured with a commercial grating 

spectrometer (Ocean Optics HR4000). Both measurements are shown in Figure 5.25 (a) and 

(b). A spectral bandwidth of 1.71 nm (FWHM) was measured, while from the autocorrelation a 

temporal pulse duration of 920 fs (FWHM) was obtained by fitting a sech2 curve to the 

experimental data. Note that here, the convolution factor that converts between the width of 

the optical pulse and the SHG autocorrelation signal was calculated by a Fourier analysis of 

the measured spectrum. To obtain a realistic result of the Fourier-transform limited pulse 

duration, the spectrum was hard cut off at the wings as visualized in Figure 5.25 (c).  
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Figure 5.25: Spectrum and autocorrelation trace of the compressed output at 720 mJ.  (a) 

Spectrum measured with a commercial grating spectrometer. (b) Autocorrelation trace fitted 

by a sech2 curve, resulting in a FWHM of 920 fs. (c) Spectrum from (a) plotted on a log scale. 

The grey shaded data (<1027.4 nm && >1033.5 nm) is cut off for the Fourier analysis. (d) 

Autocorrelation of the Fourier-limited pulse calculated from the measured spectrum. The sech2 

fit from (b) is included for visualization. A deconvolution factor of 1.44 is obtained. 

The determination of the cut-off position is based on an educated guess, taking as a reference 

the enhanced noise which is clearly visible when plotting the data on a logarithmic scale (see 

Figure 5.25 (c)). From the remaining spectral intensity, a Fourier-transform limited pulse 

duration of 790 fs was obtained, which corresponds to the dashed autocorrelation trace  shown 

in Figure 5.25 (d). Despite experimental efforts to approach closer to the Fourier transform-

limited pulse duration via compressor alignment, no further improvement was possible. This 

could indicate higher-order dispersion of the spectral phase of the pulses, which could originate 

from a mismatch between the dispersion of the CFBG and the grating compressor, and could 

thus not be reversed completely. 

The output beam profiles of stage 1 and stage 2 were measured using CCD camera, both 

before and after passing the pulse compressor. The results are shown in Figure 5.27. Note 

that the beam profiles are not to scale relative to each other , as different cameras were used 

for the beams before compression (Spiricon LT665) and after compression (Basler Beat 

beA4000-62km). This was due to the 4-fold beam expansion between the multipass output 

and the compressor realized by a telescope based on curved mirrors. 
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Figure 5.26: Collimated output beam profiles.  (a): Before compression after stage 1 (550 mJ). 

(b): Before compression after stage 2 (800 mJ). (c): After compression after stage 1 (495 mJ). 

(d): After compression after stage 2 (720 mJ).  

 

The beam profile in Figure 5.26 (c) was recorded after being de-magnified by a lens by a factor 

of 0.5. The beam profile in Figure 5.26 (d) was recorded without de-magnification at different 

transverse locations, which were stitched to obtain the full beam profile. When comparing the 

beam profiles before and after passing the compressor, it can be seen that a similar shape is 

obtained despite the 4-fold magnification.  

The stability of the final multipass amplifier was characterized both on a short-term and a long-

term scale. The pulse energy was measured using a photodiode which was calibrated with a 

powermeter by dividing the measured average power by the repetition rate.  
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Figure 5.27 Stability of the multipass amplifier.  (a) Output pulse energy measured with a 

calibrated photodiode over a time period of >5 hours. During the marked time interval, the seed 

pulse energy was ramped down but the pump remained at full power. (b) Simultaneously 

recorded positions of the piezo-controlled mirrors used to stabilize the beam against thermal 

drift. (c) Pulse-to-pulse energy stability determined from the measurement of 10,000 

consecutive laser pulses. On the top the data is summarized in a histogram.  

 

To measure the short-term stability, the energy of 10,000 consecutive laser pulses was 

measured and analyzed, as shown in Figure 5.27 (c). From the measurement, an rms energy  

stability of 6.1 mJ was obtained, corresponding to an rms-fluctuation of 0.76 % around the 

mean value of 802.4 mJ. To determine the long-term stability, the mean energy values of 1,000 

laser pulses were recorded, providing one data point per second. The measurement was 

performed over approximately 4.5 hours, as shown in Figure 5.27 (a). The measurement 

contains a period of 30 min where the pump power was maintained, but the seed energy was 

ramped down. Therefore, thermalization continued, as the main heat source is the pump light. 

This can be seen from the positions of the piezo-controlled mirrors stabilizing the beam inside 

the multipass amplifier, which are shown in Figure 5.27 (b). While the mirror positions in y-

direction are drifting during the first hour when warming up, the positions are more stable after 

the first hour of the measurement. The continued thermalization is thereby reflected by the 

recurrence of the piezo mirrors to the same positions before ramping down and after re-

ramping up the seed energy. In conclusion, long-term stable operation over more than 4.5 

hours could be demonstrated with a short-term (pulse-to-pulse) energy stability of 0.76 % rms. 
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5.5 Completed LLR Laser System  

In this section an overview of the completed laser system is given, as it was delivered to the 

field experiments performed in the framework of the LLR project. Its performance including first 

results on laser filament generation is described in detail in a recent publication by the author 

of this thesis [62]. A schematic overview is presented in Figure 5.28. As the front end, the seed 

laser with the CFBG and the regenerative amplifier described as in chapter 3 are used. For the 

multipass amplifier, the final layout presented in section 5.4 was implemented. The pulse 

compressor was realized as described in the next chapter 6.  

 

 

 

Figure 5.28: Schematic sketch of the final setup of the developed laser system.  The seed 

pulses are stretched by a CFBG and pre-amplified in a fiber amplifier. The pulses are amplified 

to 240 mJ in the regenerative amplifier. Final amplification takes place in the multipass 

amplifier, which is set up in two stages (stage 1 shaded in red, stage 2 shaded in green). A 

grating pair is used to compress the pulses to <1 ps before the output.  
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For the experimental deployment, the laser system was divided into five modules, that can be 

transported separately and assembled at the experimental site. Each module is supported by 

an aluminum frame featuring castor wheels. The alignment of the modules is preserved by 

centering pins, and rigidity between the modules is achieved by several large-diameter bolts 

and screws in the support frame. A photograph of the assembled laser system at the first 

experimental site (LAL, Orsay, France) is shown in Figure 5.29. The overall dimensions of the 

system are 8.0  x 1.4 m x 1.2 m. The laser is protected by a tent with an air conditioning unit 

reducing large ambient thermal excursions. A mobile fan filter unit is used to provide filtered 

air locally for laser alignment and maintenance. The output beam is housed by a metal tube 

and fed through the tent wall. In the final experiment, a factor-7 beam expander will be used 

to magnify and steer the laser beam (see Figure 7.7), and the beam will be fully housed all 

along its propagation path to prevent strong turbulence before beam expansion. More details 

can be found in [64]. 

 

 

Figure 5.29: Photograph of the completed laser system used for experiments.  From left to 

right, the regenerative amplifier, multipass amplifier, and grating compressor are visible. 
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6 Dispersion Management and Pulse Compression 

6.1 CPA Design and Pulse Stretching 

 Chirped pulse amplification (CPA) was first demonstrated by D. Strickland and G. Mourou in 

1985 as a novel method to achieve prior unattained pulse energies and peak powers [6], which 

has unlocked a new era for the field of ultrafast lasers. By temporally stretching the seed 

pulses, the peak power can be decreased by several orders of magnitude, allowing for much 

higher pulse energies below the laser-induced damage threshold (LIDT) of optical components 

as compared to the original pulse duration. At the same time, nonlinear effects such as self-

focusing and self-phase modulation are strongly reduced or even avoided, which is beneficial 

for the beam quality and the linear (spectral) behavior of the laser amplifier. Since its invention, 

the technique has been technologically matured and is today indispensable for state of the art 

ultrafast lasers with peak powers at or significantly above the terawatt level. 

Temporal pulse stretching  

The laser system at hand is implemented as a chirped-pulse amplification chain. Before 

amplification first to the multi-millijoule level and finally to the Joule level, stretching of the seed 

pulses is achieved by two chirped fiber Bragg gratings (CFBG), matched to the dispersion of 

the grating compressor described in 6.2. Compared to grating-based pulse stretchers, the 

CFBGs require much less space and they can be integrated into the fiber-based seed laser by 

using an optical circulator (see Figure 5.28).  The spectral transmission of the CFBGs  is shown 

in Figure 6.1 together with the group delay as a function of the wavelength.  

 

Figure 6.1: Transmission and dispersion of the two chirped fiber Bragg gratings  used for 

stretching the low-power seed pulses. The reflectivity is approximately 70 % with a bandwidth  

of 8 nm centered around 1030 nm. A GDD of approximately - 500 ps/nm can be deduced for 

each CFBG, which amounts to an effective GDD of approximately -1 ns/nm used to stretch the 

seed pulses. 
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From the slope of the group delay, a group delay dispersion of approximately -500 ps/nm can 

be deduced for each CFBG, amounting to -1000 ps/nm effectively seen by the seed pulses. 

With the measured spectra for the seed and amplified output pulses shown in Figure 6.8, this 

translates to a stretched FWHM pulse duration of ~4 ns for the seed pulses (spectral 

FWHM ~4 nm), and ~1.7 ns for the amplified pulses with 800 mJ before the compressor 

(FWHM ~1.7 nm). 

Waveshaper 

After the CFBGs, a waveshaper (Finisar WaveShaper 1000A) was implemented in the seed 

laser, providing additional flexibility in the dispersion management. This includes: 

 Spectral amplitude shaping of the seed pulses to pre-compensate for gain 

narrowing during pulse amplification. 

 Spectral phase shaping to compensate for any dispersion mismatch between the 

CFBGs and the grating compressor. 

 Spectral phase shaping to introduce additional dispersion without realignment of 

the grating compressor, which can be used to control the final pulse duration for 

application in experiments where the pulse duration must be swept. 

In Figure 6.2 the response of the pulse duration on the manipulation of the GDD with the 

waveshaper is shown. For the measurement, the compressor alignment was optimized for a 

pulse duration of 1 ps, and the pulse duration (FWHM) was measured using an intensity 

autocorrelator. The measurement shows an approximately linear increase of the pulse duration 

with the absolute value of GDD added with the waveshaper. Note the opposite directions of 

the frequency chirp for positive and negative dispersion values.  

 

Figure 6.2: Pulse duration as a function of the GDD, controlled by the waveshaper. Linear 

curves are fitted to the data within the shaded areas. The slopes of the fit give the spectral 

bandwidth corresponding to the temporal pulse width (both FWHM).  
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From a practical perspective, negative values of the dispersion parameter Dλ in units of ps/nm 

mean positive dispersion by definition of the group delay dispersion (see section 2.1.2.2). 

Therefore, when negative values in ps/nm are applied with the waveshaper, the long-

wavelength part of the pulse spectrum is temporally promoted to the front of the pulse, while 

the short-wavelength part is delayed to the end of the pulse. This corresponds to a pulse after 

propagation in a normal chromatically dispersive medium such as fused silica or air. Therefore, 

to (pre-)compensate for chromatic dispersion, positive values have to be used for the 

dispersion parameter Dλ. When no additional dispersion is introduced by the waveshaper, the 

pulses are fully recompressed after passing the grating compressor. The layout and the 

alignment of the grating compressor are described in the following sections. 
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6.2 Layout of the Grating Compressor  

In this section, the layout of the pulse compressor for the constructed laser system is 

described. The compressor is based on multilayer dielectric reflection gratings, arranged in a 

Treacy-type configuration [85], i.e. with each grating being passed twice by each pulse. The 

grating size and line frequency is chosen to meet the requirements regarding 

 Total spectral bandwidth with hard cut-offs as limited by the aperture of the gratings. 

 Maximum fluence on the gratings allowed to prevent optical damage. 

 Optimized diffraction efficiency.  

 Sufficient vertical extension of the small grating for beam separation after compression. 

In Figure 6.3 a sketch of a grating compressor in the Treacy-configuration is shown. The 

dimensioning of the optical components is outlined in the following. 

Minimum input beam size 

With a laser-induced damage threshold (LIDT) of 2 J/cm2 at a pulse duration of 10 ps 

[129][PGL]7, the LIDT at the targeted pulse duration of 900 fs can be estimated by using the 

scaling law proposed in [130]: 

LIDT ∝ τ𝜅   

⇒ LIDT(0.9ps) = LIDT(10ps) ∙  (
0.9ps

10ps
)
0.33

= 0.9 J/cm2. 

6.1 

For a beam with a Gaussian profile, the peak fluence surpasses that of a rectangular pulse by 

a factor ~2. Hence, to obtain an accurate value with respect to the pulse energy and the (1/e2) 

beam diameter, the LIDT must be divided by 2, resulting in a value of 0.45 J/cm2. For the 

further calculation, an additional safety factor of 3 is included, leading to an effective damage 

threshold LIDTeff = 0.15 J/cm2. Together with the maximum expected compressed pulse energy 

Emax=1 J, the minimum beam diameter 2w at a pulse energy Emax=1 J can be calculated: 

F =
𝐸max
𝐴

< LIDTeff 

⟹  2w > √
𝐸max

 𝜋 ∙ LIDTeff
 = 29.1 mm . 

6.2 

                                                

7 Note that the given damage threshold refers to the plane perpendicular to the beam which is incident 

at an angle of 60°onto the grating surface, so the value can be directly used for the calculations. 
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Here, 𝐹 is the real fluence, and  𝐴 = 𝜋 ∙ 𝑟2 is the area inside the beam diameter.  

 

Figure 6.3: Schematic sketch for the layout of the grating compressor (not to scale). See the 

text for details. 

 

The calculated minimum beam diameter 2w = 29.1 mm refers to the 1/e2 width of the beam, 

containing 86% of the total energy. To determine the minimum size of the gratings, the beam 

width corresponding to an energy content of 99%, 𝐷99% = 1.52 ∙ 2w = 44,23 mm is considered. 

The dimensions for the following analysis of the compressor are visualized in Figure 6.3. 

Beam spot size on the first grating 

Projection of the 1/e2 beam diameter onto the first grating under the designed incidence angle 

of α=60° gives the illuminated width Dx,G1 in horizontal direction: 

 Dx,G1 =
𝐷99% 

cos (60°)
= 88.4 mm. 6.3 

An approximately double-sized width of 170 mm was chosen for the first grating, in order to 

provide some buffer space for alignment and to ensure no diffraction or power loss due to the 

hard aperture. 

The beam spot size in the vertical direction remains unchanged, as the grating is tilted in the 

horizontal direction only. To ensure no optical power loss at the hard aperture, the grating must 

extend over a minimum of > 𝐷99% = 88.4 mm in the vertical direction. In order to spatially 

separate the input and output beam, the dimension must be doubled, i.e. >176.8 mm. An 

additional space of 20 mm between the spots of the input and output beam as well as ~15 % 

buffer space lead to a total height of the small grating of 230 mm. 
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Beam spot size on the second grating 

To determine the illuminated width on the second compressor grating, first, the beam diameter 

in x-direction Dx,G1/G2 between the two gratings in the plane perpendicular to the propagation 

direction is calculated under neglect of the angular dispersion of the gratings. It is given by the 

projection of the spot on the first grating to the plane perpendicular to the propagation direction 

of the central wavelength components: 

Dx,G1/G2 = Dx,G1 ⋅ cos (𝛽(𝜆𝑐)
′ ) = 28.5 mm 6.4 

The length of the grating compressor 𝑏 is determined by the dispersion of the CFBGs  

(𝐷2  ≈  −1000 ps/nm) according to equation 2.31, with the dispersion angle of the central 

wavelength 𝛽(𝜆𝑐)
′  given by equation 2.25: 

𝑏 =
𝑐𝑑2

2𝜆
cos2(𝛽(𝜆𝑐)

′ ) ⋅ D2 = 4.87 m 6.5 

The width of beam spot size on the second grating is determined by both the width of the beam 

under projection onto the grating surface, and by the maximum angular dispersion of the 

longest (𝛽𝑟 ) and shortest (𝛽𝑏 ) wavelength component of the pulses. From the CFBGs, a 

maximum bandwidth of approximately 7 nm is given. For the calculation, therefore the shortest 

wavelength component is at 1026.5 nm, and the longest at 1033.5 nm. This results in an 

angular separation of 2.19° (see equation 2.25), which leads to a spatial separation after 

propagation from the first to the second grating of 𝐷𝑥,𝑎𝑛𝑔. = 𝑏 ⋅ tan(2.19°) = 186𝑚𝑚. The 

combined beam width on the second grating Dx,G2 can then be calculated using: 

Dx,G2 = (𝐷𝑥,𝐺1/𝐺2 + 𝐷𝑥,𝑎𝑛𝑔.) ⋅
1

cos (𝛽(𝜆𝑐)
′ )

= 668 𝑚𝑚 6.6 

With a safety space of 10 %, the required grating width would therefore amount to 701 mm.

 

Figure 6.4: Fourier transform limited pulse duration before and after a bandpass. (a) Gaussian 

spectrum with FWHM=2.0 nm.  (b) Fourier transform-limited pulse durations for the Gaussian 

spectrum before and after cutting-off the spectrum beyond a bandwidth of 6 nm. 
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On the other hand, a smaller grating aperture can be sufficient for efficient pulse compression 

as argued in the following. The FWHM of a typical pulse spectrum after amplification to a few 

hundreds of mJ is expected to be around or below 2 nm for the case of room-temperature 

Yb:YAG disk lasers [51,105,131–133]. When assuming a Gaussian spectral intensity 

distribution with a FWHM of 2 nm, 99.96 % of the optical power are contained within a cut-off 

bandwidth of 6 nm centered at 1030 nm, while the Fourier-limited pulse duration remains at 

810 fs. Hence, the Fourier-limited pulse duration of 791 fs obtained from with a cut-off 

bandwidth of 7 nm is only slightly altered. This is illustrated in Figure 6.4, by comparing the 

Fourier transform-limited (FTL) pulse duration of a Gaussian spectrum with a FWHM of 2 nm 

with the FTL pulse duration of the same spectrum after cutting-off the components beyond a 

spectral bandwidth of 6 nm. With a cut-off bandwidth of 6 nm, the required width of the second 

grating is decreased according to equation 6.6: 

Dx,G2
𝐵𝑊=6 nm = (𝐷𝑥,𝐺1/𝐺2 + 𝐷𝑥,𝑎𝑛𝑔.

𝐵𝑊=6 nm) ⋅
1

cos(𝛽(𝜆𝑐)
′ )

= 585 mm. 6.7 

With a safety buffer space of ~5 %, a required grating width of 620 mm is obtained for the 

second compressor grating. 

The height of the second grating is obtained by considering the beam spot size in the vertical 

direction, 𝐷99% = 88.4 mm. Additionally, 15 % of buffer space and 30 mm extra space to 

account for the vertical offset between input and output beam and for alignment flexibility are 

included. This leads to a height of the second grating of 130 mm.  

Experimental Implementation of the Grating Compressor 

A scale model of the compressor was implemented in a CAD drawing software, as shown in 

Figure 6.5. With a ray tracing engine8, the beam propagation was simulated. For the simulation, 

a bandwidth of 6 nm was used, centered at a wavelength of 1030 nm. In Figure 6.5 (a) and (b) 

a top view and a side view of the model are shown. The central wavelength is indicated in 

green, while the long and short-wavelength edges of the spectrum are indicated in red and 

blue. To separate the output from the input beam, the end mirror is tipped by 0.45° to direct 

the beam pointing down by 0.9°. The resulting vertical spatial separation of output and input 

beam at the first grating amounts to 100 mm. This enables to pick up the output beam below 

the input beam using a HR mirror. By using one end mirror instead of a vertical roof mirror pair 

at the symmetry plane of the compressor, a small amount of spatial chirp is induced for the 

beam at the compressor output.  

                                                

8 Autodesk Inventor in combination with the LambdaSpect raytracing plugin. 

file:///D:/TRUMPF/Thesis_Dissertation_WORD/High-repetition-rate%23_CTVL0015e27750625114bd49f1f794dd55f7684
file:///D:/TRUMPF/Thesis_Dissertation_WORD/High-repetition-rate%23_CTVL0015e27750625114bd49f1f794dd55f7684
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Figure 6.5: Layout of the grating compressor.  (a) Top view of the compressor. Mirrors are 

indicated with grey blocks. (b) 3D view of the pulse compressor layout. (c) Zoom-in on the 

small grating. The little amount of residual spatial chirp is visible from the ray tracing at the 

position where the output beam is incident on the small grating.  

 

This is due to the spectrally different optical path lengths between the compressor gratings, 

leading to a stronger vertical displacement for longer-wavelength spectral components. In 

Figure 6.5 (c) the residual spatial chirp is shown with a zoom-in on the small grating. While all 

spectral components of the input beam overlay at the grating, the vertical displacement is 

visible for the output beam, causing spatial chirp. The maximum vertical displacement for a 

bandwidth of 6 nm is 8.2 mm, which leads to an altered minimum pulse duration at the vertical 

edges of the output beam with diameter 𝐷1/𝑒2 ≈ 27 mm [89]. Moreover, the spatially separated 

spectral components within the collimated beam overlay in the center of the output beam; only 

at the edges, the residual vertical spatial chirp alters the pulse duration and the pulse spectrum.  
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Figure 6.6: Results from the compressor ray-tracing.  (a) Resultant output pulse durations 

(FWHM) for different linear displacement of the compressor folding mirror. (b) Output pulses 

after stretching and recompression for different displacements of the compressor folding 

mirror. (c) Spectral phases introduced to a pulse after passing through the two CFBGs and 

the modelled grating compressor as a function of the optical wavelength. (b) Residual 

spectral phase of a pulse after passing through both the CFBGs and the grating compressor. 

The curve is calculated by taking the sum of the data in (d). 

When locally sampled, the pulse duration remains short and the spectrum remains at its full 

width, which is in agreement with the experiments (Figure 6.8 and Figure 6.9). 

The dispersion introduced by the compressor was numerically analyzed via the optical path 

difference (OPD) obtained from the raytracing simulation. The compressor length 𝑏 was swept 

in the simulation, while keeping the input angle of incidence (AOI) on the first grating fixed at 

the design value from the CFBGs, i.e. AOI=60°. By converting the OPD into a temporal delay 

and fitting the data with a polynomial, the first three dispersion orders were obtained. The fit 

curve then represents the group delay, which can be converted into the spectral phase via 

integration over 𝜔. In Figure 6.6 (c) the spectral phases of the CFBGs and the grating 

compressor are plotted. The residual spectral phase after passing both CFBG and compressor 

is plotted in Figure 6.6 (d). The residual values for group delay dispersion (GDD), third order 

dispersion (TOD), and fourth order dispersion (FOD) are indicated. The linear group delay 

dispersion value GDD = −5.564 ⋅ 10−8 fs2 can be converted to the dispersion parameter Dλ via 

equation 2.20: 
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Dλ = −
2𝜋𝑐

 λ2
 𝐺𝐷𝐷 = 1000.68 

ps

nm
 .  

6.8 

 

As per the layout of the CPA design, therefore the dispersion introduced by the CFBGs (see 

Figure 6.1) at the beginning of the CPA chain is finally compensated by the compressor 

dispersion, which can be seen by comparing the dispersion curves of the CFBGs and the 

compressor in Figure 6.6. The higher-order discrepancy between the two curves is eliminated 

experimentally by mutually optimizing the grating distance and the grating tilt angles. In 

addition, the waveshaper an be used to correct the effective discrepancy of the spectral phase 

of the CFBGs and the compressor. In Figure 6.6 (a) the resultant pulse durations for different 

positions of the folding mirror are shown. Figure 6.6 (b) shows the resultant temporal pulse 

shape for three different positions of the filing mirror as an example.  
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6.3 Compression of high-energy output pulses 

Compressor alignment 

For a detailed analysis of the stability and alignment sensitivity of grating compressors, as well 

as on compressor grating misalignment  mitigation strategies, further information is given in 

reference [89]. In the following, a short summary of the compressor alignment procedure is 

given, which was followed during the setup of the compressor. To refer to the three possible 

rotation directions of the gratings, the chosen coordinate system is shown in Figure 6.7. 

 

Figure 6.7: Coordinate system and convention of the rotation direction denomination.  Figure 

taken from [89]. 

 

The following steps were undertaken for the compressor alignment procedure: 

1) Geometrical positioning of all compressor optics according to the dimensions 

calculated with the CAD-model. 

2) Definition of the position and direction of the input beam using two irises. This enables 

to use the compressor as a pre-aligned black box for the laser to be compressed. 

3) Definition of the zero tip and tilt angles of incidence of the first grating. This is achieved 

by overlaying the zeroth-order reflection of the grating with the incident beam, eg by 

using a pinhole for the input beam far from the grating for enhanced angular precision. 

4) Tilt of the first grating to the designed AOI with the precision rotation stage. 

5) Definition of the zero in-plane rotation (IPR) angle by adjusting for horizontal 

propagation of the diffracted beam in the x-z-plane. 

6) Segregation of the central wavelength component from the diffracted laser beam with 

a pinhole aperture close to the second grating.  
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7) Definition of the zero tip and tilt angles of the second grating by retroreflecting the 

central cut wavelength component. The reference aperture can be placed far from the 

compressor input for enhanced angular precision. 

8) Tilt of the second grating to the calculated diffraction angle of the central wavelength 

component according to the grating equation (2.25). 

9) Definition of the zero IPR angle by adjusting for horizontal propagation in the x-z-plane. 

10) Alignment of tip and tilt of the end mirror yielding an only vertically displaced output 

beam that can be picked up by an HR mirror.  

11) Elimination of the residual angular chirp stemming from non-parallel grating orientation 

along the x-axis, i.e. misaligned tilt. To achieve this, as described in [89], the focal spot 

of the output beam is monitored with a CCD camera. Any elongation of the focal spot 

in the x-z-plane may stem from misaligned relative tilt angles of the gratings, and can 

be identified by a x-z-movement in the focus when blocking certain wavelength 

components as aligned at the position of the end mirror, eg by using a NIR laser 

detector card.  

12) Optimization of the compressor length to minimize the pulse duration. The linear 

translation stage used to mount the folding mirror can be used to scan the compressor 

length. The pulse duration is simultaneously monitored with an autocorrelator. 

13) Optimization of the tilt angles of the compressor gratings to minimize the pulse duration. 

Both grating tilt angles have to be adjusted simultaneously while maintaining the output 

beam at a fixed position. A CCD camera can be used to monitor the output beam 

position. The pulse duration is simultaneously monitored with an autocorrelator. 

14) Iteration of steps 12) and 13) until the minimum pulse duration is obtained.  

 

Gain narrowing and minimum pulse duration 

During pulse amplification, gain narrowing is a well-known phenomenon which can lead to a 

narrowed pulse spectrum and an increased Fourier transform-limited (FTL) pulse duration 

[127]. The reason for the narrowing is due to the inhomogeneous shape of the spectral 

emission cross section of the active laser material, leading to an inhomogeneous gain for the 

different spectral components of the laser pulses. In consequence, the spectrum becomes 

narrowed around the peak of the emission cross section.  

For the developed laser system, gain narrowing of the amplified pulse spectra was identified 

both in the regenerative amplifier and in the multipass amplifer. The spectra of the stretched 
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pulses was measured with a commercial grating spectrometer at the output of the seed laser 

(TruMicro2000), at the output of the regenerative amplifier, and after the multipass amplifier.  

 

 

Figure 6.8: Spectral characteristics of the amplification chain.  (a) The final spectrum (MP) is 

narrowed during the CPA process. The transmission curve of the FBG and the spectral 

emission cross section are included for visualization. (b) Fourier transform-limited pulse 

durations calculated from the spectra in (a). All data is normalized to the peak value. 

 

Figure 6.9: Compression of the pulses from the regen. (240 mJ before compression) and the 

multipass (800 mJ before compression). The data was measured using an autocorrelator and  

the pulse duration was determined assuming a Gaussian pulse shape. The longer pulse 

duration for the higher-energy pulses is attributed to stronger gain narrowing. 

The measurements are shown in Figure 6.8 (a) together with the transmission spectrum of the 

CFBG and the spectral emission cross section of the Yb-doped active laser material. The 

consecutive narrowing of the spectra can be seen clearly from the data. Note that the spectrum 

of the seed pulses was cut at the long-wavelength side by the finite transmission window of 

the CFBG and the red-shifted central seed wavelength of ~1031.2 nm. During amplification in 

the regenerative amplifier and in the multipass, the central wavelength is shifted towards the 

peak of the emission cross section, as the corresponding spectral components are promoted 

by the maximum gain. Theoretically, the central wavelength of the pulse spectra is expected 

to converge to the peak wavelength of the emission cross section for even larger amplification 

factors.  



Dispersion Management and Pulse Compression 

105 

In Figure 6.8 (b) the FTL pulse durations calculated from the measured spectra are shown. A 

pulse duration below 500 fs can still be achieved with the seed pulse spectrum even after 

cutting-off the long-wavelength wing. Due to the narrowed pulse spectrum after the 

regenerative amplifier, the calculated FTL pulse duration is increased to ~700 fs. After the 

multipass, the FTL pulse duration increases to ~800 fs.  

Experimentally, the minimum compressed pulse durations after the regenerative amplifier and 

the multipass were measured with an autocorrelator, as shown in Figure 6.9. From a Gaussian 

curve fitted to the data, a pulse duration of 860 fs is achieved when compressing the 240-mJ 

pulses after the regen. A pulse duration of 940 fs is achieved for the compression of the 800-

mJ pulses after the multipass. Although the calculated FTL pulse durations calculated from the 

pulse spectra (Figure 6.8) could not be reached, the effect of gain narrowing limiting the pulse 

duration is therefore still observed qualitatively.  
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7 Experiments 

In this chapter first experimental results on filament generation performed with the developed 

laser system are presented. Aiming for the ultimate atmospheric application of triggering 

lightning at the Säntis Station in Switzerland, these preparatory experiments show that the 

controlled generation of filaments is possible not only on a small laboratory scale, but also on 

a long-range scale in the ~100 m range. Parts of these results were published in [134]. 

7.1 HV Discharge Triggering 

Laboratory experiments on high-voltage discharge triggering and guiding were performed in 

the laboratory of TRUMPF Scientific Lasers GmbH & Co.KG using the compressed output of 

the regenerative amplifier of the LLR laser system. Details on the measurements and the 

results of the experiments can be found in [134]. An important result is shown in Figure 7.1. 

When increasing the laser pulse energy, the breakdown voltage for a triggered discharge 

between the HV electrodes first decreases and then reaches a plateau, which is due to the 

saturation of the filament density between the HV electrodes. In this regime, filamentation 

starts already before the first electrode, which is not captured by the measurement setup. If 

the laser energy is partially converted to the second and third harmonic, the reduction of the 

breakdown voltage takes place already at lower initial laser pulse energy. This means that the 

filaments generated by pulses with shorter wavelength are more efficient to trigger and guide 

HV discharges compared to the longer-wavelength infrared laser wavelength.  

 

Figure 7.1: HV discharge triggering in the laboratory.Photograph of a triggered and guided HV 

discharge between two spherical electrodes. (b) Breakdown voltage between the electrodes 

for different wavelength compositions as a function of the laser pulse energy. Figure adapted 

from [134]. 
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Importantly, the conversion of parts of the laser energy to the second or third harmonic results 

in a net-benefit for the efficiency in triggering HV discharges, where the energy loss due to the 

limited conversion efficiency is overcompensated by the shorter wavelength. As a 

consequence, the implementation of a second-harmonic or third-harmonic nonlinear optical 

crystal may provide an additional tool for the campaign aimed at triggering atmospheric 

discharges. 

7.2 Short Range Filament Generation 

To test filament generation, an experiment was performed in the laboratory of TRUMPF 

Scientific Lasers GmbH & Co.KG on a few-meters scale. To generate the filaments, the 

compressed output laser beam was focused using a concave mirror with a 12-m radius of 

curvature, i.e. a focal length of 6 m. With a beam diameter of approximately 30 mm, the 

expected distance until beam collapse 𝐿𝑐,𝑓 can be calculated according equations 2.62 and 

2.63 using the given beam waist radius (~14 mm), pulse energy (~580 mJ), and pulse duration 

(~1 ps) [11]. It amounts to 𝐿𝑐,𝑓
𝑡ℎ𝑒𝑜𝑟𝑦

= 4.72 m when neglecting the propagation distance before 

the focusing element. In the experiment, an additional distance between grating and focusing 

mirror was realized as shown in Figure 7.2 due to space constraints in the laboratory. Filament 

generation was performed as a function of the output pulse energy up to 580 mJ, while the 

onset of the filament was observed via the characteristic emission due to plasma 

recombination lines of nitrogen in the air, as shown in Figure 7.3. [135]. The onset of the 

filament (filamentation length, 𝐿𝑐,𝑓 ) as a function of the input pulse energy is [plotted in Figure 

7.4. At small pulse energies, theoretical (𝐿𝑐,𝑓
𝑡ℎ𝑒𝑜𝑟𝑦

) and experimental (𝐿𝑐,𝑓
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

 ) filamentation 

lengths closely coincide. However, at high output pulse energies, the discrepancy significantly 

increases. While 𝐿𝑐,𝑓
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

 shifts by 3.61 m towards the laser aperture, 𝐿𝑐,𝑓
𝑡ℎ𝑒𝑜𝑟𝑦

moves only by 

1.08 m. Note that equation 2.62 describes the filamentation distance accurately only for 

Townes-beam profiles at input powers up to 100 ⋅  𝑃𝑐𝑟𝑖𝑡 in purely Kerr-nonlinear media. 

Moreover, spatial beam profile perturbations are not captured by the equation, which tend to 

result in earlier beam collapse due to spatial modulational instabilities [11]. The discrepancy 

between 𝐿𝑐,𝑓
𝑡ℎ𝑒𝑜𝑟𝑦

 and 𝐿𝑐,𝑓
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

 may be therefore partially be due to these modelling 

inaccuracies. Moreover, the prediction of 𝐿𝑐,𝑓
𝑡ℎ𝑒𝑜𝑟𝑦

 for high-energy pulses is incomplete 

regarding this experiment, as the additional ~2-m pulse propagation distance of the fully 

compressed pulses between the last compressor grating and the focusing mirror is not taken 

into account. At small pulse energies, the 2-m pulse propagation takes place in a more linear 

regime, resulting in a more accurate agreement between theory and experiment. 
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Figure 7.2: Schematic sketch of short-range filamentation experiments in the laboratory. 

 

 

Figure 7.3 Filament generation at different output pulse energies.  The arrows indicate the 

starting point of the visible part of the laser filaments. 
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Figure 7.4: Theoretical and experimental filamentation length measured from the f=6m 

concave mirror as a function of the output pulse energy.  

7.3 Long-Range Filament Generation 

In a further experimental campaign, the developed laser system was installed at the end of the 

hall of a former linear accelerator facility at Orsay, France9. This site offers up to 140 m of 

linear horizontal indoor distance where the laser beam can propagate and be examined during 

experimental studies. To investigate on the maximum filament length which can be achieved 

with the laser system, a first experiment was performed using the full laser output power of 

720 W, i.e. with 720 mJ pulse energy. The collimated output beam was sent along the ~140-

m hallway and filamentation was tested. Due to LIDT constraints of the transfer mirrors after 

the laser output aperture, a linear chirp of 𝐷2 = 4 ps/nm was applied to the stretched seed 

pulses using the waveshaper (see Figure 6.2). This amount of chirp remains after the 

compressor, as the latter was optimized for no additional waveshaper dispersion.  

Generally, in experiments using broadband femtosecond pulses, the direction of chirp is 

sometimes chosen such as to compensate for the positive GVD of the air during long-range 

propagation [11,14,94]. Beam collapse is then retarded due to the reduced peak power 

associated with the longer pulse duration, while the initial peak power associated with the 

original pulse duration is still attained after some propagation through the air due to the 

nonlinear effect of self-steepening. However, for this experiment the GDD contribution of the 

air during approximately 200 m of propagation only amounts to 𝐺𝐷𝐷𝑎𝑖𝑟 = 𝐺𝑉𝐷𝑎𝑖𝑟 ∗ 𝑑 =  −3.55 ⋅

10−5
𝑝𝑠

𝑛𝑚⋅𝑚
⋅ 200 m = 4.97 ⋅ 10−3

𝑝𝑠

𝑛𝑚
  [136],  which is negligible compared to the GDD applied by 

the waveshaper.  

Photographs of long-range filamentation experiments using the propagation of the collimated 

output beam are shown in Figure 7.5. Here, filamentation was observed over a length of >70 m 

when using the full output power. A concrete wall was used as a beam blocker at a distance 

                                                

9 Laboratoire de l’accélérateur linéaire (LAL), Université Paris-Saclay (https://www.lal.in2p3.fr/en/) 

https://www.lal.in2p3.fr/en/
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of approximately 140 m. The conically emitted white-light (supercontinuum) generated during 

the propagation was caught at the concrete wall, as shown in the inset of Figure 7.5 (b). With 

low ambient illumination, the plasma luminescence could be seen along the filamentation zone. 

In addition, an LBO crystal was used to frequency-double the infrared light. This can be used 

as a sophisticated scheme to trigger high-voltage breakdown, as described in [134].  

 

Figure 7.5: Long-range filament generation with the developed laser system.  (a,b) Filaments 

generated by the collimated output beam of the laser. In the inset of (b) the white-light 

generated in the filament is shown as visualized on the beam blocker. (c,d) Filaments 

generated by the collimated and partially frequency-doubled output beam. Photographs 

provided by courtesy of Pierre Walch, ENSTA ParisTech. 

 

In this experiment, the visible green light was visible along the entire beam propagation due to 

Mie scattering of the green light on dust particles in the air. Photographs of the SHG 

filamentation experiments are shown in Figure 7.5 (c) and (d). 

The experimental evidence for filament generation can be based on the impact on 

photographic paper when illuminated by the laser beam. The darkening of the paper is 

dependent on the optical intensity, which reveals the small-diameter filaments as small-

diameter burned spots within the larger area darkened by the laser beam profile. Moreover, a 

streak image of the temporal pulse train is captured on the photographic paper when moving 

the paper quickly through the 1-kHz pulsed laser beam. Two examples of detected filaments 
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are show in Figure 7.6. In (a) the evidence of a multi-filamentation region is shown, which leads 

to a disordered ensemble of simultaneous impacts. In (b) the evidence of a region with single 

filamentation is shown. Here, the temporal pulse separation within the pulse train (1 ms) is 

mapped to a spatial train of impacts on the photographic paper. More information and results 

were published in [137]. 

 

 

Figure 7.6: Filament detection with photographic paper.  The paper is moved through the 

filamentation zone transversely in the direction from the top right to the bottom left. (a) Multiple 

filamentation is indicated by a distribution of several burned spots. (b) At the beginning of the 

filamentation zone, single filaments are present, leading to a series of impacts on the 

photographic paper mapping the laser repetition rate. Photographs provided by courtesy of 

Pierre Walch, ENSTA ParisTech. 

 

For further experimental studies within the Laser Lightning Rod project, a telescope will be 

used to expand the output beam by a factor 7. This will retard the onset of filamentation 

according to equation 2.62, which will be important for the vertical lightning campaign, aiming 

at the initiation of lightning strikes to and from a conductive tower. Here, the onset of 

filamentation must be retarded at least by the height of the tower, i.e. approximately 120 m for 

the Säntis station. Detailed information on the experimental strategy, the underlying physics, 

and the frame of the project can be found in reference [64]. 
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Figure 7.7: Beam expanding telescope for remote filament generation.  A magnification factor 7 

is implemented in an off-axis Dall-Kirkham Cassegrain configuration. The telescope is 

conceived and realized by the Université de Geneve. Picture provided by courtesy of Thomas 

Produit, GAP, Université de Geneve.  
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8 Summary and Outlook 

Summary 

In this thesis, the development of an ultrafast laser system specialized for the application in 

atmospheric research on a laser lightning rod was presented. Industrial-grade thin-disk 

technology was employed as base technology for the development of a multi-stage picosecond 

CPA system with unprecedented laser output parameters. A regenerative amplifier based on 

the Dira-200-1 series serves as the first power amplifier, seeded by an industrial-grade fiber 

laser (TRUMPF TruMicro2000). The stretched 240-mJ output pulses of the regenerative 

amplifier are used to seed a multipass amplifier serving as the main amplifier. Here, a pulse 

energy of 800 mJ is attained. After the pulse compression in a grating compressor, a pulse 

energy of 720 mJ remains at a pulse duration of 920 fs (FWHM). All amplifiers are operated at 

a repetition rate of 1 kHz. For the high-power amplifiers, Yb:LuAG serves as active medium, 

providing a low quantum defect and high thermal conductivity enabling high pump and average 

output power. The laser system was developed in the frame of the FET-open project Laser 

Lightning Rod, addressing a novel approach for lightning protection based on laser 

filamentation. 

The thin-disk regenerative amplifier was implemented in a ring resonator configuration. A 

pump power of up to 4 kW is available from the pump laser diodes at a wavelength of 940 nm. 

Pulse coupling is realized using a BBO-based Pockels cell. At the output, pulse energies of 

240 mJ are obtained with an optical-to-optical power efficiency of 25 %. As expected from a 

thin-disk regenerative amplifier, an excellent beam quality with an M2 < 1.2 is conserved. The 

amplifier is energy-stabilized via active pump power modulation, and intra-cavity pointing 

stabilized via piezo-controlled cavity mirrors. Long-term stability was demonstrated over more 

than 13 hours continuous operation at the full energy.  

A study of energy storage and ASE in three different thin-disk geometries was performed to 

test their applicability for the multipass amplifier. Depending on the repetition rate of the 

amplifier, the most suitable thin-disk could be identified for each one. To study the occurrence 

of ASE in the thin-disks, a technique was implemented that allowed to probe the instantaneous 

gain and hence the instantaneous inversion and stored energy during and after the pump 

process. The measurements revealed that ASE is the limiting mechanism for the energy 

storage and hence the amplification in the thin-disks employed for the multipass amplifier. The 

results provide a guideline on the maximum useful pump energy to be delivered per pulse.  

For the development of the thin-disk multipass amplifier with the chosen thin-disk geometry, 

three experimental setups were conceived. Up to 12 disk passes were aligned each time, while 

the beam propagated near-collimated, assisted by adequate curved mirrors. The first setup 
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included 1 thin-disk laser head with a peak pump power of up to 10 kW. Here a typical pulse 

energy of 490 mJ was achieved with a homogeneous output beam profile. Higher pulse energy 

up to 593 mJ was demonstrated with an alignment optimized for maximum energy extraction 

from the thin-disk, however, with a strongly distorted spatial output mode. As a conclusion, it 

was found that by maintaining the beam diameter as small as possible on the laser disk, the 

optimum spatial mode shape is obtained. With the second setup including two thin-disk laser 

heads, a pulse energy up to 785 mJ was obtained with a homogeneous output mode. In this 

configuration, gain saturation was observed with a high number of amplification passes, 

limiting the maximum output pulse energy. Finally, an experimental setup using four thin-disk 

laser heads was used, leading to a maximum pulse energy of 863 mJ. At this point of operation, 

the damage threshold of the disk limited further pulse amplification, as a small beam diameter 

was necessary to maintain a smooth spatial output mode.  

For the CPA design of the laser system, a chirped fiber Bragg grating in combination with 

a Treacy-type grating compressor were used. In addition, a waveshaper was included to 

fine-tune the remaining spectral phase mismatch after manual compressor alignment. Spectral 

amplitude pre-shaping to counteract gain narrowing in the regenerative amplifier was 

demonstrated. Furthermore, additional dispersion can be introduced by the waveshaper to 

adjust the compressed pulse duration for experimental applications. After compression, a 

pulse duration of 920 fs was measured at full output power. The pulse energy remained at 

720 mJ due to the limited diffraction efficiency of the gratings.  

First experiments were performed with the compressed output pulses of the regenerative 

amplifier in the framework of the Laser Lightning Rod project. High-voltage discharges were 

triggered by dual and triple-frequency laser filaments with a breakdown voltage significantly 

reduced compared to the fundamental-frequency case.  

The completed laser system has been deployed, commissioned and used for horizontal 

experiments on remote and long-range filament generation at LAL, Orsay. A filamentation 

zone over >70 m was measured. The onset of filamentation could be retarded beyond 120 m 

via temporal and spatial pulse expansion. An experimental outdoor campaign at the summit of 

Mt. Säntis, CH, is planned for the lightning-active season in summer 2021.  
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Outlook 

In the future, several steps may be feasible to further optimize the performance of laser 

systems comparable to the one at hand. To finally traverse the Joule milestone, a key 

parameter is the seed pulse energy provided by the regenerative amplifier in this case. 

Recently, pulse energies above 500 mJ at 1 kHz repetition rate have been achieved from a 

similar regenerative amplifier using two thin-disk laser heads that was developed by TRUMPF 

Scientific Lasers GmbH & Co. KG [138]. With such high seed pulse energy, energy extraction 

from the multipass thin-disks will be much more efficient, and less disk passes will be 

necessary to attain the same output energy, i.e. to achieve a cumulated  seed fluence on the 

order of the saturation fluence 10. This approach will also allow for a better beam quality as 

wavefront distortions induced for each pass through the thin-disk are reduced.  

Another possibility to achieve higher output pulse energy is to utilize thin-disks with a bonded 

undoped anti-ASE cap. This approach has been proposed, analyzed and tested by several 

research groups [59,60,80,139–144]. With such optimized thin disks, much higher inversion 

levels can be achieved, increasing the single pass gain for the signal and the amount of stored 

energy per disk. As a consequence, higher pulse energy can be achieved with an equal 

number of disk passes. However, the development, optimization and the procurement of these 

specialized disks is time consuming and costly and will require some dedicated effort and 

capacity.  

Finally, technological progress regarding the heat sinks is ongoing (stiffer substrates, 

improved disk cooling technology) which will directly reduce the thermo-mechanical 

deformation of the pumped thin-disks. Beam quality, gain via reduced lower level thermal 

population, and amplifier alignment will benefit from such next-generation technology. 

The pulse duration may in the future be decreased by pre-shaping the spectral intensity 

of the seed laser to compensate for the gain narrowing occurring during high-power 

amplification in the regenerative and multipass amplifiers. Recently, a pulse duration below 

500 fs was achieved at a pulse energy of 206 mJ with a similar regenerative amplifier by using 

this method [50]. For the LLR laser system, the spectral bandwidth and hence the pulse 

duration will eventually be limited by the hard aperture of the currently employed second 

compressor grating rather than the spectral bandwidth of the high-energy pulses.  

Joule-class kilohertz laser systems with ultrashort pulse duration are facing a broad spectrum 

of novel applications. In the near future, the developed laser system will enable atmospheric 

                                                

10 As illustrated in Table 5.1, the first 4 to 5 passes in the multipass amplifier were required to reach the 

400 mJ-level when seeded with 240 mJ.   

file:///D:/TRUMPF/Thesis_Dissertation_WORD/Role%23_CTVL00135963ff503464f3c8ca01a5138b44745
file:///D:/TRUMPF/Thesis_Dissertation_WORD/Role%23_CTVL00135963ff503464f3c8ca01a5138b44745
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research on  the laser lightning rod in an experimental campaign at Mt. Säntis. The outcome 

will potentially have a major impact on lightning protection, if experiments are successful. Other 

fields of research and technology will equivalently benefit from the achieved laser parameters. 

Besides the more classical use in OPCPA pumping and attosecond time-resolved 

measurements via high-harmonic generation, the driving of secondary radiation sources has 

emerged as a growing field of application. X-ray and EUV generation via plasma generation or 

by inverse Compton scattering off electrons, and Terahertz generation are among them. 

Furthermore, electron acceleration will be tangible with high-energy femtosecond pulses 

obtained by nonlinear post-compression schemes based on spectral broadening in gas-filled 

Heriott-type multipass cells [145–149].  
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A.1 Characterization of the MP Pump Power 

Table 10.1: Pump energy as a function of pump pulse duration and the peak pump power. 

Pump Energy (J) Pump Duration (µs) 

Peak Power (kW) 125 150  200 250 300 350 400 450 500 600 700 

2,4 0,13 0,18 0,28 0,38 0,47 0,58 0,69 0,74 0,83 1,24 1,50 

3,6 0,25 0,33 0,49 0,65 0,80 0,97 1,13 1,25 1,4 1,85 2,20 

4,8 0,37 0,48 0,70 0,92 1,13 1,36 1,58 1,76 1,97 2,46 2,91 

6 0,51 0,65 0,92 1,19 1,46 1,73 2,00 2,27 2,54 3,08 3,62 

7,2 0,63 0,8 1,13 1,46 1,79 2,12 2,45 2,78 3,11 3,77 4,43 

8,4 0,75 0,95 1,34 1,73 2,12 2,51 2,9 3,29 3,68 4,46 5,24 

9,6 0,875 1,1 1,55 2 2,45 2,9 3,35 3,8 4,25 5,15 6,05 

10,8 0,99 1,24 1,75 2,26 2,77 3,28 3,79 4,30 4,81 5,83 6,85 

12 1,19 1,46 2 2,53 3,1 3,6 4,12 4,63 5,13 6,14 7,15 
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A.2 Data Sheet TRUMPF TruMicro2000 
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