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ZUSAMMENFASSUNG

Die optische parametrische Verstärkung von zeitlich gestreckten Laserpulsen (OPCPA) [1] ist die
Methode der Wahl, um die Energie ultrakurzer Laserpulse zu erhöhen. In Kombination mit mod-
ernen CPA-Systemen [2] als Pumplaser lassen sich so Pulsdauern von wenigen Femtosekunden
mit Pulsenergien im Joule-Bereich erzeugen. Solche OPCPA-Systeme sind die Vorrausetzung
um neue physikalische Phänomene, wie z.B die Erzeugung von einzelnen Attosekundenpulsen
auf Festkörperoberflächen [3, 4] oder die Elektronenbeschleunigung in lasergenerierten Plas-
men [5, 6], untersuchen zu können. Heutzutage lassen sich in vergleichbaren OPCPA-Systemen
bereits Pulsspitzenleistungen von einigen Terawatt [7] erzeugen.

Das Max-Planck-Institut für Quantenoptik (MPQ) in Garching entwickelt mit dem Petawatt
Field Synthesizer (PFS) [8] ein solches, neuartiges OPCPA-System. Ziel des PFS-Projektes ist
es, erstmalig Pulse mit einer Energie von 5 J bei einer Pulsdauer von 5 fs zu erzeugen. Dazu
benötigt man einerseits extrem breitbandige (700 - 1400 nm) Eingangspulse und andererseits
einen ultra-intensiven, hoch-energetischen Pumplaser. Zur Realisierung des PFS-Projektes wird
ein CPA-Pumplaser benötigt, der 4x12.5 J Pulsenergie bei einer Pulsdauer von 1 ps liefert. Da
ein solches System nicht kommerziell erhältlich ist, muß es am MPQ selbst entwickelt werden.

Die vorliegende Disseration wurden im Rahmen der Entwicklung und des Aufbaus eines solchen
Pumplasers, basierend auf CPA in dioden-gepumpten, Yb-dotierten Materialien, erstellt. In
Zusammenarbeit mit S.Klingebiel wurden der Strecker- und Kompressoraufbau und erste Ver-
stärkerstufen implementiert [9]. Zu Beginn der Doktorarbeit wurde ein 8-Pass Yb:YAG Ver-
stärker entwickelt, durch den die Pulsenergie der gestreckten 4ns-Pulse auf 300mJ, bei einer
Wiederholfrequenz von 10Hz, verstärkt werden konnte. Die dabei erreichte spektrale Bandbre-
ite von 3.8 nm erlaubte es, die Pulse auf <1 ps zu komprimieren [10]. Zum damaligen Zeitpunkt
waren dies einzigartige Resultate für die Verstärkung in Yb:YAG. Allerdings konnte aufgrund der
starken thermischen Linse im Laserkristall diese Verstärkerarchitektur nicht für die zusätzlich
benötigten Verstärkerstufen übernommen werden.

Hauptziel dieser Arbeit war es also, eine neue Verstärkerarchitektur zur Erzeugung von ≥ 1 J-
Pulsen zu entwickeln und aufzubauen. Dabei sollte die thermische Belastung der Yb:YAG
Kristalle durch die Verwendung des "active-mirror"-Konzepts [11] reduziert und die Extraktion-
seffizienz sowie das Strahlprofil durch einen abbildenden Aufbau optimiert werden. Mit Hilfe von
CAD- und Ray-Tracing-Programmen wurde ein solcher abbildender 20-Pass Verstärkeraufbau
realisiert. Desweiteren war es nötig, eine eigene Methode zum Aufkleben der Laserkristalle auf
Wärmesenken zu entwickeln, da keine kommerzielle Lösung existierte.

In einer ersten Messkampagne wurden verschiedene Yb:YAG Kristalle, welche sich in Dotierung,
Dicke und Größe unterscheiden, hinsichtlich ihrer Verstärkung bei geringen Eingangsenergien
untersucht. Es wurde festgestellt, dass unter Berücksichtigung der gewählten Pumpparame-
ter, ab einer Dotierung von 2% parasitäre Effekte die Verstärkung drastisch reduzieren. Da
die Verstärkung im 2%-dotierten, 6mmx 40x40mm2 großen Yb:YAG Kristall am höchsten war
und Pulsenergien ≥1 J erlaubte wurde dieser Kristall für die zweite Messkampagne ausgewählt.
Dabei konnten durch die schrittweise Erhöhung der Eingangsenergie Ausgangsenergien von 1 J,
bei 1 Hz und bei 2 Hz Wiederholrate, erzeugt werden. Desweiteren wurde nahezu die gesamte
spekrale Bandbreite während der Verstärkung beibehalten und die Pulse schlußendlich auf ihr
Fourier -Limit von 740 fs komprimiert. Unter Berücksichtigung der zeitlichen Pulsstruktur und
der Kompressorverluste ergibt sich somit eine erzeugte Pulsspitzenleistung von 1TW.

Nach unseremWissensstand wurden solche Parameter bisher noch nicht in der Literatur beschrie-
ben und wir sind somit die Ersten, die 1TW Pulse in einem Yb:YAG CPA-System erzeugt haben.
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ABSTRACT

Optical parametric chirped pulse amplification (OPCPA) [1] is a promising technique for am-
plifying few-cycle laser pulses. By utilizing high-energy pump pulses provided by laser systems
based on chirped pulse amplification (CPA) [2], OPCPA systems are able to deliver Joule-level
pulse energies with few-femtosecond pulse durations. Such light sources are a prerequisite for
exploring physics driven by single attosecond extreme ultraviolet (XUV) pulses generated via
surface harmonics [3, 4] and for studying plasma physics and electron acceleration at ultrafast
time scales [5, 6]. So far, peak powers in the TW-range have been demonstrated [7].

The Max-Planck-Institute of Quantum Optics (MPQ) is pursuing OPCPA with the development
of the Petawatt Field Synthesizer (PFS) [8]. The final parameters of the PFS are a pulse energy
of 5 J at a pulse duration of 5 fs. To achieve these goals one needs, on the one hand, a nearly
octave-spanning seed spectrum and amplification bandwidth, in our case ranging from 700nm-
1400 nm and on the other hand, a state-of-the-art ultra-intense, high-energy pump laser which
has to deliver an initial pump energy of 4x12.5 J at a pulse duration of 1 ps. Such a system is
not commercially available and therefore has to be developed at the MPQ in its own right.

The present dissertation was performed in the framework of the development and implementa-
tion of such a pump source which will be based on CPA in diode-pumped Yb-doped materials.
The work includes the implementation of a stretcher-compressor setup and first amplification
stages. Both parts were done in close collaboration with S.Klingebiel [9]. At the beginning of
this thesis work, an Yb:YAG 8-pass amplifier was built, increasing the energy of the stretched
4ns-pulses to 300mJ at 10Hz repetition rate while maintaining a spectral bandwidth of 3.8 nm.
Furthermore, compression to pulse durations <1 ps was shown [10]. At that time, these were
unmatched parameters for a Yb:YAG CPA system. However, this main amplifier proved to be a
one-off prototype due to the strong thermal lensing in the Yb:YAG crystal and thus this scheme
could not serve as a model for upscaling.

Thus, the main goal of this thesis is the implementation of a new multi-pass amplifier scheme
to generate a pulse energy ≥ 1 J. The scheme features an Yb:YAG active-mirror architecture
[11] to reduce the thermal load of the crystals and a relay-imaging configuration to improve
the extraction efficiency and the beam profile. By utilizing optical design software a 20-pass
relay-imaging amplifier was designed and set up. Furthermore, since no commercial solution was
available, a own glueing process for bonding large crystals to special heat sinks was developed.

The finished amplifier was subjected to a number of trial campaigns in order to map its perfor-
mance envelope. In the "low-energy" measurement campaign, several Yb:YAG crystals differing
in doping concentration, thickness and size were analysed according to their amplification per-
formance at different heat sink temperatures and repetition rates. It was found that parasitic
effects strongly decrease the overall gain if the doping concentration exceeds 2% in the given
pump geometry. Since the gain in the 2%-doped 6mmx 40x40mm2 Yb:YAG crystal was the
highest, allowing to finally reach pulse energies ≥ 1 J, this crystal it was chosen for the the
"high-energy" measurement campaign where the seed energy was increased stepwise. 1 J pulses
with a pulse-to-pulse stability of σ ≤ 1.5% were generated at 1Hz and 2Hz repetition rate.
Furthermore, the full spectral bandwidth was maintained during amplification and the compres-
sion to a Fourier -limited pulse duration of 740 fs was realized. Under consideration of the pulse
shape and the compressor losses, the peak power of the pulse is calculated to 1TW.

To the best of our knowledge, comparable pulse parameters are not reported in the literature
so far and thus we showed for the first time the generation of 1TW pulses in a diode-pumped
Yb:YAG CPA-system.
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1I NTRODUCT ION

1.1 Motivation

The demonstration of optical chirped pulse amplification (CPA) by D.Strickland and G.Mourou
in 1985 [2] paved the way for the development of ultra-intense, high-energy laser systems. The
basic idea of this principle is the reduction of the pulse intensity during the amplification process
by extension of the pulse duration through a frequency-depended delay called chirp. Doing so,
much higher pulse energies can be achieved during amplification before reaching the critical in-
tensities for the onset of non-linear effects or for damaging of the optics. After amplification, the
introduced chirp is removed, restoring the ultra-short pulse duration. Nowadays, ultra-intense,
high-energy CPA laser systems based on Ti:sapphire are commercially available and capable of
delivering peak-powers >1PW (>40 J,≥ 25 fs) [12].

However, the compressed pulse duration of such systems is limited by the finite amplification
bandwidth of the gain medium.

A solution for creating even shorter pulse durations is optical parametric amplification (OPA) [1]
which is an amplification technique utilizing three-wave mixing, an optical phenomenon based
on the χ2 nonlinearities of a medium. The amplification is achieved via an energy transfer
from monochromatic pump waves to the signal waves. Simultaneously, an idler wave under a
certain angle is generated assuring energy and momentum conservation. One key prerequisite
for efficient OPA is phase-matching between all the three waves which can be achieved in a
birefringent crystal. However, for a broadband seed spectrum optimal phase-matching can only
be achieved over a certain crystal length. Thus, thinnest crystals are necessary to support
amplified bandwidths which are broader compared to high-energy CPA laser systems and allow
for the generation of few-cycle pulses ≤ 10 fs.

For amplifying such few-cycle pulses to high energy with OPA one again has to utilize the CPA
technique. This combination, dubbed optical parametric chirped pulse amplification (OPCPA) is
capable of generating ultra high pulse powers in the TW to PW-range [7, 13].

The Max-Planck-Institute for Quantum Optics (MPQ) is pursuing OPCPA with the implemen-
tation of the Petawatt Field Synthesizer (PFS). The parameters of the PFS are a pulse energy
of 5 J at a pulse duration of 5 fs and 10Hz repetition rate. To achieve these goals one needs,
on the one hand, a nearly octave-spanning seed spectrum and amplification bandwidth and on
the other hand, a state-of-the-art ultra-intense, high-energy pump laser.

The typical efficiency of OPCPA is in the order of 20%. Possible pump lasers work in the
near infrared spectrum and since the pump photons have to have a higher energy than the
seed photons, frequency doubling of the initial pump pulses, at a typical efficiency of 50%, is
necessary. So, in order to reach 5 J in the OPCPA beam, an initial pump energy of 50 J has
to be provided. As mentioned before, the nonlinear crystals have to be very thin to support a
broad amplified bandwidth, demanding high pump intensities to achieve sufficient single-pass
gain. Thus, the required pump laser does not only have to deliver 50 J of pump energy but this
also at 1 ps pulse duration, pushing the limits of rep-rated CPA systems.
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In principle, a commercially available PW Ti:Sa-Laser could be used as a pump laser for such an
OPCPA system but the major drawback of such systems is their poor wall-plug efficiency below
0.1%. The very short life time of the upper laser level in Ti:Sa (≈ 3µs) demands frequency-
doubled, flash-lamp pumped, Q-switched Nd:YAG lasers as a primary pump source whose in-
trinsically low efficiency is the main reason for these poor figures.

As an alternative, PFS is pursuing a pump laser based on diode-pumped Yb:YAG since the
developments in the last two decades made high-power laser-diode pump modules affordable.
They allow for direct-pumping of Yb:YAG which, in addition to their long upper state life time,
makes these lasers much more efficient. Furthermore, the thermal properties of Yb:YAG are also
favourable, allowing for repetition rates beyond 10Hz. An excellent example for the capabilities
of diode-pumped Yb:YAG lasers are thin-disk lasers [14] which have been developed for 20 years
and nowadays govern the market of industrial laser welding.

However, high-energy, diode-pumped Yb-doped CPA lasers are not commercially available yet.
Therefore, the pump laser for PFS system is a new development.

The potential of high-energy, diode-pumped Yb-doped lasers is appreciated by several institutes
and workgroups worldwide. Their research interests are ranging from the direct generation of
fs-pulses in Yb-doped CPA laser systems to ns-systems delivering output energies of several kJ
as drivers for inertial fusion energy (IFE). These developments founded the community of high-
energy class, diode-pumped solid state lasers (HEC-DPSSLs). A compilation of state-of-the-art
HEC-DPSSLs, mostly still under construction, is presented in the following listing.

• Mercury - Lawrence Livermore National Laboratory, US
Mercury was world’s first HEC-DPSSL system, completed in 2007. Its unique design,
based on multiple thin Yb:S-FAP slabs cooled in a He-gas flow, allowed for a still un-
matched pulse energy of 55 J (τpulse =14 ns , not CPA) at 10Hz repetition rate [15].

• POLARIS - Institut für Optik und Quantenelektronik, FSU Jena, DE
POLARIS is a diode-pumped CPA laser system based on Yb:FP15 glass with the aim of
generating 150 fs pulses with pulse energy of 150 J. So far, pulse energies up to 4 J with
164 fs pulse duration at a repetition rate of 1/40Hz were realized [16, 17].

• PEnELOPE - Institute for Radiation Physics, HZDR, Dresden, DE
PEnELOPE - currently under development and construction - is a comparable system
to POLARIS and also aiming for 150 J pulse energy. The main difference is the use of
Yb:CaF2 as gain material, allowing for pulse durations of 120 fs at an increased repetition
rate of 1Hz [18].

• MBI Disk Laser - Max Born Institut, Berlin, DE
The MBI develops a CPA laser system based on Yb:YAG thin-disk technology. So far, a
maximum pulse energy of 320mJ at 100Hz repetition rate is reported [19].

• GENBU - Institute of Laser Engineering, Osaka University, JP
The GENBU CPA system aims at generating 1 kJ pulse energy at a repetition rate of
100Hz. It is based on cryogenic-cooled total-reflection active-mirror (TRAM) Yb:YAG
crystals, limiting the final pulse duration to 10-100 ps [20, 21].

• Lucia - Laboratoire LULI, Ecole Polytechnique, Palaiseau, FR
The LUCIA system is based on active-mirror Yb:YAG disks. Currently, 8 ns pulses (not
CPA) are amplified in 3 stages up to 14 J pulse energy at 2Hz repetition rate [22].

• DiPOLE - Central Laser Facility, STFC Rutherford Appleton Laboratory, UK
The DiPOLE project, aims on generating kJ pulses at 10Hz repetition rate and is based
on the MERCURY multi-slab concept. In a scaled-down prototype, a pulse energy of
10(6.4) J at 1(10) Hz repetition rate was demonstrated [23, 24].

Except the Mercury laser, all listed results were obtained while this thesis was carried out.
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Again, the goals of the PFS CPA pump laser system are a pulse energy of 50 J, delivered in 4
pump beams, at a compressed pulse duration of 1 ps at 10Hz repetition rate. The system will
fully rely on diode-pumped Yb-doped materials, amplifying 4 ns-pulses in several amplification
stages.

The main goal of the present thesis is the development of a new diode-pumped Yb:YAG amplifier
module for the PFS CPA pump laser system, capable of delivering >1 J output energy.

1.2 Thesis outline

The theoretical foundation of the thesis is presented in Part i which contains a detailed de-
scription of laser pulse amplification (Chapter 2), the properties of Yb-doped laser materials
(Chapter 3), with a special focus on the spectroscopic properties of Yb:YAG, and the introduc-
tion of the CPA concept (Chapter 4).

Based on the theory derived in Chapter 2, a simulation of laser pulse amplification in Yb:YAG
has been developed which is presented in Part ii. The simulation is used to investigate certain
features of the amplification in detail, such as multi-pass pumping and gain-narrowing, and to
perform a full case study of a >1 J amplification stage.

The 1 J-amplifier is an upgrade to the previously implemented stages of the PFS CPA pump
laser system which in the following will be designated as "pump frontend". In Part iii each
functional unit if this pump frontend is described and characterized in detail, beginning from
the seed-pulse generation and pre-amplification, over the stretcher and compressor setup and
the two existing CPA amplification stages.

The 4th part (Part iv) is dedicated to the concept of the 1 J amplification stage. At first, the
laser-diode pump module available for this amplifier is characterized in detail. Secondly, the
individual Yb:YAG crystal assemblies, meaning Yb:YAG crystals bonded on certain heat sinks,
are introduced. The main focus of this part is the development of a 20-pass relay-imaging
amplifier. After outlining its concept, 3-D modelling and ray-tracing studies are presented in
order to illustrate the feasibility and the benefits of this approach. Another important point
addressed is the mechanical realisation of the 20-pass in the laboratory, as a lot of constrains
have to be considered.

The experiments performed with the 20-pass relay-imaging amplifier are presented in Part v.
Two measurement campaigns compare the amplification performance of the different Yb:YAG
crystals setups at different repetitions rates and heat sink temperatures, up to a maximum out-
put energy of 400mJ - both constituting the "low-energy" campaign (Chapter 8). Furthermore,
the results of this campaign are used to perform a regression analysis with the simulation code
introduced in Part ii. These evaluation results also help to identify the most promising crystal
setup for the "high-energy" campaign presented in Chapter 9. Here, the - according to the low
energy data - most promising crystal setup is characterized with regard to the maximum possible
output energy at different repetition rates. Furthermore, the compression of these high-energy
pulses is investigated.

Based on the results of the experiments and experiences with the 1 J-stage, concepts for an
additional 10 J-amplifier are developed and presented in (Chapter 10). Finally the results of the
thesis are summarized and an outlook is given (Chapter 11).
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Part I

THEORY

In this chapter, the theory necessary for this thesis is introduced briefly. For further
theoretical background the following standard works are recommended:

• Laser in general

– A.E. Siegman: "Lasers" [25]

– O.Svelto: "Principles of Lasers" [26]

– F.Träger: "Handbook of Lasers and Optics" [27]

• Solid-state lasers

– W.Koechner: "Solid-State Laser Engineering" [28]

• Description and measurement of ultra short laser pulses

– R.Trebino: "FROG: The Measurement of Ultrashort Laser Pulses" [29]

• Literature in German
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2LASER PULSE AMPL I F I CAT ION

This chapter is based on the ideas given in W.Koechner’s "Solid-State Laser Engineering" [28].

2.1 The general idea of the laser

The fundamental principle of a laser - light amplification by stimulated emission of radiation
- is stimulated emission. The idea of stimulated emission was introduced by A.Einstein in his
publication from 1917 about the quantum theory of radiation [31]. Einstein described stimulated
emission as the counterpart of the absorption and introduced the so-called Einstein coefficient
B21 which describes the probability of this process in the presence of an electromagnetic field.

If one considers a hypothetical 2-level system consisting of two non-degenerated energy levels
E1 and E2 with an energy separation of ∆E = hν21, an incident electromagnetic wave with the
same frequency ν21 can excite e.g. atoms from the lower to the higher energy level. This process
is called absorption. Its magnitude is proportional to the population density N1 [1/cm3] of the
lower state and the incident radiation density %(ν21) [J/cm3]. The constant of proportionality
is the Einstein coefficient B12 [cm3/J s]. The thus generated population of E2 can then either
decay spontaneously under the emission of photons with the frequency ν21 or, as Einstein
proposed, the emission can be stimulated by an incident field. The photon emitted by stimulated
emission has the same properties (frequency, polarization, phase) as the incident one. A scheme
of a 2-level system and the possible transitions are depicted in the left of Figure 2.1. The
formulae describing these transitions are shown on the right.

E 2

E1

A 21 B 21B 12
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e
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y

N 2

N 1

Δ
E

 =
 h
ν 2

1

• Absorption:

dN1
dt

∣∣∣∣
Abs

= −B12 %(ν21)N1 (2.1)

• Spontaneous Emission:

dN2
dt

∣∣∣∣
SE

= −A21N2 (2.2)

• Stimulated Emission:

dN2
dt

∣∣∣∣
Em

= −B21 %(ν21)N2 (2.3)

Figure 2.1: Scheme of 2-level system and the possible transitions. B12 indicates absorption, A21 spontaneous
emission and B21 stimulated emission. The formulae describing these transitions are shown on the right.
A21 and B12/21 are called Einstein coefficients.

The solution of Equation 2.2 is:

N2(t) = N2(0) exp

(
−t
τ21

)
(2.4)

τ21 is the reciprocal of the Einstein coefficient A21. It is denoted as the lifetime for spontaneous
decay of level E2. In general, τ21 is called fluorescence life time τf .
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Under the assumption of thermal equilibrium, the relative population density of the two energy
levels is given by the Boltzmann equation (cf. [28]). Furthermore the net number of transitions
between the two levels is zero. In comparison with Planck’s law (cf. [28]) one can show [28]
that:

A21
B21

=
8π h ν321
c3

(2.5)

B12 = B21 (2.6)

The Einstein coefficient B21 can be reformulated by introducing a measurable cross section σ21
[cm2] for the transition [28]:

B21 =
c

hν21
σ21 (2.7)

Now, we can rewrite e.g. Equation 2.1 in terms of the photon density φ = %21/h ν21 [1/cm3]:

dN1
dt

= −σ21 c φN1 (2.8)

The number of transitions equals the change in the photon density:

dN1
dt

=
dφ

dt
(2.9)

This relation can be reformulated using c = dx/dt and thus:

dφ

dx
=
1

c

dN1
dt

= −σ21 φN1 (2.10)

Using a more practical quantity - the Intensity I = c hν21φ [J/s cm2], Equation 2.10 resembles
the Beer-Lambert law of absorption:

dI
dx

= −σ21N1 I (2.11)

Equation 2.3, which describes the spontaneous emission, can be reformulated in an analog way.
Combing of Equation 2.3ff and Equation 2.11 and solving leads to:

I
I0

= exp(σ21 (N2 −N1) d) (2.12)

One clearly sees that if one could prepare such a 2-level system in a way that N2 > N1, the
so-called population inversion, the incident radiation would be amplified along the distance d.
This is the fundamental principle of the laser.

Without incident radiation the population of the the two energy levels is given by the Boltzmann
equation (cf. [28]) and thus N2 < N1. In this case, any incident radiation ν21 is absorbed and
results in a higher population of N2. At the point when N2 = N1 the number of emissions
equals the number of absorptions due to the same transition probabilities, i.e. the same cross
sections, for both transitions. A population inversion can not be achieved in such a hypothetical
2-level system.

Fortunately, "real" systems e.g. solid-state media or molecules usually have more than two
energy levels. This feature can be used to create the necessary population inversion.
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2.2 Multiple-level systems

Three-level system
The first idea to create a population inversion is to utilize a third energy level as sketched in
a simplified manner in Figure 2.2 a). The incident pump radiation νP induces transitions from
the ground-state |1> to the pump level |3>. This state decays within τ32 into the upper laser
level |2>. If τ32 � τ21, the number of exited states N3 is very small compared to N1 and N2
and one can assume that N = N1 + N2. Thus, requiring N2 > N/2 for the amplification of
incident radiation in a three-level system.

The most prominent 3-level laser medium is ruby (Cr3+:Al2O3), which was used by T.Maiman
to experimentally show stimulated emission in the visible range for the first time [32].

Four-level system
Although amplification is possible in a three-level system, high pump rates are necessary to
achieve N2 > N/2. One can circumvent this problem by utilizing a fourth energy level, the lower
laser level (denoted 2> in this case). A scheme of a four-level system is shown in Figure 2.2 b).
If τ21 � τ32, the lower level is practically empty at all times and thus any population of the
upper laser level N3 will lead to amplification of the incident radiation.

A widely used four-level laser material is Nd:YAG (Nd3+:Y3Al5O12).

Quasi three-level system
As mentioned before, the thermal population of the energy-levels is governed by the Boltzmann
distribution. So, if the energy spread between the ground state and lower laser level in a four-
level system is on the order of ≈kT the lower laser level will be populated at room temperature.
Such a system is called quasi-three-level system and its amplification behaviour is strongly
influenced by the temperature.

Yb:YAG (Yb3+:Y3Al5O12) at room temperature is a typical quasi-three-level system.

2> N2

N3

N1

3>

2>

N3

N1

4>

1>

N2

N4

τ21

τ32

τ43

νLνP

3>

1>

τ21

τ32

νL

νP

E
n
e
rg

y

a) b)

N νP

c)

n

τ νL

Excited 

Ground 

Figure 2.2: Scheme of a three-level a) and a four-level b) system. Both systems can be treated simplified as
two level system, shown in c), if the lifetime of the upper laser level is very large compared to the lifetime
of the upper pump level and, in case of the four-level system, compared to the lower laser level.

In reality, the pump and lasing transitions νP and νL are not "sharp" as explained and shown
in Figure 2.2. Usually, a certain bandwidth ∆νP can be absorbed and ∆νL amplified. Under
the assumption of a very short lifetime of the upper pump level compared to the lifetime of
the upper laser level, and additionally a short lifetime of the lower laser level in case of a four-
level system, these systems can simply be treated theoretically as a two-level system. In the
following, the total number of states per volume is denoted N and the number of excited states
per volume is n, see Figure 2.2 c).
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2.3 Creation of a population inversion

A population inversion can be created by pumping a laser medium at a suitable pump wavelength
λP with an intensity IP . In the case of pulsed amplification, as in the present thesis, the laser
medium is usually pumped for a certain pump pulse duration tP . During pumping, the popula-
tion inversion is not depleted via stimulated emission and therefore pumping and amplification
can be treated independently. However, spontaneous emission occurs while pumping leading to
a depletion of the inversion.

With the formulae and quantities introduced in Section 2.1 and the 2-level assumption in-
troduced in Section 2.2 the time-dependent population of the upper level can be expressed as
follows:

dn

dt
= WP (N − n)−

n

τf
(2.13)

Here WP is the pump rate, the number of transitions per second, which can be expressed as:

WP =
σP λP
h c

IP (2.14)

The differential equation 2.13 can be solved analytically and yields:

n(t) =
τf WP ,

τf WP + 1
N

(
1− e−t

(
Wp+

1
τf

))
(2.15)

In comparison, the solution for the pure absorption is:

n(t)Abs = N
(
1− e−t Wp

)
(2.16)

For tP � τf (WP const.), the ratio between excited and absorbed states, i.e the ratio between
energy available for amplification and absorbed energy, is:

n(t)

n(t)Abs
=

τf WP ,

τf WP + 1
(2.17)

One defines:

τf WP =
τf σP λP
h c

IP =
IP
ISat

(2.18)

ISat =
h c

τf σP λP
(2.19)

ISat is the saturation intensity - a laser material specific constant - which corresponds to the
pump intensity necessary to achieve a upper state population of N/2 for tP � τf .
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2.4 Laser pulse amplification

As mentioned before, the generation of the inversion and the amplification can be treated sep-
arately. Pumping with an intensity IP for tP leads to n excited states per volume at the end of
the pump pulse duration. In the case of pulsed amplification, the pulse duration tp of the laser
pulse is assumed to be much shorter compared to the pumping time tP and the fluorescence
lifetime τf . Therefore, both terms can be neglected when calculating the amplification. The
depletion of the upper laser level then just occurs via stimulated emission.

This interaction of the laser pulse with the inversion in the laser medium is characterized
by the nonlinear, time-dependent photon-transport equation [28], describing the the change of
the photon density in a small volume as:

∂φ

∂t
= c σL φn−

∂φ

∂x
c (2.20)

with
(
∂φ
∂x c

)
characterizing the photon flux exiting the considered region and

∂n

∂t
= − c σL φn (2.21)

describing the population inversion.

To calculate the amplification of the incident pulse, the coupled differential equations 2.20 and
2.21 have to be solved. A solution was first presented by Frantz and Nodvik [33] who calculated
the amplified photon density to:

φ(x , t) =

{
1− [1− exp (−σL n x)] exp

[
− σL φ0 c

(
t −

x

c

) ]}−1
φ0 (2.22)

Assuming a rectangular pulse shape with a pulse duration tp and an initial photon density φ0,
the gain in a laser medium with the length l and n excited states can be calculated to [33]:

G =
1

c σL φ0 tp
ln{1+ [exp (σLφ0 tp c)− 1] exp (σL n l)} (2.23)

One can reformulate this equation using directly measurable laser parameters:

G =
FSat
Fin
ln

{
1+

[
exp

(
Fin
FSat

)
− 1
]
exp(σL n l)

}
(2.24)

Here Fin is the input fluence [J/cm2] of the laser pulse and Fsat the saturation fluence, a
combination of characteristic values of the laser material which is defined as:

FSat =
h c

σL λL
(2.25)

The limits of gain G in case of low and high input fluence are given by:

Fin � FSat ⇒ G ≈ exp(σL n l) = exp(g0 l) (2.26)

Fin � FSat ⇒ G ≈ 1+
(
FSat
Fin

)
g0 l (2.27)

So, for small input signals the amplification of the incident laser pulse is exponential with length
of the laser medium. G0 = exp(g0 l) is commonly denoted the "small signal gain".
For strong input signals, the gain tends to be linear with the length of the amplifier. According
to [28] this implies "that every exited state contributes its stimulated emission to the beam.
Such a condition obviously represents the most efficient conversion of stored energy to beam
energy".
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2.5 Amplified spontaneous emission

In the previous section, the amplification of an incident pulse was described and in general this
radiation is the main source for the depopulation of the upper laser level. However, also the
spontaneously emitted photons described in Section 2.3 are amplified in the same way.
This effect is called amplified spontaneous emission (ASE).

The emission of a spontaneously emitted photon can occur at every point in the pumped
volume in all solid angles during the whole pumping time. These photons will experience a
gain, see Equation 2.27, GASE = exp(σASE n Lchar ), where σASE is the mean emission cross
section for spontaneous emission and Lchar the characteristic length of the system. So, ASE
becomes relevant either if the population density is high, typically in high-gain amplifiers, or if
the characteristic length is large.

Normally, one would assume that Lchar is the longest extent of the pumped volume. But
spontaneously emitted photons which leave the pumped volume can also be back-reflected into
it, which increases Lchar . One source for back-reflections are the optics which are used to set
up several amplification passes for the pulse to be amplified. Another source are internal (total)
reflections in the laser medium, e.g. at the edges of a laser crystal. In the latter case even
stable oscillations, i.e. whispering gallery modes, can occur if the total gain - amplification in
the pumped area and reflection losses at the edges - per round-trip exceeds 1. In this case a
much larger Lchar has to be assumed. These oscillations are named parasitic oscillations or
parasitic effects, where ASE mostly denotes effects which are recognizable in the direction of
the laser pulse.

So, both effects can depopulate the upper level and thus reduce the gain and the output energy
which can be interpreted qualitatively as an effective shortening of the fluorescence time. As
mentioned this problem mainly occurs in high gain amplifiers and in amplifiers for high energies,
since they have large apertures and therefore large transverse sizes to prevent laser induced
damage.

A proper theoretical description of the ASE is given in the publication of Barnes and Walsh [34].
They deduce a correction term for the creation of the population inversion, cp. Equation 2.13,
which then reads:

dn

dt
= WP (N − n)−

n

τf
exp(σASE n Lchar ) (2.28)

The correction term exp(σASE n Lchar ) exactly reflects the qualitative description - the effec-
tive fluorescence life time is reduced. The higher the population density n and/or the longer
the characteristic length Lchar the shorter the effective upper state lifetime.

Equation 2.28 has to be solved numerically. Alternatively, one can approximate exp(σASE n Lchar )
by a constant factor called MASE and so the equation can be solved analytically to:

n(t) =
τf WP ,

τf WP +MASE
N

(
1− e−t

(
Wp+

MASE
τf

))
(2.29)

However, the correctness of this approximation has to be verified. A comparison of the time-
dependent behaviour of Equation 2.28 and Equation 2.29 can be found Appendix A. It was found
that for pumping times in the order of τf and larger the constant MASE approach reproduces
Equation 2.28 perfectly.

(2.30)
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The long-term solution of Equation 2.29 reads to:

n(t)

n(t)Abs
=

τf WP ,

τf WP +MASE
=

Ipump/Isat
Ipump/Isat +MASE

(2.31)

So, MASE =1 equals the absence of parasitic effects or ASE - only spontaneous emission depletes
the upper laser level. At MASE =0 also the spontaneous emission is neglected during calculation,
hence Equation 2.29 then describes the absorption of the pump light. Figure 2.3 illustrates
the impact of the MASE and the pump intensity on the upper state population. The effect of
MASE at Ipump = Isat is shown in subfigure a) and b) illustrates the time-dependent upper state
population for different pump intensities. One can clearly see that the larger MASE the lower
the maximum achievable upper-state population and hence the amplification.

a) b)
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Figure 2.3: Impact of MASE and pump intensity on the upper-state population. Subfigure a) illustrates the
effect of the MASE at Ipump = Isat . The time-dependent upper state population in dependence of the pump
intensity is shown in b). MASE=0 corresponds to the amount of absorbed states while MASE =1 reflects the
upper state population regarding spontaneous emission which is the maximal achievable population density.
One can clearly see that the larger MASE the lower the maximum achievable upper state population and
hence the amplification.

Barnes andWalsh described how ASE reduces the effective upper state population. As described
before, these emitted photons can, if somehow back-reflected to the pumped volume, lead to
parasitic oscillations. Under the simple assumption - a more detailed description can be found
in [35] - that a spontaneously emitted photon from the center of the laser medium is back-
reflected once from the edge of the laser medium with a reflectivity R, the total gain, neglecting
absorption in unpumped area, is:

GASE = R eg0D (2.32)

D is a characteristic length, e.g. the pump diameter, and R a characteristic reflectivity, i.e.
R = 0.086 for an air/YAG interface. For GASE > 1 parasitic oscillations are possible. As
described before, Yb:YAG exhibits a significant amount of reabsorption of laser radiation de-
pending on the crystal temperature. Also the reabsorption of the ASE in unpumped areas of
the crystals has to be taken into account as well as the pump intensity and the pump pulse
duration. One can derive for G= 1:

lnR = K (1−E)Nyt cdop σemD︸ ︷︷ ︸
Amplif ication

−K E Nyt cdop σabs D︸ ︷︷ ︸
Absorption

−Nyt cdop σabs Dunp︸ ︷︷ ︸
Reabsorption

(2.33)

with: K =

IP
Isat

IP
Isat

+MASE

and E = exp

(
−tP
τf

(
IP
Isat

+MASE

))

Nyt [1/cm3] denotes the nuclear density of Yttrium ions in YAG , cdop [at.%] the Ytterbium
doping concentration , σem [cm2] and σabs [cm2] the emission and absorption cross section at
1030 nm, D [cm] the amplification length and Dunp [cm] the length of the unpumped region.
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Reformulating Equation 2.33 leads to a critical product of D× cdop. Figure 2.4 illustrates this
product for Yb:YAG at room temperature taking a reflectivity of R = 0.086, R = 0.018 resp.
and an absorption length Dunp =1 cm into account. R = 0.018 corresponds to the commonly
used threshold for the onset of parasitic oscillations of g0D = 4. For the of calculation of the
critical product MASE is set to 0.

a) b)

Figure 2.4: Critical product of doping concentration and pump spot diameter for Yb:YAG at room temper-
ature assuming R = 0.086, R = 0.018 resp. and Dunp =1 cm. In subfigure a) the pump intensity is kept
constant (IP = Isat) and the pump pulse duration is varied while in subfigure b) the pump pulse duration is
kept constant. Assuming a pump diameter and absorbing length of each 1 cm and pumping with ISat and
τf the critical doping concentration cdop for the onset of parasitic oscillations is ≈ 1.4% for R = 0.086 and
≈ 2.3% assuming R = 0.018. For the of calculation of the critical product MASE is set to 0.

The calculation shown in Figure 2.4 reveals a critical doping concentration cdop for the onset
of parasitic oscillations of ≈ 1.4% for R = 0.086 and ≈ 2.3% in the case of R = 0.018 at an
assumed pump diameter and absorbing length of each 1 cm and pumping with Isat and τf . At
a higher doping concentration, parasitic oscillations are in principle possible. However, the real
influence of these parasitic effects on the inversion, meaning the maximum stored energy, can
only be calculated with a proper 3D ray-tracing amplification simulation.

2.6 Summary

In this chapter the requirements for laser amplification and the amplification process itself were
presented and the corresponding equations were derived. In the pulsed-amplification scheme,
pumping of the laser material and the amplification of the laser pulse can be treated indepen-
dently. However, parasitic effects and ASE can occur while pumping the gain material and lead to
a severe depopulation of the upper laser level and hence a reduced stored energy. The equation
describing the pumping of the gain material was extended by an factor MASE, cp. Equation 2.29,
to account for these losses. Furthermore, a threshold criterion for the onset of parasitic effects
was derived. All presented equations only regard the monochromatic case. Nevertheless, the de-
rived formulae for pumping and amplification are the foundation for a polychromatic simulation
of the laser pulse amplification which is extensively described in Chapter 5.
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3GA IN MATER IAL

This chapter follows the ideas given by W. Krupke [36] and M. Siebold [37] and measurements
conducted by J.Körner et al. [38, 39, 40].

3.1 General considerations

The invention of laser diodes in 1962 and their fast evolution starting from the late 1980s lead
to new possibilities of optical laser pumping. In comparison to the established flash-lamps, for
pumping high-energy laser systems, laser diodes exhibit an increased spectral brightness. The
emitted pump radiation is confined in a much narrower spectral bandwidth, typically a few nm
compared to several hundred nm for flash-lamps. The resulting main advantages of laser-diodes
are their higher wall-plug efficiency, meaning the fraction of electrical energy actually transferred
into usable pump radiation, which is important for high-repetition rate systems, and the resulting
lower amount of pump energy transferred into heat in the laser material. A drawback is the
small output power of a single laser diode. Typically several emitters are combined in a so-
called bar, leading to a state-of-the-art output power of ≈ 300W per bar. Several of these bars
are assembled to stacks which then are optically combined to get the desired output power.
The large number of necessary emitters leads to high investment costs per kW of installed
pump power. Increasing interest in diode-pumping over the last decade and new developments
lead to decreasing prices. Additionally the running costs of laser-diode modules are much lower
compared to flash-lamps. Thus, laser-diode modules may replace flash-lamp pumping in the
future.

Nowadays, the established way of generating short laser pulses in the range of <1 ps with high
pulse energies in the range of >100 J is utilizing the CPA principle, as explained in Chapter 4,
in combination with flash-lamp pumped Nd:glass as amplifier medium. Thus, output powers
in the range of 1 PW were demonstrated [41, 42]. The main drawback of such laser systems
is the limited shot period of ≈ 1-6 shots per hour due to the low thermal conductivity of
glass in combination with the large amount of heat introduced by flash-lamp pumping. This
problem can be alleviated by using diodes as a pump source. However, even with diode pumping,
the low thermal conductivity of glass permits repetition rates above 1 shot per minute which
is to slow for our application. An alternative to glass is YAG (Y3Al5O12) which has a ≈ 10
times higher thermal conductivity than glass. Unfortunately, the change of the host material
comes along with a change of the spectral properties. The absorption bandwidth is reduced to
<1 nm requiring stabilized laser-diodes for pumping which have even higher investment costs
compared to standard laser-diodes (∆λ ≈ 6 nm) and furthermore the amplification bandwidth
of Nd:YAG limits the pulse duration to >10 ps. Thus, Nd:YAG is not suitable as laser material
for diode-pumped, high-energy CPA pump systems generating pulse durations <1 ps.

In the course of developing such systems Ytterbium-doped materials became of special interest
since they exhibit broader absorption and emission bandwidths compared to Nd-doped materials.
Furthermore, the long fluorescence time of Yb-doped materials, e.g. ≈ 1ms for Yb:YAG [43, 44],
allows for cost-efficient optical pumping.

A comparison of Yb-doped materials and a detailed description of Yb:YAG as laser material is
presented on the next pages.
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3.2 Yb-doped laser materials

Several host materials were investigated during the last decade regarding their properties when
doped with Ytterbium. A good comparison between Yb-doped an other laser materials can be
found in the publication of M.Siebold et al. [37].

As explained before, a broad emission bandwidth is necessary for short pulse generation. Further-
more, a long fluorescence lifetime enables cost-efficient optical pumping because lower pump
intensities can be used to deposit the same amount of energy, see Section 2.3. An additional
criterion for the choice of a suitable laser material is its saturation fluence FSat - the fluence
which is needed to efficiently extract energy, see Section 2.4. However, a too low FSat also
enables high energy extraction through ASE. At a too high FSat on the other hand, the LIDT
is reached before efficient extraction can be achieved. Figure 3.1 a) illustrates the suitability of
different laser materials regarding energy extraction (lower FSat are preferable) and energy stor-
age (longer fluorescence time is preferable). The ability of short pulse generation in combination
with the fluorescence time is depicted in subfigure b).

a)

b)

Figure 3.1: Comparison of different laser materials regarding fluorescence time τf and saturation fluence
FSat a) plus their ability for short pulse generation b) according to [37], with kind permission from Springer
Science and Business Media. A low saturation fluence FSat ensures efficient energy extraction. A too low
FSat on the other hand enables high energy extraction through ASE. For larger Fsat the LIDT limits efficient
extraction. Long fluorescence times τf are favourable for diode pumping because lower pump intensities can
be used to deposit the same amount of energy in this case. The suitability for the generation of short pulses
is determined by the bandwidth of the emission cross section.
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Yb-doped materials show broadband absorption in a range from 900 nm to 1040 nm. Again, the
characteristic of the cross section strongly depends on the atomic structure of the host material.
All materials shown a distinct peak between 970 nm and 980 nm. Although the bandwidth of
these peaks may be broad enough for standard-diode pumping the emission cross sections, see
Figure 3.4, are in the same order and therefore prevent high inversion levels. The more suited
spectral range for pumping Yb-doped materials is around 940 nm, especially in the case of
Yb:YAG which exhibits a broad peak with a spectral bandwidth of ≈10 nm and absorption cross
sections comparable to the main peak. A collection of absorption spectra of different Yb-doped
materials is shown in Figure 3.2. These cross sections were measured by J.Körner et al. [38, 39].

Figure 3.2: Absorption cross sections of different Yb-doped materials, according to J.Körner et al. [38, 39]

For high repetition rate operation of the laser system the thermal properties of the laser material
also play a very important role. Materials with a high thermal shock parameter and a high thermal
conductivity a preferable. In his dissertation D.Albach [45] collected these properties for some
widely used host materials. Figure 3.3 shows his findings.

Figure 3.3: Thermal shock parameter RS in dependence of the thermal conductivity k for different host
materials. Materials with a high thermal shock parameter and a high thermal conductivity a preferable.
Taken from [45] with kind permission from D.Albach.
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In addition to the mentioned physical criteria also practical aspects limit the range of possible
laser materials for ultra-high peak-power lasers. An important limiting factor is the laser induced
damage threshold (LIDT). In good approximation the LIDT of the mentioned materials is in the
range of 5 J/cm2 for 10 ns pulse duration. This leads to necessary laser material diameters
easily exceeding 1 cm for pulse energies larger than 10 J. Furthermore, in the context of laser
development, these large samples have to be available from a reliable supplier with mature man-
ufacturing processes on a short time scale with flexible doping concentration and at moderate
prices.

Taking all the mentioned physical and practical/technical criteria into account, the most promis-
ing Yb-doped materials for high repetition rate, ultra-high peak-power lasers are Yb:YAG and
Yb:CaF2. While the latter is predestined for the generation and amplification of ultra-short
pulses in the range of 200 fs the spectral bandwidth of Yb:YAG is sufficient for the generation
and amplification of few-ps pulses which is our aim. Furthermore, its lower saturation fluence
allows for a higher efficiency. Due to its similarity to Nd:YAG which has been used for flash-lamp
pumped lasers for decades the market for Yb:YAG crystals is very competitive. However, tradi-
tional Yb:YAG crystals are limited in sample size and doping concentration due to the growing
process. This problems can be overcome by using ceramic Yb:YAG which became accessible in
the last years.
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3.3 Spectroscopic properties of Yb:YAG

Following the criteria given in the previous section, Yb:YAG is the most promising laser material
for our purpose. In this section, the spectroscopic properties of Yb:YAG will be presented in de-
tail. As explained in Section 2.2, Yb:YAG is a quasi 3-level system, meaning that the population
of the lower laser level is temperature-dependent. Hence the spectroscopic properties strongly
depend on the crystal temperature. The most comprehensive studies of this topic so far have
been carried out by J.Körner et al. [38, 39, 40]. They investigated the temperature dependence
of the absorption and emission cross section for several Yb-doped materials, including Yb:YAG.

The figures presented in the following section are based on the results of their measurements
which they generously provided.

Figure 3.4 illustrates the absorption a) and emission b) cross sections of Yb:YAG between
900 nm and 1100 nm for different temperatures. The two major absorption peaks are located
at 969 nm and 940 nm and thus predestined for diode-pumping. The latter is favourable since
it exhibits a broader bandwidth and so the requirements for the pump diodes are less stringent.
A zoomed-in view of this absorption peak is shown in c). The main emission peak is centred
around 1030 nm, zoomed-in shown in d). The temperature-dependence is clearly evident.

Figure 3.4: Absorption a) and emission b) cross sections of Yb:YAG for different temperatures and enlarged
illustrations of the main peaks of absorption c) and emission d). The date are plotted according to [39].
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The data presented in Figure 3.4, based on [39], only containes cross sections measured at
room-temperature and higher. The latest measurements of J.Körner et al. aimed on measuring
the cross sections for temperatures below room-temperature [40]. The data from this campaign
and the data from [39] were merged and interpolated to get a complete overview of the cross
sections for temperatures between 80K and 470K. Figure 3.5 illustrates contour plots of the
absorption a) and emission b) cross sections.

Figure 3.5: Contour plots of the absorption a) and emission b) cross sections of Yb:YAG for different
temperatures. Based on data provided by J.Körner et al. [39, 40].The plots have individual colorbars.

The peak absorption cross section around 940 nm increases by a factor of ≈ 3 when cooling
down from 470K to 80K. At the same time the peak emission cross section is enhanced by a
factor of ≈ 11. The according slopes are depicted in red in Figure 3.6. While the peak cross
sections show an increase with lower temperatures the according FWHM of the absorption and
emission bandwidth is decreased. Additionally, the double peak structure of the bandwidths gets
more pronounced. Again, this effect is more severe for the emission cross section which show
a decrease of the FWHM by a factor of ≈15 while the change in the FWHM of the absorption
is a factor of ≈3. The change of the bandwidths is illustrated in blue in Figure 3.6.

Figure 3.6: Peak absorption (a,red) and emission (b,red) cross section of Yb:YAG for different temperatures.
The according FWHM is plotted in blue. The discontinuity of the FWHM slope originates from to the double
peak structure of the cross sections. Based on data measured by J.Körner et al. [39, 40]
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Consequently, by cooling Yb:YAG down to cryogenic temperatures the emission cross section
and hence the amplification performance can be raised drastically. At the same time the amplified
bandwidth will drop leading to longer Fourier -limited pulse durations. This effect is illustrated
in Figure 3.7. The pulse duration is calculated under assumption of Gaussian shaped spectrum
with the same FWHM as the emission cross section. However, the plotted pulse duration is the
lower limit and does not necessarily represent the pulse duration after amplification.

Figure 3.7: FWHM of the emission cross section (blue) and the corresponding pulse duration (green) for
different temperatures of Yb:YAG. The pulse duration is calculated under assumption of Gaussian shaped
spectrum with the same FWHM as the emission cross section. However, the plotted pulse duration is the
lower limit and does not necessarily represent the pulse duration after amplification.

3.4 Summary

In summary, the spectral properties of Yb:YAG allow for efficient pumping at the absorption peak
around 940 nm with conventional, not wavelength-stabilized diodes and to amplify a bandwidth
necessary for the generation of <1 ps pulses. The amplification performance can be improved by
cooling down the laser crystal at the expense of longer pulse durations. According to Figure 3.6
and Figure 3.7, a temperature of 260K seems to be a suitable working point. However, this
would demand elaborate cooling strategies. Therefore, the first amplification experiments will
be performed at room temperature.
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4CH IRPED PULSE AMPL I F I CAT ION

As mentioned in the introduction, the demonstration of chirped-pulse amplification for optical
pulses by D.Strickland and G.Mourou in 1985 [2] was the breakthrough in order to generate
final pulse powers normally exceeding the damage threshold of the optics and laser material.
The basic idea of this principle is the extension of the pulse duration by introducing a frequency-
depended delay (called chirp) and hence reducing the pulse intensity of the stretched pulse.
The pulse can then be amplified, as explained in Chapter 2, to the critical intensity again
and subsequently the introduced chirp is removed. A scheme of the CPA principle is shown in
Figure 4.1.
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Figure 4.1: Scheme of the CPA principle. The short pulse generated in the oscillator is temporally stretched
by introducing a frequency-depended delay (called chirp) when traversing the stretcher device. Thus, the
pulse intensity is lowered and the pulse can be amplified to the critical intensity again. At the end, the chirp
of the pulse is removed with a compressor.

In the following, the generation of ultrashort pulses and their description as well as typical
sources of dispersion utilized in CPA chains are discussed.

4.1 Generation and description of ultrashort optical pulses

4.1.1 Generation of ultrashort optical pulses

Ultrashort optical pulses are generated in a laser oscillator using mode-locking technology [27].

In a laser-cavity consisting of an active medium between two mirrors with a distance L, q stable
longitudinal modes νq can arise:

νq = q
c

2L
(4.1)

The resulting electric field at a certain point in space can be described as the superposition of
the individual monochromatic waves [30] using ωq = 2πνq:

E(t) =
Q−1
∑
q=0

EA(ωq) cos(ωq t + ϕ(ωq)) (4.2)

Q is the total number of oscillating modes, EA(ωq) the amplitude and ϕ(ωq) the phase offset
of the qth mode. Normally, ϕ(ωq) is random, but if one is able to fix the phase offset such
that ϕ(ωq) = const.∀q, all oscillations will interfere constructively at a certain instant in time.

The technique to fix the phase offset is called mode-locking and can be realized with different
approaches [14]. Nowadays, the shortest pulses out of an laser oscillator are generated utilizing
Ti:sapphire as laser medium. Pulse duration below 10 fs are state of the art [46].
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4.1.2 Description of ultrashort optical pulses [47]

As mentioned above, short pulses can be described as a superposition of individual monochro-
matic waves. Mathematically more precise, the infinite sum, i.e. the integral, describes a single
pulse. Using the complex representation of the cosine one derives:

Ẽ(t) =
1√
2π

+∞∫
−∞

EA(ω)e
−i(ωt+ϕ(ω)) dω (4.3)

This corresponds to a Fourier transformation:

Ẽ(t) = FT [(Ẽ(ω)] with Ẽ(ω) = EA(ω)e
−iϕ(ω) (4.4)

To obtain the real part of the temporal electric field one has to add its complex conjugate:

E(t) =
1

2
[Ẽ(t) · e iωt + Ẽ∗(t) · e−iωt ] (4.5)

From Equation 4.3 one can obtain that the pulse duration changes if EA(ω) or/and ϕ(ω) are
altered. EA(ω) =

√
I(ω) and therefore can be derived from the measurable spectrum I(ω).

ϕ(ω) can be expressed using the dispersion relation:

ϕ(ω) = k(ω) · z =
ω

c
· n(ω) · z (4.6)

So, if an ultrashort pulse transverses a medium which either influences EA(ω), e.g. by absorption
or amplification, or if the medium exhibits an not constant n(ω) within the spectral bandwidth
of the pulse, the pulse duration is changed. Furthermore, the pulse duration can be changed by
optical setups which introduce a frequency-dependent optical path z(ω).

To compare the influence of different optical setups on the pulse duration its is beneficial
to rewrite the spectral phase ϕ(ω) in a Taylor expansion around ω0:

ϕ(ω) =
∞
∑
0

ϕ(n)(ω0)

n!
· (ω−ω0)n with ϕ(n)(ω0) =

∂nϕ(ω)

∂ωn

∣∣∣∣
ω0

(4.7)

ϕ(ω) = ϕ|ω0 + ϕ′|ω0(ω−ω0)+
1

2
ϕ′′|ω0(ω−ω0)

2 +
1

6
ϕ′′′|ω0(ω−ω0)

3 + ... (4.8)

The zeroth-order coefficient describes the offset between the oscillations of the carrier frequency
ω0 and the envelope of the electric field. It is called carrier-envelope phase (CEO). The first order
spectral phase term is the group delay (GD) describing the translation of the envelope in the
time-domain. Starting from the second order phase term on, the group delay dispersion (GDD),
the temporal structure of the electric field is influenced. Hereby, all even phase terms lead to
a symmetric broadening of the temporal shape while the odd phase terms create pre and post
pulses. Analogously, these phase terms are denoted third-order dispersion (TOD) and fourth-
order dispersion (FOD).
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From the equations presented above one obtains shortest pulse durations if dϕ/dω = const.

In this case the pulse duration is only determined by the pulse spectrum. One can derive the
so-called Time-Bandwidth product [27]:

∆ν × ∆τ ≥ K (4.9)

Here, ∆ν represents the FWHM of the frequency spectrum of the pulse and ∆τ the FWHM of the
temporal pulse shape duration. K is a constant given by the shape of the frequency spectrum.
A prominent example are Gaussian-shaped spectra which lead to a Gaussian temporal pulse
shape. In this case K= 0.44. An overview of K-factors for a variety of spectral shapes can be
found in [27]. However, if the real spectrum can not be approximated with a generic shape one
has to perform a numerical Fourier transformation to calculate the temporal pulse shape.

4.2 Sources of dispersion [27]

As mentioned above the pulse duration can be altered by changing the spectral phase ϕ(ω).
This is the basic principle of CPA. So, in order to extend the pulse duration one has to set up an
optical device which introduces n(ω) or z(ω) or both. After the amplification, the pulse has to
traverse a setup which introduces exact the opposite dispersion in order to restore the original
pulse duration. Typical methods/setups to generate dispersion are given in the following listing:

• Material: changes the spectral phase ϕ(ω) by material dispersion n(ω)

• Gratings: changes the spectral phase ϕ(ω) by angular dispersion z(ω)

• Prism: material dispersion n(ω) and angular dispersion z(ω)

• Grism: a combination of a grating and a prism

• Chirped mirror: a mirror based on a multilayer dielectric structure which introduces
different optical path lengths via its wavelength-selective reflectivity in different depths
of the coating

In the following, material dispersion and the dispersion of a stretcher/compressor setup are
explained more detailed since they are the main sources of dispersion in the PFS pump laser.

4.2.1 Dispersion introduced by a transparent medium

If one considers a optical pulse propagating through a linear, absorption-free medium of the
length L and the refractive index n(ω) one can write:

Ẽ(z0 + L,ω) = Ẽ(z0,ω) e
−iϕL(ω) (4.10)

The spectral transfer function then reads as:

ϕL(ω) = k(ω)L =
L

c
ω n(ω) (4.11)

As explained before, only the phase terms higher then the first order will lead to a change of
the temporal shape. Exemplary, only the GDD will be discussed:

GDD = ϕ′′L =
d2ϕL
ω2

=
L

c

(
2
dn

dω
+ ω

d2n

dω2

)
=

λ3L

2πc2
d2n

dλ2
(4.12)
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4.2.2 Dispersion introduced by grating arrangements

High-energy laser pulses can only be compressed using reflection gratings since the compressed
pulse powers, as explained before, trigger non-linear effects in material or exceed the LIDT. So,
commonly high-energy CPA laser systems are based on a matched pair of a reflection-grating
stretcher and a reflection-grating compressor.

A short pulse hitting a grating will be decomposed after reflection into the first order [27]:

sin(α) + sin(β) = Nλ (4.13)

Here, α is the angle of incidence and β the angle of the reflected beam. N denotes the line
density of the grating. First ideas to utilize grating arrangements to change the spectral phase of
a pulse were presented by E.Treacy in 1969 [48]. He proposed an arrangement of two gratings
and an end mirror to introduce negative dispersion. The beam is dispersed at the first grating
and a second, parallel grating is used to recollimate the beam. The end mirror reverses the beam
path. A scheme of this arrangement is show on the right side of Figure 4.2. The dispersion
coefficients of such an arrangement can be calculated to [9]:

GDD =
−2Dλ30N2

2π c2 cos2 β0
(4.14)

TOD =
6Dλ40N

2

4π2 c3 cos2 β0

(
1+

λ0N sin β0
cos2 β0

)
(4.15)

FOD =
−6Dλ50N2

8π3 c4 cos2 β0

[
4

(
1+

λ0N sin β0
cos2 β0

)2
+

(
λ0N

cos2 β0

)2]
(4.16)

where λ0 denotes the center wavelength and β0 the corresponding angle of refraction. The
grating separation is D. An arrangement like that is called compressor. A sketch of a compressor
is shown on the right side of Figure 4.2. As mentioned, its counterpart is the stretcher. A
Martinez-type stretcher [49] is shown on the left side of Figure 4.2.

As Figure 4.2 depicts, a stretcher and compressor act like a pair. If set up correctly, the chirp
introduced by the stretcher is completely compensated by the compressor.

Figure 4.2: Scheme of a stretcher-compressor arrangement. On the left-hand side a stretcher in theMartinez
configuration is depicted and on the right-hand side the companion compressor in Treacy configuration. If
set up correctly, the chirp introduced by the stretcher is completely compensated by the compressor.
Illustration taken from [9], with kind permission.

In a real CPA system, additional material dispersion, e.g. by the laser crystal, is introduced
which can be compensated to some extent by a slight mismatch between the stretcher and
the compressor setup. However, the more convenient tool is a Dazzler (FASTLITE) [50] - an
acusto-optic modulator which enables spectral phase and amplitude shaping. The latter also
very important in order to counteract changes of the pulse spectrum I(ω) during amplification
caused be an unequal gain distribution originating in the mostly inhomogeneous emission cross
section of the laser medium, see also Chapter 5.
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5MODELL ING LASER PULSE AMPL I F I CAT ION

5.1 Description of the model

Based on the theoretical background in Chapter 2, a simulation for the laser pulse amplification
in Yb:YAG was developed. Under the assumption that the laser pulse amplification takes place
at the end of the pump pulse duration and that the laser pulse duration is much shorter than
the fluorescence lifetime the model can be separated into two parts.

In the first part, the inversion population is calculated in a time-dependent way under considera-
tion of a constant MASE, see Equation 2.29. To ensure the correct simulation of both single- and
multi-pass pumping scenarios, the crystal is virtually cut into multiple layers along the pump
direction and the number of necessary layers is later checked with a convergence criterion
for the extractable energy. The absorption of the pump radiation is treated wavelength- and
temperature-dependent. This allows to take into account measured pump spectra as well as any
artificial pump spectrum. The temperature-dependent calculation accounts for the temperature-
dependence of the cross sections, see Figure 3.5 a). The functional principle of the inversion
simulation is depicted in Figure 5.1.
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Figure 5.1: Schematic diagram of the simulation of the upper-state population. For a given spectral pump
pulse intensity I(λ), pump pulse duration tpump and MASE, the resulting upper-state population density n(z)
is calculated with respect to the crystal length L, virtually cut into several layers, the doping concentration
cdop, the crystal temperature T and the number of pump passes mp.

The result of the first part of the simulation, the layer-specific upper state population density,
is carried over to the second part of the simulation, the calculation of the amplification based
on the reformulated Frantz Nodvik equation (Equation 2.24). The same z-discretization as in
the first part is used - this time assuring the precise calculation of the reabsorption of amplified
radiation. Analogously, the amplification of the laser pulse is calculated in dependence of the
wavelength and crystal temperature. As mentioned before, the laser pulse duration is assumed
to be much shorter than the pump pulse duration. Therefore the laser pulse is not treated in a
time-dependent manner. Hence, the main input parameter is the spectral energy Ein(λ) along
with the number of amplification passes.

The performance of the developed simulation tool will be presented in the next section by
analyzing selected pump and amplification scenarios.
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5.2 Selected simulation topics

5.2.1 Multi-pass pumping

Due to the quasi three-level structure of its energy levels Yb:YAG exhibits noticeable absorption
in the laser wavelength range, see Figure 3.4. Hence, all non-inverted ions will reabsorb a certain
part of the amplified radiation. Consequently, it is beneficial to create a high inversion level
throughout the gain medium. However, the upper state population along the absorption length
is governed by Beer-Lambert’s law. Thus, the created upper state population drops exponentially
with the absorption length which yields an increasing number of ground-state absorbers with
crystal depth. The solution to create a high and homogeneous inversion along the gain medium
length is to use a shorter gain medium and to "recycle" the not-absorbed pump radiation by
applying multiple pump passes, as illustrated in Figure 5.2.
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Figure 5.2: Illustration of single-pass vs. multi-pass pumping. In both cases the fraction of absorbed pump
energy is the same. Applying multi-pass pumping, the number of reabsorbing ions can be reduced drastically.

The first part of the simulation code was used to evaluate multi-pass pumping. Figure 5.3
shows the findings of that calculation. The simulation parameters are summarized in the figure
caption.

a) b)

Figure 5.3: Effects of multi-pass pumping. Subfigure a) shows the enhancement of the upper state population
when shortening the Yb:YAG crystal length and increasing the number of pump passes (pp). The length
of the crystal was chosen such that the amount of absorbed energy is constant. The theoretical maximum
output energy, considering reabsorption, in dependence of the crystal length and the number of pump passes
(pp) is shown in b). The results were obtained with following simulation parameters: cdop = 2% , DPump =
1 cm , IPump = 25.5 kW , tPump = 1ms , T = 293K, MASE = 1

As expected, a higher and more homogeneous inversion level along the crystal length can be
generated by multi-pass pumping, see Figure 5.3 a). The mean upper state population can be
more than doubled when switching from single-pass to 8-pass pumping. For this calculation, the
length of the crystal was chosen such that the amount of absorbed pump energy is 90% in all
pump pass configurations. However, Figure 5.3 b) indicates that the ideal length for maximum
theoretical output energy differs from the length of equal absorption which is again governed
by the interplay between amplification and reabsorption.
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For single-pass pumping the maximum energy is extracted at 90% absorbed pump power while
at the maximum in the 8-pass case nearly the whole pump power is be absorbed. The maximum
output energy can be increased be 40% when switching from 1-pass to 8-pass pumping.

So, the benefits of multi-pass pumping are clearly evident. However, the possibility of multi-pass
pumping is mainly governed by the brightness of the pump modules and space constrictions.

5.2.2 Gain narrowing

Gain narrowing describes an effect of a reduction of the spectral bandwidth during amplification.
This is caused be an unequal gain distribution originating in the mostly inhomogeneous emission
cross section of the laser material. For a spectrum centred at the peak of the emission cross
section, the central wavelength experiences a higher gain compared to the wings of the spectrum
leading to a narrower output spectrum. Furthermore, gain narrowing strongly depends on the
total gain of the amplifier/s. In the case of amplifying chirped pulses gain narrowing also leads
to a shortening of the stretched pulse duration which can be critical when operating close to the
LIDT. The simulation takes account of gain narrowing since it calculates wavelength-dependent
based on the measured cross sections [38, 39, 40]. A simulation results showing gain narrowing
is depicted in Figure 5.4 a). The simulation parameters are summarized in the figure caption.

a) b)

Figure 5.4: Comparison of the amplification of a spectrally unshaped input spectrum a) vs. a spectrally shaped
input spectrum b). A closed-loop method was used to calculate the necessary shaping to maintain the full
input bandwidth of 4 nm, shown in b). In the unshaped case the spectral bandwidth narrows down to 1.3 nm.
For both simulation the total gain was set to be ≈ 105. The results were obtained with following simulation
parameters: cdop = 2% , DPump = 1 cm , IPump = 25.5 kW , tPump = 1ms , T = 293K, MASE = 1

The PFS CPA pump chain is planned to generate a total gain of G ≈ 105. In this case, an
unshaped input spectrum with a FWHM=4 nm (Super-Gaussian shape) will be narrowed down to
a FWHM=1.3 nm, as shown Figure 5.4 a), which would still be sufficient for the targeted pulse
duration of ≈ 1 ps. The more severe issue in this case is the reduction of the stretched pulse
duration by a factor 3, which can lead to damage of the optical components. Spectral amplitude
shaping, either before or in the amplifier, is a proven method to circumvent gain narrowing. Due
to its easier implementation, we opt for the first possibility. Using an acusto-optic modulator,
the input spectrum is altered in a way that the spectral intensity for wavelengths with higher
gain is suppressed. The effect is shown in Figure 5.4 b). A closed-loop method was used to
calculate the the necessary shaping to maintain the full input bandwidth of 4 nm. S. Klingebiel
did an extensive study of gain narrowing using an early version of the simulation. These results
are presented in [9, 10].

As a consequence to these considerations, spectral amplitude shaping is mandatory in the PFS
CPA pump chain to maintain the broadest spectral bandwidth possible during amplification. An
other option to mitigate the effect of gain narrowing can be the use of Yb:glass, which exhibits
a much broader amplification bandwidth compared to Yb:YAG [38], in first amplification stages
where the thermal load of the crystal is low.
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However, the successful suppression of gain narrowing is partially offset by the fact that at
lower crystal temperatures, as desired for more efficient amplification, see Section 3.3, the gain
bandwidth is reduced compared to room temperature. Although this problem has not yet been
treated experimentally and theoretically in the scope of this work, it will remain the subject of
further study.

5.2.3 Case study of a >1J-amplifier

In the previous sections, two features of the new simulation code were highlighted but the full
capabilities of the code can best be shown in a full case study, e.g. of the >1J-amplifier for the
PFS CPA pump laser.

For this amplifier stage, a pump module with a maximum pump power of 11.3 kW at a duty cycle
of 1.5% generating a square pump spot of DPump = 1 cm is available. The pump spectrum is
nearly Gaussian-shaped with a FWHM of 9 nm centred at 938 nm. A detailed description of the
pump module can be found in Section 7.1. Due to space restrictions, see Section 7.3, only a
double-pass configuration for the pump radiation can be realized.

The seed beam is assumed to have a circular, top-hat, beam profile with a diameter of 1 cm and
a maximum seed energy of 100mJ. A measured seed spectrum, as depicted in Figure 5.5 d), is
used as an input for the simulations.

The focus of this case study lies on investigating the amplification performance of a 2%-doped
crystal. This doping concentration was chosen according to the results of a transverse gain
calculation, see also Section 2.5. The pump parameters given in Table 5.1 lead to a maximum
transverse gain of G0 ≈ exp(2.2) in this case, which is below the threshold value for the onset
of parasitic oscillation in Yb:YAG (G0 = exp(2.4)) assuming back-reflections at the YAG/Air
interface.

All fixed simulation parameters are summarized in Table 5.1:

PPump 11.33 kW

tPump 1.5ms

DPump 1 cm

Pump passes 2

Pump spectrum Gaussian-shaped

FWHM 9 nm at 938 nm

MASE 1

Yb-doping 2%

dSeed 1 cm

ESeed ≤ 100mJ

Seed spectrum measured

see Figure 5.5 d)

Table 5.1: Fixed simulation parameters
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At first, the ideal crystal length is determined, using the first part of the model, by calculating the
stored energy (including reabsorption, calculated using only the cross sections at 1030 nm). This
is done for different crystal temperatures since the desired repetition rate of 10Hz will lead to a
non-negligible temperature rise in the crystal due to the amount of pump radiation transferred
into heat (e.g. quantum defect) which strongly influences amplification and reabsorption, see
also Section 3.3, The result of this simulation is shown in Figure 5.5 a). It is found, that for
temperatures between 300K and 400K a crystal length of 0.6 cm is a good compromise.

Secondly, the number of amplification passes is at evaluated at 300K under consideration of the
real input spectrum. The aim is to extract as much energy as possible and to reach saturation
of the amplification since that will improve the output stability of the amplifier. However, more
than 20 amplification passes are hard to realize in the real setup, see also Section 7.3. The
simulation revealed, as shown in Figure 5.5 b), that saturation is already observable at a little
number of amplification passes. However, as expected, 20 passes are necessary to extract
highest output energies. Unfortunately, this is not the maximum extractable energy as can be
seen when comparing with the output energy of hypothetical 100 amplification passes.

To get a better estimation of the possible output energy, the simulation is repeated with the
now fixed number of 20 amplification passes for different crystal temperatures. Assuming 300K
crystal temperature, a maximum output energy of 3.25 J is simulated. Going to 400K, the
output energy drops to 1.25 J, as depicted in Figure 5.5 c).

Lastly, the output spectrum is checked in order to see if gain narrowing is an issue. To counteract
this effect, the input spectrum (Figure 5.5 d), red, FWHM=3.8 nm) is already spectrally shaped.
As depicted in Figure 5.5 d), the spectral bandwidth narrows down a FWHM of 2.6 nm if a gain
of 1000 (1 J/1mJ) is considered and to a FWHM of 3.2 nm at a gain of 30 (3 J/100mJ) which
is both uncritical for the amplification. However, it will influence the compressed pulse duration.

a) b)

c) d)

Figure 5.5: Results of a full simulation of the >1J-amplifier. For crystal temperatures between 300K and
400K a crystal length of 0.6 cm was found to be a good compromise, see subfigure a). The full number
of 20 amplification passes (ap) is necessary in order to extract nearly the maximum extractable energy,
as depicted in subfigure b). Assuming 300K crystal temperature, a maximum output energy of 3 J was
simulated. Going to 400K the output energy drops to 1 J, see subfigure c). The spectral evolution during
amplification is shown in d). In the worst case gain narrowing leads a FWHM of 2.6 nm which is uncritical.
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So, the simulation of the >1J-amplifier under consideration of the fixed input parameters,
summarized in Table 5.1, yields the conclusion that amplification to output energies between
3 J and 1 J, depending on the crystal temperature, should be possible in a 2%Yb-doped YAG-
crystal with a length of 0.6 cm when utilizing 20 amplification passes.

5.3 Discussion of the model

On the previous pages, the capabilities of the newly developed simulation of laser pulse amplifica-
tion in Yb:YAG were demonstrated. Further, not presented, simulations support the importance
of the wavelength- and temperature-dependent calculation. As shown e.g. gain-narrowing and
the temperature rise through pumping are not negligible are therefore have to be taken into
account in a simulation.

Undoubtedly, the assumption of flat-top beam profiles and of a constant MASE is open to
questions. In principle it is possible to expand the simulation to a 2-dim. grid allowing to take
real beam profiles into account. However, the improvement in accuracy in this case is negligible
compared to the much longer calculation time. For best accuracy, the ASE has to be treated
like the amplification of the pulses itself, making a fully ray-traced, time-dependent model of
the pumping necessary which would be a topic for a future thesis in its own right.

At the end, the accuracy of a simulation has to be verified by benchmarking with measurements.
In this thesis this will be done in Chapter 8 and Chapter 9 were the developed simulation is used
for a regression analysis of the measured gain curves to evaluate MASE and crystal temperature
for different Yb:YAG crystals.

Further simulations of pulse amplification in Yb:YAG can be found in [51], [52], [53] and [54].
Unfortunately, the presented details of the simulations in all the publications are not sufficient
for an objective comparison. This could be done in the future be analysing the same case with
all simulation codes.
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6THE PFS PUMP LASER

As described in the introduction, the amplifier development itself is not sufficient to construct
a suitable pump laser for PFS, they also have to become an integral part of the CPA system.

The implementation of the PFS pump laser is one of the core tasks of the PFS project and
three Ph.D. students have contributed to this system so far.

Izhar Ahmad did the initial calculations of the stretcher-compressor setup [55].
Sandro Klingebiel revised and extended these calculations and he was primarily responsible for
the setup of the stretcher and compressor in the laboratory [9].
The development and implementation of the first Yb:YAG amplification stages presented in this
chapter was done in close collaboration between S.Klingebiel and me.

Due to this close collaboration, some data presented in this chapter can be found in the thesis
of S.Klingebiel [9] as well. Figures and data that feature in both theses are indicated with an *
in the following.

Figure 6.1 shows a scheme of the status of the PFS pump laser in the beginning of 2011,
published in [10]. This system, without its compressor, served as the "frontend" for the im-
plementation and investigation of the 1 J-amplifier and is therefore described in detail in this
chapter.
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Figure 6.1: Layout of the PFS pump laser. The pulses coming from the frontend (Ti:Sa oscillator) are
spectrally shifted to 1030 nm in a photonic crystal fiber (PCF) and then pre-amplified in a two-stage
Yb:glass fiber amplifier. The pulse duration is extended in a grating based stretcher. The spectral amplitude
and phase of the stretched pulses can be shaped with an acusto-optic-modulator (Dazzler). After reducing
the repetition rate to 10Hz the pulses are amplified in a regenerative amplifier and in the subsequent multi-
pass amplifier. Finally the pulses are compressed in a grating based compressor. (SM: spherical mirror, EM:
end mirror, DM: dichroic mirror, RM: roof mirror, TFP: thin film polarizer, QWP: quater wave plate)
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6.1 Frontend and pre-amplifiers

The goal of pumping OPCPA with 1 ps-pulses requires a timing jitter between the seed and
pump pulse of below 100 fs which is currently hard to achieve by electronically locking two
oscillators. A better solution to achieve this accuracy is to derive the seed and pump pulses
from the same source. In our case this is a commercially available Ti:sapphire oscillator (FEM-
TOSOURCE™ rainbow™ , FEMTOLASERS GmbH) with a repetition rate of 70MHz and an
output power of ≈ 250mW generating 10 fs pulses in the spectral range between 600 nm and
1050 nm. The output power is split in two parts. The fist part (≈ 150mW) is used to generate
the OPCPA seed pulses, described [55, 56, 57], and the second part (≈ 100mW) is used to
generate the seed pulses for the pump laser.

The initial oscillator spectrum is altered via solition self-frequency shift in a photonic crystal
fiber (PCF) [58]. This procedure is necessary since the spectral intensity around 1030 nm, the
central lasing wavelength of Yb:YAG, out of the oscillator is not sufficient for stable seeding
of the pump laser chain. After the PCF, the spectrum is filtered by an interference filter to
1030± 5 nm (FWHM, gaussian shape) resulting in the reduced pulse energy of 3.4 pJ. The
spectrum of the oscillator, the spectrum altered by the PCF and the filtered spectrum are
plotted in Figure 6.2.

Figure 6.2: Input spectrum of the PCF (i.e. output of the oscillator, blue line), output spectrum of the PCF

(red line) and filtered output spectrum (purple line) (Normalized to the energy content). *

The pre-amplifier of the PFS pump chain is a double-stage Yb-doped fiber amplifier developed
by the Institute of Applied Physics (IAP) of the Friedrich-Schiller-Universität (FSU) in Jena.
Both fibers are pumped at 980 nm with 180mW and 5W respectively boosting the output
pulse energy by a factor of ≈4100 to 14 nJ (1W @ 70MHz). The measured autocorrelation
trace after the second fiber amplifier is shown in Figure 6.3 a). The FWHM of this trace is
4.8 ps. Taken the measured spectrum, depicted in Figure 6.3 b), into account, a pulse duration
of 3.24 ps (FWHM) is calculated [9] indicating a chirp introduced by dispersion in the fibers.

a) b)

Figure 6.3: Measured autocorrelation trace a) and spectrum b) after the second fiber amplifier. The
calculated pulse duration is 3.24 ps (FWHM) indicating a chirp introduced by dispersion in the fibers.*
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6.2 The stretcher

The theoretical basics of a stretcher-compressor setup for a CPA-system were introduced in
Chapter 4. The design of such a system is not a trivial task since many aspects have to be
considered such as amplified bandwidth and the stretched pulse duration necessary for a damage-
free operation. Both are linked by the stretcher/compressor dispersion and are governed by the
needs imposed by the amplifier design. The amplified bandwidth is subject to the characteristics
of the amplifying medium and is further limited by gain narrowing. Since the pulses are stretched,
this effect will also reduce the stretched pulse duration.

For their initial calculations, I.Ahmad [59] and S.Klingebiel [60] assumed an amplified bandwidth
of 1.5 nm and a target stretched pulse duration of 2 ns leading to a target GDD of ≈ 6×108 fs2.
With the help of Ray-Tracing-Software (Raytrace, Universtität Erlangen & LambdaSpect for
Autodesk Inventor) it was found that a stretcher based on the Martinez design [49] would be
the best solution for our purpose since it allows for a comparably small footprint.

After the revised calculations of S.Klingebiel, the setup of the stretcher was slighty adapted (see
5.3.1 in [9]). The final parameters are: one dielectric grating with a line density of 1740 lines/mm
used under a angle of incidence (AOI) of α=60◦, a virtual grating separation of D= 6m and a
relay system comprising a spherical mirror with a focal length of f = 2.7m, a folding mirror and
a roof mirror. Since the setup is passed two times and the separation between the grating and
the folding mirror equals D/2 the final distance between them is D/4= 1.5m. The resulting
phase terms are: GDD=4.94×108 fs2, TOD= -1.03×1010 fs3 and FOD=3.55×1011 fs4. The
stretcher is set up in an airtight perspex box since beam pointing deviation caused by air
turbulences will introduce a timing jitter [61].

A side view of the stretcher including a single-pass (4 reflections on the grating) and a top view
depicting a double-pass (8 reflections on the grating) are illustrated in Figure 6.4.

1

2
3

4
Side view

Top view

y

zx

y z

x

1 m

SM (f=2.7m) RM 1

FM

D/4 = 1.5m

RM 2

Grating

RM 1

FM

AOI=60°

Figure 6.4: Beam path through the stretcher for a single-pass (4 reflections on the grating)(side view) and
double-pass (8 reflections on the grating)(top view). The incoming beam (1) is dispersed under an AOI of
α=60◦ at the dielectric grating (1740 lines/mm) and then relayed on the grating (2) via a spherical mirror
(SM) and a folding mirror (FM). A roof mirror (RM 1) reverses the beam on an identical path (3)(4). Due
to the double-pass utilization (RM 2) of the stretcher setup the grating separation is D/4= 1.5m. The
resulting phase terms are: GDD=4.94×108 fs2, TOD= -1.03×1010 fs3 and FOD=3.55×1011 fs4.*

The pulse duration after double-passing the stretcher is measured to be ≈ 4 ns with a trans-
mitted bandwidth of 4.5 nm centered at 1030 nm. The transmitted spectrum, i.e. the seed
spectrum for the next amplifier, is shown in Figure 6.6 a). Through the spectral cut-off and
additional reflection losses the pulse energy is reduced from 14 nJ to 0.5 nJ .

After the stretcher, the beam size is expanded and the pulses pass through an acusto-optic
modulator (Dazzler, FASTLITE). The Dazzler enables spectral amplitude and phase shaping
which is later applied to counteract gain narrowing and for fine tuning of the compression of the
pulses. Furthermore, a pulse picker, consisting of a Pockels-cell and a Faraday -isolator, is used
to reduce the repetition rate of the pulses to 10Hz before seeding the subsequent amplifier.
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6.3 The regenerative amplifier

The first amplifier in the PFS CPA pump chain is a regenerative amplifier. The active medium
is a ∅15x8mm Yb:FP15-glass rod with a doping concentration of NYb =6×1020 cm−3. For
this amplifier, Yb:glass is preferable since it exhibits a larger emission bandwidth compared to
Yb:YAG [38] and in this case the lower emission cross section can easily be compensated by
additional amplification round trips. The active medium is pumped through a dichroic mirror
by a fiber-coupled diode laser (5W peak power @ 10Hz, 1.5ms, 976 nm) generating a pump
spot size of 100 µm (2w) at the position of the active medium. Further parts of the cavity are
a spherical mirror (f = 100mm), a thin-film polarizer (TFP) under an AOI of 65◦ and a plane
end mirror. The combination of a quater-wave plate (QWP) and a Pockels-cell, that rotates
the polarization an additional quarter-wave if switched on, allows for adjusting the number of
amplification round trips in the cavity. A detailed layout of the regenerative amplifier is shown
in Figure 6.5.
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Figure 6.5: Detailed layout of the regenerative amplifier. The cavity consits of a TFP, a spherical mirror (SM,
f = 100mm), a dichroic mirror (DM) and an end mirror (EM). The active medium is an Yb:FP15-glass rod
pumped by fiber-coupled diode laser (5W peak power @ 10Hz, 1.5ms, 976 nm). The pulses are coupled into
the cavity via the TFP. A QWP in combination with a pockels cell allows to adjust the number of amplification
round-trips in the cavity by switching the pockels cell.

Experiments show that a pockels cell opening time of 840 ns, corresponding to 112 round trips
in the cavity, is necessary to reach a saturated pulse energy of 153 µJ when seeded with the
direct output of the stretcher. Figure 6.6 a) shows the measured input and output spectrum.
It is obvious that the pulse undergoes a red shift. This is caused by the stretching of the pulse.
Longer wavelengths travel at the front (in the time domain) of the pulse and thus experience
a higher gain. As mentioned in the previous section, the pulse passes through a Dazzler before
it is coupled into the stretcher. This device is now used to compensate the red shift. The
necessary input spectrum and the resulting output spectrum are shown in Figure 6.6 b). Since
the energy of the seed pulses is reduced due to the shaping, the Pockels-cell opening time has
to be increased to 945ns (126 round trips) to achieve a comparable saturated energy of 157 µJ.
The saturated operation mode also leads to a good energy stability of σE = ±0.5%.

Figure 6.6: Comparison between spectrally shaped b) and unshaped a) seeding of the regenerative amplifier.
In the unshaped case, the pulses experience a red shift during amplification a). Introducing a certain spectral
phase with the Dazzler suppresses this effect b).
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6.4 The 8-pass booster amplifier

The second amplifier in the PFS CPA pump chain is a multi-pass amplifier. It comprises 8 ampli-
fication passes through a diode-pumped Yb:YAG crystal. The general concept of the amplifier is
illustrated in Figure 6.7. Preliminary investigations concerning this amplifier architecture were
done in close collaboration with the Polaris workgroup of the Institut für Optik und Quan-
tenelektronik of the Friedrich-Schiller-Universität in Jena and published in 2008 [62]. A detailed
description of the amplifier can also be found in [10].

DM

Pump

Yb:YAG

4xTM

3xTM

Figure 6.7: Detailed layout of the multi-pass amplifier. A ∅15mm×8mm Yb:YAG crystal with a doping
concentration of 3% is pumped by a 4 kW diode-laser pump module (@ 10Hz, 1.5ms, 940 nm). Several
turning mirrors (TM) and a dichroic (DM) mirror are used to set up 8 passes through the crystal.

The pump module for this amplifier is a commercially available laser-diode module from JENOP-
TIK Laser GmbH. It consists of one diode stack comprising 25 actively-cooled, fast-axis colli-
mated laser-diode bars and the corresponding beam stacking optics. In total an output power
of 4 kW at a wavelength of 940 nm (∆λ=4 nm) can be delivered at a duty cycle of 1.5%. An
additional torical lens and one aspherical lens are used to generate the pump profile at the
position of the active medium. Figure 6.8 shows a photograph of the pump beam delivery and
an image of the generated pump beam profile in the crystal. The non-ideal homogeneity of the
pump beam profile is caused by the internal beam-stacking in the pump module.

DM2

3mm

PM TL AL DM1

Yb:YAG

Figure 6.8: Photograph of the 4 kW pump setup and the generated pump beam profile in the crystal. The
beam emitted from the pump module (PM) is further shaped by a torical lens (TL) and an aspherical
lens (AL) to generate a beam profile in the crystal as shown on the right hand side. The Yb:YAG crystal is
mounted in a water-cooled brass heat sink. The first dichroic mirror (DM1) is used to set up the amplification
passes while the second one (DM2) is introduced for safety reasons in order to not destroy the pump module
in the case DM1 gets damaged.*

Since the thermal load of the gain material in this amplifier is much higher compared to the
regenerative amplifier, Yb:YAG was chosen as active medium since it exhibits a much higher ther-
mal conductivity compared to Yb:glass. The currently used crystal has a size of ∅15mm×8mm
and a doping concentration of 3 at.%. Both ∅15mm facets are AR-coated for 940 nm and
1030 nm. It is mounted in a water-cooled brass heat sink via a 100µm thin indium foil to ensure
proper heat extraction.
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The non-ideal pump beam profile and non-optimized thermal management lead to strong ther-
mal lensing of the crystal when pumped with the full pump power at 10Hz repetition rate. The
approach chosen to mitigate that effect was a reduction of the pump power to 2.5 kW. At that
power level, and with the 1.5ms pump duration chosen according to simulations, the pump
energy per pulse amounts to 3.75 J. First tests showed that this pump energy is sufficient to
reach the maximum pulse energy of 300mJ - limited by the LIDT. However, the length of every
single double-pass had to be adjusted individually in order to counteract the thermal lensing by
exploiting diffraction and to maintain the same beam size of ≈ 4.3mm (FWHM) in the crystal
for each double pass. Unfortunately, this circumstance also fixes the pump energy to the value
used during optimization.

The first test of the amplification revealed very strong gain narrowing. Without precautions
the stretched pulse duration was shortened to <1 ns leading to the damage of certain optics if
the pulses were amplified to pulse energies exceeding 60mJ. The first attempt to counteract
this effect was the the implementation of a spatial light modulator in the fourier plane of a
zero-dispersion stretcher. The input spectrum was shaped in such a way that gain narrowing is
completely suppressed and output pulse energies in the range of 300mJ are possible [10]. After
the Dazzler arrived, it turned out to be the more convenient device to shape the spectrum
of the stretched pulses. An exemplary input spectrum and the resulting output spectrum are
plotted in Figure 6.9 b). The amplified bandwidth is 3.8 nm allowing for a fourier-limited pulse
duration of ≈ 700 fs. Further experiments revealed that the beam profile out of the booster had
to be optimized for seeding the subsequent amplification stage in order to deliver a sufficient
pump profile for the OPCPA leading to a reduced maximum pulse energy of 220±9mJ. The
8-pass amplification performance for this case is shown in Figure 6.9 a). Despite the fact that
the pump spot is not ideally homogeneous the amplified beam profile is very smooth as shown
in Figure 6.10.

a) b)

Figure 6.9: Performance of the 8-pass amplifier a) and the corresponding spectra b). A maximum output
energy of 220mJ is realized on a daily basis. The amplified bandwidth is 3.8 nm if seeded with a proper
input spectrum allowing for a fourier-limited pulse duration of ≈720 fs.

a) b)

Figure 6.10: Input a) and output b) beam profile of the 8-pass amplifier. The beam out of the regenerative
amplifier is enlarged to ≈ 4.3mm (FWHM) to seed the multi-pass. After amplification the beam profile has
a more ellipitcal shape with a mean diameter of ≈ 4.4mm (FWHM). The fringes are introduced by the
filters used to attenuate the beam.*
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6.5 The grating compressor

After the pulse amplification, the chirp introduced by the stretcher has to be compensated in
order to generate fourier-limited pulse durations. This is done with a compressor, introducing
exactly the opposite chirp, compared to the stretcher, if set up with identical gratings, i.e the
same line density, an identical AOI and the same (virtual) grating separation.

Again, first calculations were carried out by I.Ahmad [55] and revised by S.Klingebiel [9] leading
to a Treacy -type compressor setup [48]. To fully compensate the chirp introduced by the
stretcher the line density of the gratings has to be 1740 lines/mm, the AOI=60◦ and the grating
separation D= 6m. The resulting phase terms are: GDD= -4.94×108 fs2, TOD=1.03×1010 fs3
and FOD= -3.55×1011 fs4, see Section 6.2. The assumed LIDT, including a safety margin, of
the available dielectric gratings is ≈ 500mJ/cm2 (for few ps pulses). For the a final pulse energy
of 10 J at 1 ps pulse duration one calculates the necessary beam diameter for a top-hat beam
profile to be 5 cm. The whole compressor setup is currently being installed in a vacuum chamber
for the same reason as explained in Section 6.2.

A technical drawing of the compressor including ray-tracing is shown in Figure 6.11.

Side view

Top view
Grating 2RM

Grating 1

Grating 1

1 m

Figure 6.11: Technical drawing of the compressor. Two gratings (1740 lines/mm) under an AOI of 60 ◦ are
set up with a grating separation of 6m. A roof mirror (RM) is used to reverse the beam path. The resulting
phase terms are: GDD= -4.94×108 fs2, TOD=1.03×1010 fs3 and FOD= -3.55×1011 fs4. Since no folding
of the beam path is applied so far the proportions of the setup are rather large, see the printed scale.*

Material dispersion introduced after the stretcher, e.g. 100 round-trips in the 8mm long Yb:glass
rod in the regenerative amplifier, has to be compensated as well. This can be done by adjusting
the grating separation. Additional higher phase terms can be compensated using the Dazzler.
The results of FROG [63] measurement of a compressed pulse is shown in Figure 6.12.

a) b)

Figure 6.12: FROG evaluation of a compressed 200mJ pulse. A good agreement between measured and
retrievd spectrum was found a). The residual phase is in the range of ∆ϕ=3 rad. The corresponding pulse
durations are shown in b). The compressed pulse has a pulse duration of 740 fs (FWHM) which is close to
the Fourier-limit of 720 fs (FWHM). *

The optical losses introduced by the compressor setup are measured to be 24%.
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6.6 Summarized key parameters

In the previous sections of Chapter 6, the individual stages of the PFS pump laser chain and
their current status were described in detail. Figure 6.13 resembles Figure 6.1 now including
all the key parameters of the PFS CPA pump laser system. For a a quick overview all the key
parameters are also summarized in Table 6.1.
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Figure 6.13: Detailed layout of the PFS pump laser including key parameters. The pulses coming from the
frontend (Ti:Sa oscillator) are spectrally shifted to 1030 nm in a photonic crystal fiber (PCF) and then
pre-amplified in a double stage Yb:glass fiber amplifier. A double pass through a grating stretcher expands
the pulse duration. The spectral amplitude and phase of the stretched pulses can be shaped with an acusto-
optic-modulator (dazzler). After reducing the repetition rate the pulses are amplified in a regenerative
amplifier and in the subsequent multi-pass amplifier. Finally, the pulses are compressed in a grating based
compressor. (SM: spherical mirror, EM: end mirror, DM: dichroic mirror, RM: roof mirror, TFP: thin film
polarizer, QWP: quater wave plate)

Seed Ti:Sa oscillator + PCF frep =70MHz λ=1030 nm

∆λ=10 nm

Eout =3.4 pJ

Pre amplifier Yb-doped double stage fiber amplifier Ppump1 =180mW (cw) Eout =14 nJ

Ppump2 =5W (cw) ∆λ=10 nm

frep =70MHz τpulse ≈ 3.24 ps

λpump =980 nm

Stretcher modified Martinez-type 1740 lines/mm Eout =0.5 nJ

AOI = 60◦ ∆λ=4.5 nm

D/4= 1.5m τpulse ≈ 4 ns

Amplifier 1 Yb:FP15-glass regenerative amplifier Ppump =5W (qcw) Eout =150 µJ

λpump =976 nm ∆λ=4.5 nm

τpump =1.5ms τpulse ≈ 4 ns

frep =10Hz

Amplifier 2 Yb:YAG 8-pass amplifier Ppump =2.5 kW (qcw) Eout =220mJ

λpump =940 nm ∆λ=3.8 nm

τpump =1.5ms τpulse ≈ 3.4 ns

frep =10Hz

Compressor Treacy -type 1740 lines/mm Eout =160mJ

AOI = 60◦ ∆λ=3.8 nm

D=6m τpulse =740 fs

Table 6.1: Key parameters of the PFS CPA pump laser system

44



Part IV

CONCEPT OF THE 1 J - AMPL I F I ER





7CONCEPT OF THE 1 J - AMPL I F I ER

As mentioned before, the so far installed PFS pump laser system, as described in the previous
chapter, serves as the "frontend" for the main objective of this dissertation - the development
and implementation of a scalable amplifier boosting the pulse energy to the 1 J-range.

However, the main problem encountered during installation of the 300mJ-amplifier is thermal
lensing. The aberrations due to the non-uniform pump beam profile, see Figure 6.8, and the
non-ideal cooling of the Yb:YAG crystal had to be mitigated via beam shaping by diffraction
in each of the passes. This strategy does not scale with changing the beam diameter and thus
this architecture remains a one-off prototype.

For the 1 J-amplifier, new schemes for pumping and cooling of the Yb:YAG crystal have to be
realized to minimize thermal lensing and to allow for a reproducible operation and scalability.

7.1 Pump module for the 1 J-amplifier

The laser-diode pump module available for the 1 J-amplifier was purchased in 2006 from Jenop-
tik Laserdiode GmbH (now JENOPTIK Laser GmbH) and intentionally planned for and tested
in a first amplifier scheme [64, 65].

The module consists in total of 16 laser-diode stacks. Each stack comprises 4 horizontally-
stacked, fast-axis-collimated laser-diode bars which are passivly cooled via a copper heat sink,
as exemplary shown in Figure 7.1 a). These stacks are assembled in 2 polarisation-coupled
branches each consisting of 2 x 4 waveguide-coupled stacks as shown in Figure 7.1 b). Each
of the four sub-arms (4 waveguide-coupled stacks) is one unit in terms of cooling and power
supply and can be controlled individually.

a) b)

 © JENOPTIK Laser GmbH

   DS: 
  WG: 
HWP: 
  TFP: 

diode-stack
wave-guide
half-wave plate
thin-film polarizer

TFP HWP

WG

DS
sub-arm

Figure 7.1: Examples of 4 horizontally-stacked, fast-axis collimated laser-diode bars a) and the actual
arrangement of 16 such stacks in the pump module b). With kind permission of JENOPTIK Laser GmbH
a) and M. Siebold b).

This combination of the 16 laser-diode stacks leads to an output beam aperture of 12 x 52mm2

with a slow-axis divergence of 10◦ and a nearly collimated fast-axis. The gross output power of
each bar is 250W (@300A, 10Hz) giving a total gross output power of 16 kW.
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In the first amplifier design [64, 65] the crystal was mounted and cooled via its two largest
crystal faces and pumped transversely. However, the internal wave-guide coupling together
with the transverse pumping lead to a striped intensity profile in laser direction deteriorating
the beam profile strongly during amplification. Furthermore, the cooling concept proved to be
not sufficient for long-term 10Hz operation.

To improve the cooling, we decided to utilize the active-mirror concept, explained in detail in
the next chapter. Therefore, the pump profile of the existing pump module had to be adapted
and improved. This is achieved by the use of micro-lens beam-homogenizers recently available
with very high throughputs. This homogenization method is based on the Köhler-integrator
principle [66], shown in Figure 7.2 a), where two micro-lens arrays and one lens are used to
generate a homogenized beam image. The image size is given by the pitch of the micro lenses,
their focal length and the focal length of the imaging lens. For a certain pump spot size these
parameters have to be adapted to the initial divergence of the pump module.

To homogenize both slow- and fast-axis of the pump module, arrays from Süss MicroOptics
were purchased. These homogenizers have the benefit that both cylindrical arrays are fabricated
into the front- and back-side of the same substrate which simplifies the alignment significantly.
The radius of curvature (ROC) of the micro lenses is 750 µm and their pitch is 250 µm. With an
additional aspherical lens (fFL =60mm) a flat-top 10x10mm2 (FWHM) pump profile, shown in
Figure 7.2 b), was realized.

a) b)

f =60mmFL

FLA1 A2

d=1.5mm

IN OUT

Figure 7.2: Scheme of the homogenizing setup a) and pump beam profile b) of the 13 kW pump module.
In both slow- and fast-axis, two micro-lens arrays (A1, A2, actually both on the same substrate) together
with an aspherical lens are used to generate the flat-top pump profile shown in b).

Due to the internal coupling (polarization and wave-guide) and and the homogenizing elements
additional optical losses are introduced reducing the overall available pump power to a maximum
of 13.3 kW. The power-current-dependence is shown in Figure 7.3 a). Since the peak emission
wavelength of a not stabilized laser-diode stack in qcw operation depends on the temperature of
the heat sink (typically: ∆λ = 0.3 nm/K) the possibility of individually cooling the 4 sub-arms
allows to match the spectrum of the pump module perfectly to the absorption spectrum of
Yb:YAG as depicted in Figure 7.3 b).

a) b)

Figure 7.3: Pump power of the 13 kW module in dependence of the drive current (a) and the corresponding
output spectrum (b) in comparison to the absorption cross section of Yb:YAG (red) at room temperature.
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7.2 Active-mirror Yb:YAG crystal assemblies

In the last decade the thin-disk laser concept [14, 67] proved its capabilities for effective cooling
of the Yb:YAG as evidenced by the demonstration of several kW of output power in cw-operation.
However, thin-disks require a high doping concentration which is counterproductive if large beam
diameters are required. In fact, the high doping concentration facilitates parasitic effects, e.g.
transverse lasing which arises if the gain for spontaneous emitted photons in transverse direction
exceeds the reflection losses at the edge of the laser material and thus a positive feedback is
generated, as explained in Section 2.5.

An alternative is to use thicker disks featuring lower doping concentrations also known as the
active-mirror concept [11, 22]. In this approach, analogously to the thin-disk concept, the crystal
is cooled via its back surface. Due to the fact that the thickness of the crystal is much smaller
than its a diameter, the heat transfer in the longitudinal direction dominates, hence minimizing
the thermal lens.

The cooling of the crystal can either be achieved by direct water-cooling of the back surface or
by bonding the crystal onto a cooled heat sink. Therefore, the back surface of the crystal has to
be coated with a high reflection coating for both pump and seed radiation and thus the crystal
is inherently double passed by the pump radiation. Figure 7.4 illustrates the thick-disk/active-
mirror concept.

Pump

IN OUT

Yb:YAG

Cooling

Figure 7.4: Scheme of the thick-disk/active-mirror concept. A thick crystal is cooled via its large back
surface. The back surface is either directly water-cooled or the crystal is bonded onto a heat sink. The back
surface of the crystal has to be coated with a high reflection coating for both pump and seed radiation.

As mentioned above, the backside of the crystal can either be directly water-cooled or be bonded
onto a special heat sink. Direct water-cooling, on the one hand, allows high heat dissipation
but the high water pressure necessary may lead to deformation of the Yb:YAG crystal. This
deformation should be less in the case of bonding but very flat heat sinks are required and the
bonding layer should be very thin in order to allow good thermal transfer.

Nonetheless, bonding crystals is not a trivial task and not all bonding technologies can be
applied in our case or or are readily available. A compilation of bonding technologies and their
pros and cons is given on the next page.
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Compilation of bonding technologies

• Soldering:

+ standard technology used for thin-disk lasers

− special coating necessary which limits the damage threshold
(LIDT<1 J/cm2 @ 10 ns)

• Chemical bonding:

+ ultra-thin bonding layers

− custom-made

− expensive

− currently not ready for production

• Glueing:

+ no special precautions for crystal and heat sink

+ cost-efficient

+ can be done "in-house"

− technology has to be developed

− poor thermal conductivity of the glue layer

The decision was made to try the latter approach because the "in-house" and cost-efficient
realisation were promising to glue a large number of crystals in a short time. Nevertheless the
development of the gluing technology was a challenging task.

Several glues and heat sinks were tested in order to find the ideal approach. At the end, three
different types of glues, in the following named glue #1,#2,#3 were used to bond the crystals
onto heat sinks which are either plated with nickel or gold. It has to be mentioned that glue
#2 is unknown since this crystal was not glued by ourselves. So, the chemical composition and
thus the thermal properties of glue #2 can differ from the others.

While glueing the crystals, the occurrence of interference fringes between the back site of the
crystal and the heat sink could be observed under illumination with white light, as shown in
Figure 7.5. This leads to the conclusion that the glue-layer thickness must be on the order of
several µm. Furthermore, it was possible to minimize the number of observed fringes to m<3
indicating a residual layer thickness deviation in the range of 1 µm.

Figure 7.5: Example of an Yb:YAG crystal glued on a gold-plated heat sink. At white light, an interference
pattern in the thin glue layer between crystal and heat sink is observable leading to the conclusion that the
glue layer must be in the order of several µm.
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As explained in Section 2.5, the threshold for the onset of parasitic oscillations for the 1 J-stage
is expected for doping concentration >2%. Unfortunately, since the depopulation of the upper
laser level through parasitic lasing is not covered by the developed simulation the output energy
in case of a higher doping concentration can not be calculated precisely. It is expected to be
lower compared to the 2% case but maybe it is sufficient to reach an output energy >1 J as
well.

From particular interest is the effect of the lower thermal load when using thinner crystals. The
lower crystal temperature in that case should increase the amplification performance. However,
it will also enhance the parasitic effects.

An interesting approach to enhance the absorption of the ASE and thus suppress parasitic
oscillations was shown by Yagi et al. [68] by using a Cr4+ co-doped edge cladding. Unfortunately,
this approach was not at our disposal by that time. That’s why we decided to investigate the
influence of the size of the unpumped area surrounding the pump spot since the ground-state
absorption in the unpumped area, caused by the quasi-three-level nature of Yb:YAG, also acts
as an absorbing edge cladding.

Therefore, several Yb:YAG crystals differing in doping concentration, thickness and size were
purchased in order to investigate the impact of the parasitic oscillations. The crystals were
glued, as briefly explained before, on different heat sinks, forming six different crystal/sink
combinations, as listed in Table 7.1 below.

crystal heat sink coating glue abbreviation

2%dop.x6mmx20x20mm2 Au #1 2%x6x20Au1

2%dop.x6mmx40x40mm2 Au #1 2%x6x40Au1

6%dop.x3mmx20x20mm2 Au #1 6%x3x20Au1

6%dop.x3mmx20x20mm2 Ni #2 6%x3x20Ni 2

8%dop.x2mmx20x20mm2 Au #1 8%x2x20Au1

8%dop.x2mmx20x20mm2 Ni #3 8%x2x20Ni 3

Table 7.1: Overview of the available crystals setups and their abbreviation used in the following

For illustration, the 8%x2x20Au1 crystal setup and a setup comparable to the 2%x6x40Au1
crystal setup are shown in Figure 7.6. The latter was not investigated further in the framework
of this dissertation since a different heat sink was used which introduced severe wavefront
aberrations.

Figure 7.6: Photographs of a 8%-doped 2mm x 20x20mm2 Yb:YAG crystal bonded onto a gold-coated
heat sink (8%x2x20Au1)(left) and of a 2%-doped 6mm x 40x40mm2 crystal glued onto a nickel-plated
heat sink (right). The latter heat sink lead to severe wavefront aberrations and therefore the amplification
performance of this crystal assembly was not investigated further.
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7.3 Relay-imaging multi-pass amplifier setup

7.3.1 Relay-imaging amplifier concepts

In combination with the active-mirror cooling concept, the improved beam profile of the pump
module should help to minimize thermal lensing. Nevertheless, a means of compensating a range
of possible thermal lensing has to be provided by the design of the new multi-pass amplifier.
In a standard multi-pass a spherical thermal lens will lead to focussing or defocussing of the
beam altering the beam size for each round trip and thus influencing the overall efficiency. As
an ultimate consequence, a focusing thermal lens can lead to optical damage.

A way to circumvent this problem is relay imaging - the multi-pass is set up in such a way that in
each pass the crystal plane is imaged onto itself via a 4f -configuration. The advantage of such
an imaging approach is that regardless of thermal effects the beam size in the imaging plane
stays constant - a thermal lens would just lead to different beam diameters on the imaging optics.
However, it has to be checked if this is critical. Furthermore, a thermal lens can be compensated
by adjusting the distance between the imaging optics. The drawbacks of an imaging amplifier
are a higher complexity and the necessity for operation under vacuum conditions due to the
high intensities in the intermediate foci.

An example of a double-pass relay-imaging amplifier in a 4f -configuration is shown in Figure 7.7.
The layout was generated using LambdaSpect [69], a ray-tracing tool-kit for Autodesk Inventor
[70].

SL2

fCM

CM1

CM2
Pump

 Yb:YAG

IN

OUT

SL1

fSL

fSL

fCM

Figure 7.7: Setup of a double-pass relay-imaging amplifier in 4f -configuration. The input plane (IN) is imaged
via a spherical lens (SL1)(fSL) and a concave mirror (CM1)(fCM = fSL) to the active-mirror Yb:YAG crystal
which is double passed. From there it is imaged onto the output plane (OUT) via CM2 and SL2.
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In the basic setup shown in Figure 7.7 the number of passes can be doubled by reflecting
the beam back into itself by a plane end mirror. The separation of input and output beam is
achieved by the use of a quarter-wave plate in front of the back-reflecting mirror and a polarizer
at the output, as shown in Figure 7.8 a). Furthermore, an extension to 8 amplification passes
is possible by sending the beam back itself once more using a Faraday isolator at the entrance,
as shown in Figure 7.8 b).

a)

SL2

CM1

CM2
Pump

 Yb:YAG

IN
OUT

EM

SL1QWP PO

b)

SL2

CM1

CM2
Pump

 Yb:YAG

IN
OUT

FI

EM1

SL1QWP

PO

EM2

Figure 7.8: Extension of a 2-pass to 4 and 8 passes in a planar geometry. The number of passes is doubled
to 4, illustrated in a), by the use of an additional end mirror (EM), a quarter-wave plate (QWP) and a
polarizer to separate the input and output beam. Subfigure b) shows how the 4-pass can be upgraded to a
8-pass using an additional end mirror (EM2) and a Faraday isolator (FI) at the entrance.

In the presented planar geometry 8 imaging passes through the Yb:YAG crystal are realized
by reflecting the beam back into itself twice. However, sending the beam back into itself will
definitely increase the probability of optical damage through back reflections into previous
amplifiers. This can be prevented by the use of multiple Faraday isolators and/or additional
Pockels cell which are expensive. Furthermore, a decrease of the pulse contrast is expected due
to the back-reflections.
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Alternatively, one could combine the relay imaging setup with the folded bow-tie approach
to increase the number of amplification passes but this would introduce larger angles on the
concave mirrors with each double-pass leading to a declining overlap between pump and seed.

So, increasing the number of amplification passes and keeping the angles on the concave mirrors
small and constant for each double passes demands to use all 3 spatial dimensions. An example
for a 4-pass 3D relay-imaging configuration is depicted in Figure 7.9. The double-pass setup
(Figure 7.7) in the x-y plane is extended by an identical configuration in the x-z plane.

Yb:YAG

IN

EM

OUT

SL2

SL1

CM1

CM2

CM3

CM4

CM5

CM6

Yb:YAG

Figure 7.9: Concept of a 3D 4-pass relay-imaging amplifier. The double-pass setup in the x-y plane (red) is
extended by an identical setup in the x-z plane (yellow). The folding is achieved by a additional end mirror
(EM) in the image plane of Yb:YAG crystal, which is now located back-to-back to the crystal.

This 3D 4-pass relay-imaging setup can be expanded by introducing further imaging passes
in different planes rotated around the x-axis. The maximum amount of possible passes then
is mainly given by geometrical constrains, namely the diameter of the curved mirrors and the
outer diameter of the setup. Another benefit of this 3D relay-imaging setup is its rotational
symmetry which allows for the use of tubes as vacuum vessels, hence simplifying and reducing
the price of the vacuum installations.

As simulated in Section 5.2.3, 20 amplification passes are needed to achieve an output energy
> 1J. The constraints in the laboratory were an outer diameter of the vacuum tube of 320mm
and a length not exceeding 3m. The diameter of the concave mirrors is 1". First drafts showed
that 10 passes are possible in such a configuration. As explained before, this can be extended to
20 passes with a quarter-wave plate (QWP) in combination with a polarizer. Another constraint
is the short working distance of the pump module which makes additional folding of the setup
necessary.

The result of a conceptual design study under the above given constraints is shown in Figure 7.10
and discussed in the following.
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7.3.2 Ray-tracing analysis of the 3D 20-pass relay-imaging amplifier

Utilizing curved mirrors under an non-zero AOI introduces wavefront aberrations known as
astigmatism leading to different focal lengths in the longitudinal and sagittal beam plane. The
concept of the 20-pass 3D relay-imaging amplifier implies that all concave mirrors are used
under a certain AOI. This is necessary, on the one hand, to guide the beam from the concave
mirrors mounted on the rings towards the center, i.e. the Yb:YAG crystal, and on the other
hand, to realize the transition between the amplification planes. Thus, astigmatism and other
wavefront aberrations could be a serious issue and therefore have to be analysed. This was done
using LambdaSpect and a Matlab script for post-processing. The simulated wavefronts in the
output plane in dependence of the number of passes are plotted in Figure 7.11.

Figure 7.11: Results of a wavefront analysis of the relay-imaging amplifier for different amplification passes.
The "2x...passes" indicates the back-reflection. For 2x6passes the largest aberrations (PV=λ/5) were
found. The maximum aberrations for the complete 20 passes are in the range of λ/10.

Comparing the subfigures in Figure 7.11, one can identify a sort of symmetry axis which rotates
according to the number of amplification passes. After 2x6passes, when "half" of the setup
is used, the aberrations are highest with a PV=λ/5. After the complete 20 passes through
the setup the symmetry axis has shifted nearly by 90◦ compared to the initial orientation and
the aberrations have declined to a PV=λ/10. So, the rotation symmetrical approach of the
amplifier setup compensates for the astigmatism and the maximum aberrations of PV=λ/10
after 20 passes can easily be compensated by a deformable mirror if necessary.
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After the discussion of the static aberrations inherent to the optical setup, now the influence
of the a thermal lens in the Yb:YAG crystal is theoretically investigated. Neglecting higher
order aberrations for the moment, a thermal lens will mainly introduce an additional spherical
wavefront curvature. To analyse this, a refined version of a Matlab script based on ABCD-
matrices, originally developed by S. Klingebiel, was used.

Since dn/dt>0 in Yb:YAG [71], a thermal lens will lead to a focussing of the beam. In dependence
of the number of round trips in the imaging amplifier this effect adds up and thus the beam
diameter on the optics can get smaller than the limit set by the LIDT which is in our case
2wmin ≈ 0.65 cm for a pulse energy of 1 J. Figure 7.12 shows the evolution of the beam
diameter for the 10th round trip (end mirror→4f→Yb:YAG→4f→output plane) in the 20-pass
relay-imaging amplifier in dependence of the focal length of the thermal lens. If the focal length
of the thermal lens for a single reflection off the crystal is shorter than fTL <50m the beam
diameter on CM1,CM3 resp. drops below the above given damage limit.

Figure 7.12: Analysis of the influence of a thermal lens to the 10th round trip in the 20-pass relay-imaging
amplifier. The position of the intermediate foci shifts in dependence of the focal length of the thermal lens
in Yb:YAG. For focal length below 50m the beam diameter on certain optics is below the limit given by the
damage threshold of the used coatings. However, the beam size in the crystal itself stays constant.

However, a major benefit of the relay-imaging multi-pass concept is the possibility to compen-
sate the thermal-lens-induced shift of the intermediate foci by adapting the distance D between
the two groups of concave mirrors. As an example, as illustrated in Figure 7.13, for the case
of fTL = 50m D has to be shortened by 20mm in order to restore the beam diameters of the
configuration without thermal lensing.

Figure 7.13: Counteracting a thermal lens with the 3D 20-pass relay-imaging amplifier setup. By adapting
the distance D between the two groups of concave mirrors the influence of the thermal lens on the beam
diameter can be minimized. In the case of fTL = 50m the distance D has to be shortened by 20mm.
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7.3.3 Mechanical design of the 20-pass relay-imaging amplifier

In summary, the analysis of the concept of the 20-pass relay-imaging amplifier so far has not
revealed any major drawbacks - except its complexity which may lead to a challenging mechanical
design. As already mentioned, several geometrical and space constrains have to be taken into
account.

The basic idea for the realization is to mount all optics on carrier rings to keep the rotational
symmetry. The rings are adjustable and mounted on 4 carrier rails. Additional mounting rings,
supporting the carrier rails, are used to fix the carrier rings and rails into a ∅ 320mm vacuum
tube which consists of 4 parts. The opto-mechanical assembly only contacts the main part of
the tube (L = 1.6m) allowing for fast access of the pump chamber and the concave mirror rings.

The mechanical design is illustrated in Figure 7.15 on the next page.

Another important constraint for the mechanical design is the very short working distance of the
pump module. The distance between the last lens of the homogenization optics, see Section 7.1,
and the Yb:YAG crystal is only 60mm, requiring an elaborate design of the so-called "pump
chamber". Furthermore, the beam path has to be folded two more times compared to the
setup shown in Figure 7.10 to ensure the accessibility of the Yb:YAG crystal for the pump
and seed beams as shown in Figure 7.14 a). The second folding optic is a dichroic mirror with
high reflectivity for 1030 nm and high transmission for 940 nm under an AOI=45◦. The close
proximity of these two wavelengths in combination with the required high damage threshold
and low losses of the mirror was a great challenge for the coating manufacturer and finally
solved by using electron beam depostion (EBD) in combination with HfO2 as the high-index
material of the coating. However, due to the fabrication process the position of the reflection
edge under vacuum conditions shifts which has to be taken into account and pre-compensated.
The above mentioned short working distance of the pump module made it necessary to include
the imaging lens of the pump beam homogenization setup into the pump chamber, i.e. into the
vacuum tube, illustrated in Figure 7.14 b) which made additional motorization necessary.

Pump

Seed

Yb:YAG
on heat-sink

Motorized imaging lens

Figure 7.14: Mechanical design of the pump chamber. In order to ensure the accessibility of the Yb:YAG
crystal for the pump beam (blue) and the seed beam (red) the seed beam path had to be folded two more
times. Therefore, as depicted on the left side, a dichroic mirror reflecting the seed beam and transmitting the
pump beam at 45◦ AOI is necessary. Due to the very short working distance of 60mm of the pump module,
the imaging lens of the pump beam homogenization setup had to be included into the pump chamber, as
depicted on the right side.
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So, in conclusion and despite the complexity of the whole setup the decision was made to build
the 3D 20-pass relay-imaging amplifier in the above presented design. The pros of this approach
are its ability to compensate thermal lensing and the constant beam size in the Yb:YAG plane.
This allows for highest energy extraction and furthermore for comparing the performance of
the different Yb:YAG crystal setups in a reproducible manner. However, the cons are that some
optics, e.g. the end mirror, are not easily accessible which makes the alignment and replacement
complicated and might by a drawback for operation.

The following figures show photographs taken during the implementation of the 3D 20-pass
relay-imaging amplifier in the laboratory.

Figure 7.16: Early version of the pump chamber Figure 7.17: Carrier ring with a set of concave mirrors

Figure 7.18: Impressions of the tube inner arrange-
ment I

Figure 7.19: Impressions of the tube inner arrange-
ment II

Figure 7.20: Front part of the tube with pump module Figure 7.21: The final vacuum arrangement
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Part V

EXPER IMENTS





8LOW-ENERGY EXPER IMENTS

In this chapter, all crystal setups introduced in Section 7.2 are characterized according to their
performance in the 20-pass relay-imaging amplifier. For all measurements in this campaign, the
amplified pulse energy was constrained to 400 mJ in order stay safely below the damage fluences
for all experimental conditions. This ensures the comparability of all measurements, while still
encountering first signs of saturation.

8.1 Input parameters of the "low-energy" campaign

The main aim of this "low-energy" campaign was to investigate the performance of the different
crystal setups with respect to the heat sink temperature (Ths) and repetition rate (frep). All other
parameters, such as input beam profile and seed spectrum, were kept constant.

In order to obtain a well-defined beam profile for seeding the amplifier, the beam out of the
300mJ amplifier, see Figure 6.10 b) is enlarged and only the center part is transmitted by an
adjustable iris. Subsequently, the beam is spatially filtered to remove the resulting diffraction
rings. This setup allows the adjustment of the ideal beam size for amplification simply by opening
or closing the iris. After some pre-tests, the beam size was set to 4.6mm (FWHM), as shown in
Figure 8.1 a). A typical seed spectrum, spectrally pre-shaped to counteract the gain narrowing
in the amplifier, is depicted in Figure 8.1 b). A stable high order modulation is noticeable whose
origin is not yet fully understood.

a) b)

Figure 8.1: Typical input beam profile (a) and seed spectrum (b) for the low-energy campaign. To counteract
gain-narrowing the seed spectrum is already pre-shaped with the Dazzler.

As described in Section 7.3, the amplifier is set up in a vacuum tube, except for the pump module,
which requires a transfer window for the pump radiation. This window and the dichroic mirror,
to separate pump and seed beam, introduce optical losses (≈15%) reducing the maximum
available pump power to 11.3 kW. During the whole campaign, the pump power was always set
to this maximum. However, for certain measurements the pump pulse duration was varied.
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Table 8.1 summarizes the input parameters of the "low energy" campaign.

PPump 11.3 kW

tPump
11000 µs ... 2000 µs
21500 µs

APump 10x10mm2 (FWHM), see Figure 7.2 b)

Pump passes 2

Pump spectrum Gaussian-shaped, FWHM 9 nm at 938 nm

see Figure 7.3 b)

Amplification passes 2x5x2 = 20

dSeed ≈ 4.6mm (FWHM), see Figure 8.1 a)

Seed spectrum measured, see Figure 8.1 b)

ESeed 11mJ
2set to achieve max. 400mJ output

Table 8.1: Common parameters of the "low energy" campaign. 1,2 indicates different experimental runs.

8.2 Regression analysis procedure

The model of the laser pulse amplification, which is described in Part ii, is based on a set of
input parameters. Some of them, such as the number of pump and amplification passes are
given by the setup. Others, such as beam size or heat sink temperature (Ths), can be measured.
Nevertheless, there are two parameters which elude independent quantification. One of them is
the impact of the amplified spontaneous emission (ASE) resp. parasitic oscillations (PO) which
are accounted for by the term MASE in the simulations. The second unknown parameter is the
effective crystal temperature (Teff) at which the amplification takes place. It depends on the
heat sink temperature (Ths) and the repetition rate (frep) and is considered in the simulation via
the temperature-dependence of the emission and absorption spectra.

Since all the other parameters are known, MASE and Teff can be determined by fitting the model
results to the measured amplification performance.

However, the modelling results are no simple analytical functions of these two parameters and
thus this fitting is done in 2 steps, presented on the next page.
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At first, the "single-shot" (frep =0.2Hz) data are used to calculate the MASE. This is done
under the assumption that in single-shot operation the effective crystal temperature and heat
sink temperature should closely match.

Figure 8.2 a) illustrates step I. It shows the measured data of the 2%x6x20Au1 crystal setup
and the corresponding error bars for a single-shot measurement at Ths =20 ◦C. The plotted
lines are the result of the MASE evaluation using the simulation. The range indicated by the
error bars of the measurement corresponds to ±1% error of MASE.

a) b)

Figure 8.2: Illustration of the regression analysis procedure performed with results obtained with the
2%x6x20Au1 crystal setup at Ths =20 ◦C. In Step I (a) the simulated temperature (Teff) was kept con-
stant at Ths since the they should closely match in single-shot operation (frep =0.2Hz) while MASE was
determined. An error of ±1% MASE reproduces the range given by the error bars of the measurement.
Subfigure b) shows step II of the analysis. The in step I determined value for MASE is now kept constant
while Teff for the higher repetition rates is calculated. In that way, MASE can be determined with an accuracy
of ± 1 ◦ C, neglecting however the systematic error caused by the assumption of a fixed MASE.

In step II, illustrated in Figure 8.2 b) , the value of MASE determined in step I is used to calcu-
late the effective crystal temperature for the higher repetition rates. In that way, Teff can be
determined with an accuracy of ± 1 ◦ C. However, assuming a fixed MASE might be fraught with
some inaccuracies since a higher effective crystal temperature leads to a higher absorption of
the ASE in the pumped area and thus should give a lower MASE. Therefore, a unique solution
is not possible with this approach. Nevertheless, assuming a fixed MASE is expected to give a
reasonable value for Teff.

The gain curves measured at different heat sink temperatures are analysed in the same way
leading to a set of Teff(frep,Ths) and MASE(Ths). Using this data set, a slope value Rcrystal can
be extracted:

Tef f (frep,Ths ) = Rcrystal · frep + Ths (8.1)

Rcrystal [K/Hz] represents a heat property characteristic for any given crystal setup and measures
the dependence of the effective crystal temperature on the pump repetition rate, which is
proportional to the power of the absorbed pump light. It depends on the thermal properties of
the individual crystals, the crystal thickness and the crystal size. Furthermore, it is determined by
the thermal conductivity and thickness of the glue layer and the effective thermal conductivity
of the heat sink. Thus, Rcrystal can be used to compare the different crystal setups.
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8.3 Amplification performance

The amplification performance of the individual crystal assemblies was characterized in two steps
where the results of the second step were used to perform the regression analysis presented
above.

In the first step, the gain was measured at an input energy of 1mJ and a repetition rate of 1Hz
in dependence of the pump pulse duration and heat sink temperature. This way of evaluation
directly shows if parasitic oscillations occur: At the point in time when the transverse gain
reaches the threshold, see Section 2.5, parasitic oscillations can establish and thus will reduce
the gain. For lower heat sink temperatures the overall gain is higher and the absorption of ASE
in the umpumped area is reduced due to the lower ground-state absorption, see Section 7.2
and Section 3.3. Hence, the depletion of the gain should start earlier and the reduction should
have a higher impact compared to higher heat sink temperatures. However, the final gain at
the lower heat sink temperatures can still be higher compared to higher heat sink temperatures
- which is from particular interest in this measurement. As an example, the behaviour of the
2%x6x20Au1 crystal setup is shown in Figure 8.3 a). The described influences of the parasitic
effects are clearly noticeable.

In the second step, the repetition-rate dependent amplification is studied at a pump pulse
duration of 1500 µs for 3 different heat sink temperatures. Measurements exhibiting the highest
gain are located closer to the left side of the plot, see Figure 8.3 b) illustrating the measurement
of the 2%x6x20Au1 crystal setup at Ths =20 ◦C including the resulting curves of the regression
analysis explained in Section 8.2.

a) b)

Figure 8.3: Example of the two-step procedure for determining for the amplification performance of the
2%x6x20Au1 crystal setup. Subfigure a) shows the gain at in input energy of 1mJ in dependence of the
pump pulse duration and the heat sink temperature. As expected, lower heat sink temperatures lead to a
higher gain but also increase parasitic effects. These effects lead to a reduction of the gain for longer pump
pulse durations. The output energy in dependence of the pump repetition rate at Ths =20 ◦C is shown in b).
One clearly sees that the increase of the repetition rate which leads to an increase of the effective crystal
temperature reduces the gain and hence the output energy. The dotted lines in a) are not the result of a
simulation, there are just to guide the eye. The scales of the subfigures a) and b) are chosen to allow direct
comparability with the subfigures on pages 69,70,71.

On the following pages, the measurement results of all crystal setups are illustrated according
to the above mentioned routines. Comparable results, i.e. the gain of identical crystals, are
compiled on the same page.
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8.3.1 2%x6x20Au1 crystal setup vs. 2%x6x40Au1 crystal setup

Figure 8.4: 2%x6x20Au1 crystal setup Figure 8.5: 2%x6x40Au1 crystal setup

The scales of the subfigures b,c,d on pages 69,70,71 are kept constant for direct comparability
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8.3.2 6%x3x20Au1 crystal setup vs. 6%x3x20Ni 2 crystal setup

Figure 8.6: 6%x3x20Au1 crystal setup Figure 8.7: 6%x3x20Ni 2 crystal setup

The scales of the subfigures b,c,d on pages 69,70,71 are kept constant for direct comparability
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8.3.3 8%x2x20Au1 crystal setup vs. 8%x2x20Ni 3 crystal setup

Figure 8.8: 8%x2x20Au1 crystal setup Figure 8.9: 8%x2x20Ni 3 crystal setup

The scales of the subfigures b,c,d on pages 69,70,71 are kept constant for direct comparability
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8.4 Comparison of the amplification performance

The following table summarizes the key performance parameters extracted from Figures 8.4
- 8.9. In addition to MASE and Teff, calculated with the analysis described in Section 8.2, it
further specifies the maximum gain obtained in the pump duration dependent measurements.

crystal setup Ths [◦ C] Gmax@ 1mJ MASE Rcrystal [K/Hz]

32 93 @ 1750 µs 1.83

2%x6x20Au1 20 130 @ 1500 µs 1.90 3.27± 0.86
6 184 @ 1500 µs 2.07

32 118 @ 1750 µs 1.76

2%x6x40Au1 20 249 @ 1750 µs 1.76 2.42± 0.69
6 385 @ 1750 µs 1.88

32 23 @ 1500 µs 1.91

6%x3x20Au1 20 32 @ 1250 µs 2.01 1.71± 0.72
6 44 @ 1250 µs 2.23

32 36 @ 1750 µs 1.84

6%x3x20Ni 2 20 42 @ 1500 µs 1.94 3.22± 0.80
6 53 @ 1500 µs 2.13

32 15 @ 1250 µs 2.20

8%x2x20Au1 20 19 @ 1100 µs 2.38 0.93± 0.16
6 22 @ 1000 µs 2.77

32 21 @ 1500 µs 2.09

8%x2x20Ni 3 20 24 @ 1250 µs 2.20 1.48± 0.69
6 34 @ 1250 µs 2.49

Table 8.2: Summarized results of the low energy campaign and the results of the regression analysis.
The best values are highlighted in green and the worst in red.

So, all pump duration dependent measurements (Subfigures a) in 8.4 - 8.9), show that there
is an ideal pump pulse duration for each crystal assembly in order to achieve the highest gain
which is determined by the onset of parasitic effects as explained in Section 8.3. However, all
measurements show that the highest individual gain is achieved at the lowest heat sink tem-
perature which at the same time lead to a premature start of parasitic effects which increases
with the doping concentration due to the higher initial transverse gain.

Therefore, the highest gain is measured in the 2%x6x40Au1 assembly (G=385 @ Ths =6◦)
followed by the 2%x6x20Au1 crystal setup (G=184 @ Ths =6◦). In this case, the only difference
between both setups is the 3 times larger absorbing length for ASE in the 2%x6x40Au1 -
proving the concept of effective ASE resp. PO suppression by a larger unpumped area or an
absorbing cladding. The fact that the calculated values for MASE, see Table 8.2, in case of the
2%x6x40Au1 crystal setup at Ths =20 ◦C and Ths =32 ◦C are identical proves that in this case
no parasitic oscillations occur at all. The potential of cooling down the crystals can also be seen
in this measurements, see Figure 8.5 b) , c) , d). In absence of parasitic effects, the reduction
of the gain when switching to higher repetition rates can be fully compensated by operating at
lower heat sink temperatures.
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Furthermore, as expected, the thinner crystals - despite having a lower thermal conductivity
due to the higher doping concentration [72, 73] - exhibit a better capability in terms of the heat
removal as proven by the lower Rcrystal in this cases. The only exemption is the 6%x3x20Ni 2
crystal assembly which nearly has the same Rcrystal compared to the 2%x6x20Au1 crystal
assembly. Since the main material of all heat sinks is the same (Cu) an explanation for this
behaviour can either be the ≈ 4 times lower thermal conductivity of Ni compared to Au (70
W/mK vs. 300 W/mK [74]), or there could be a difference in the thermal conductivity of
the used glue. Unfortunately, thermal properties of just one glue type are available (glue #1:
0.22 W/mK). The same behaviour is evident for the two 8%-doped assemblies leading to the
conclusion that the combination of Au-plated heat sinks and glue #1 is preferable in terms
of heat removal. Additionally, the fact that Rcrystal is lower for the 2%x6x40Au1 assembly
compared to the 2%x6x20Au1 assembly is an evidence that at this crystal thickness already a
large amount of heat spreads in radial direction.

Another interesting effect which can bee seen when comparing 8.6 a)& 8.6 b) and 8.8 a)& 8.8 b),
is that the gain at 1Hz is lower and the parasitic effects start earlier if the heat sink is Au-coated.
An explanation for this effect is an enhancement of the back-reflections by the Au-coating since
its reflectivity is higher compared to Ni (R=0.99 vs. R=0.72 at AOI=0◦ and 1030nm [74]). A
comparable effect is reported in [45].
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8.5 Comparison of the output beam profiles and wavefronts

During all the measurements described above, the output beam profile and wavefront as
well as the output spectrum were monitored. A typical output spectrum, measured with the
2%x6x20Au1 crystal setup, in comparison to the seed spectrum is depicted in Figure 8.10. The
effect of gain narrowing is clearly visible.

Figure 8.10: Seed spectrum (blue) and a typical ouput spectrum (red) of the low-energy measurements.
The output spectrum is narrowed down by gain narrowing.

A comparison of the input beam profile and the transmitted beam profile without amplification
is shown in Figure 8.11. High order modulations in the transmitted beam are observable which
may originate from dust on the optics by the filters in front of the camera.

a) b)

Figure 8.11: Comparison of the input beam profile a) and transmitted beam profile b). The transmitted
profile shows additional high order distortions most likely originating from dust on the optics or the filters
in front of the camera.

Figure 8.12 shows the output beam profile and wavefronts for different repetition rates in com-
parison to the unamplified output beam profile and wavefront, measured with the 2%x6x20Au1
crystal setup. A change of the beam profile when going to higher repetition is observable - the
beam extends a little bit in y-direction. The measured wavefronts exhibit mainly astigmatism.
The fact that wavefront aberrations are highest at 1Hz repetition rate is not yet fully un-
derstood. Furthermore, the effect of the thermal lens in the Yb:YAG crystal is evident when
evaluating the wavefront via Zernike polynomials. The obtained radius of curvature of the mea-
sured wavefront changes from the ≈264m without amplification to ≈18m at 5Hz repetition
rate, meaning the output beam will be focused 18m behind the output plane. According to
the simulations presented in Section 7.3.2 this 18m focal length at the output equals a focal
length of the Yb:YAG crystal of 180m for a single reflection off the crystal. In comparison with
Figure 7.12 one can see that the beam diameters on all optics in this case are larger than set by
the damage threshold of the coatings. Furthermore, the simulation yields a necessary change
of distance D between the concave mirrors by -2.8mm which is in excellent agreement with
our empirical findings when adapting this distance in the experiment.
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Beam profile unamp. Wavefront
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Figure 8.12: Output beam profiles and wavefronts for different repetition rates. When going to higher
repetition rates the beam profile extends more in y-direction leading to a slightly elliptical beam profile. The
plotted lineouts refer to the intensity peak. The noticeable fringes are due to the used filters in front of
the camera. All measured wavefront maps show mostly astigmatism. The maximum wavefront deviation of
0.6λ is obtained in the 1Hz case which is not yet fully understood. The fact the radius of curvature of
the wavefront - evaluated using Zernike polynomials - changes from the ≈264m without amplification to
≈18m at 5Hz repetition rate is an evidence for the thermal lens in the crystal.
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8.6 Conclusions of the "low-energy" campaign

• the 2%-doped crystals exhibit the highest gain of all investigated assemblies

• all higher-doped crystals suffer severe gain losses due to parasitic oscillations/effects
which increases at lower crystal temperatures

• a larger unpumped margin hence absorbing cladding improves the ASE suppression

• the effect of 3-D heat conduction plays a role at least in the 6mm thick crystals, thus a
larger unpumped edge also improves the heat removal since more heat can flow radially
than in axial direction

• Au-coated heat sinks are preferable in terms of effective cooling but seem to enhance
parasitic oscillations

• in absence of parasitic effects, the reduction of the gain when switching to higher repeti-
tion rates can be compensated by going to lower heat sink temperatures

• the higher gain at lower heat sink temperatures might also be a solution to extract com-
parable energies at reduced crystal thicknesses while keeping a low doping concentration

From these investigation it follows, somewhat unexpectedly, that the rather thick 2%x6x40Au1
crystal assembly exhibits the best performance compromise in terms of gain, ASE suppression
and heat conductivity.

The calculated values of MASE and Teff allow the extrapolation of the output energy for higher
input energies. Figure 8.13 a) illustrates the extrapolated saturated energy of the 2%x6x40Au1
and the 8%x2x20Au1 crystal assembly for 20 amplification passes at a heat sink temperature
of 20 ◦C. Although the 8%-doped and thus thinner crystal would have a 15◦ C lower crystal
temperature at 10Hz repetition rate compared to the 2%-doped crystal the parasitic effects
lead to a reduction of saturated energy by 40%. Figure 8.13 b) shows different scenarios for
the saturated gain in the 2%x6x40Au1 crystal assembly at 1Hz repetition rate and at differ-
ent heat sink temperatures. Immediately evident is the beneficial effect of a reduced crystal
temperature on the output energy. However, calculating the maximum extractable energy by
assuming hypothetical 100 amplification passes leads to the conclusion that in our setup the
output energy is mainly limited by the restricted number of amplification passes.

a) b)

Figure 8.13: Extrapolated output energy of the 2%x6x40Au1 and the 8%x2x20Au1 crystal assembly based
on the calculated values of MASE and Teff. Subfigure a) shows the expected output energies at Ths =20 ◦C
(dotted, colored lines). The black dotted line illustrates the gain of the 8%x2x20Au1 at frep =10 Hz and
τpump =1100 µs. The parasitic effects in this case lead to a 40% lower output energy. Subfigure b) illustrates
different scenarios for the saturated gain at 1Hz repetition rate. The straight lines show the maximum
extractable energies calculated by assuming 100 amplification passes were assumed. The dotted lines show
the output energy for 20 amplification passes. In both cases one clearly sees the impact of the crystal
temperature on the output energies. Nevertheless, the output energy is mainly limited by by the restricted
number of amplification passes. This also proven by the fact that in case of 32◦ C heat sink temperature 8
additional passes would lead to the same output energy as in the 6◦ C case (dashed purple line).
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9H IGH -ENERGY EXPER IMENTS

As concluded in the previous chapter, the 2%x6x40 crystal assembly is best suited for creating
pulse energies exceeding 1 J. As a consequence all high-energy experiments were carried out
exclusively with this setup.

Besides the main focus of generating pulse energies >1 J the amplified beam profile and the
amplified bandwidth are of special interest as well. Since the amplified pulses will later be
frequency-doubled and used as pump pulses for OPCPA their near-field beam profile and wave-
front have to meet stringent requirements. A top-hat beam profile and a flat wavefront ensure
highest frequency doubling and OPCPA efficiencies. Furthermore, the signal beam profile af-
ter OPCPA strongly depends on the pump beam profile. To ensure shortest pulse durations
after compression it is mandatory to preserve the full bandwidth during amplification. Hence,
the spectral pre-shaping by the Dazzler has to be adapted to compensate the gain narrowing
effects in the 1 J-amplifier.

While the beam profile mainly depends on the repetition rate (thermal lensing), the heat sink
temperature (wavefront aberrations due to stress) and the amplification level (saturation ef-
fects) the amplified spectrum strongly depends on the overall gain (gain narrowing). So, the
beam profile and amplified bandwidth have to be observed for every input/output energy step
as well as for the heat sink temperature and adapted if necessary. In order to get an estimate of
the strength of theses processes and to find ideal input parameters for the high-energy operation
several preparatory measurements were performed. The input parameters were kept identical to
the low-energy measurements, see Section 8.1, meaning the crystal was pumped with 11.3 kW
at a pulse duration of 1500 µs on a spot size of 10x10mm2.

9.1 Preparatory measurements for the high-energy campaign

Figure 9.1 shows again the evolution of the beam profile in dependence of the repetition rate
at 20 ◦C heat sink temperature. The beam profile was measured in the output image plane
(near-field) and after 1m of propagation at an output energy of ≈ 30mJ.
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Figure 9.1: Beam profile in dependence of the repetition rate and position. 0 Hz corresponds the unamplified
case. For 1Hz and 2Hz repetition rate the change of both beam profiles is very minor. However, at 5Hz,
the influence of the thermal lens is clearly evident. After 1 m propagation the beam size has decreased
noticeably and high-order wavefront errors also influence the near-field shape in this case. A measurement
with a wavefront sensor obtained a change of the ROC of the wavefront from -12m at 0Hz to 7m at 5Hz.
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As shown in Figure 9.1, a noticeable change of the near-field beam profile and of the beam
profile after 1m propagation is detectable when switching to 5Hz repetition rate. The thermally
induced wavefront aberrations - mostly astigmatism and spherical errors as measured in the
"low-energy" campaign - lead to a focussing of the beam when switching to higher repetition
rates. As expected, the near field profile is less affected by this effect. Since the beam profile
after 1m propagation is comparable to the beam profiles on the curved mirrors in the setup,
these optics may suffer damage issues due to this focussing. As mentioned, this thermal lensing
can be mitigated by adapting the distance between the imaging optics which is done later on.

The change of the near-field beam profile when increasing the input and consequently the output
energy is shown in Figure 9.2. The averaged diameter increases from ≈ 4.5mm (FWHM) at the
lowest input/output energy to ≈ 7.2mm (FWHM) at the maximum measured output energy
and the shape of the near-field beam profile gets more "top-hat"-like. This is caused by the
larger pump beam profile, see Figure 7.2 b), compared to the initial seed beam profile and
by saturation effects in the center part of the beam which leads to a steepening of the edges.
Furthermore, at high energy, a sharp edge appears on the lower part of the beam which is
most likely caused by clipping at the small dichroic mirror, see Figure 7.14. This clipping is
unavoidable in the current setup but does not limit the high-energy operation.

0.3 mJ / 50 mJ 3.5 mJ / 380 mJ 33 mJ / 910 mJ 62 mJ / 1051 mJ

E  / Ein out

Figure 9.2: Near-field beam profiles depending of the input/output energy at 1Hz. The averaged diameter
changes from ≈ 4.5mm (FWHM) to ≈ 7.2mm (FWHM) when going to the highest measured output energy.
Furthermore, the beam profile gets more "top-hat"-like which is caused by saturation effects in the beam
center part leading to a steepening of the edges.

However, in the course of this preparatory measurements it turned out that there is a thermal
drift of the beam inside the vacuum tube when the repetition rate is increased due to heating of
the mechanical parts caused by the residual pump light. While the drift could be stabilized/coun-
teracted in the 1Hz and 2Hz case by additional cooling devices and remote alignment of the
crystal this was out of the correction range at 5Hz. Additionally, the stress-induced wavefront
aberrations at low heat sink temperatures lead to severe changes of the beam profile prohibiting
long-term high-energy operation.

Therefore, the full characterization of the amplification performance was exclusively carried out
at a heat sink temperature of 20 ◦C and at 1Hz and 2Hz repetition rate.
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9.2 High-energy amplification performance

9.2.1 Amplified pulse energy and spectra

After the preparatory phase and the necessary adaptations of the beam profile and seed spectrum
the seed energy was increased stepwise and the resulting output energy, beam profile and
wavefront, as well as the amplified spectrum were measured. These measurements were carried
out at 1Hz and 2Hz repetition rate and at a heat sink temperature of 20 ◦C. The limit for the
maximum output energy was set to 1 J in order to not risk any damage of the optics and thus
allow for multiple measurements.

Figure 9.3 a) shows the measured amplification performance and the according simulated curves.
The final output spectra and the necessary input spectrum are depicted in Figure 9.3 b).

a) b)

Figure 9.3: High-energy amplification performance of the 2%x6x40 crystal setup at 1Hz and 2Hz repetition
rate and at a heat sink temperature of 20 ◦C. Subfigure a) depicts the measured amplification performance.
At both repetition rates an output energy of 1 J was achieved. Furthermore, the measurements revealed a
pulse-to-pulse stability of 1.5% rms at 1 J output energy for both repetition rates. The simulation (dotted
lines) implies that even higher output energies are possible when using the full seed energy. However, this
was not tested yet in order to prevent damaging of the optics. Subfigure b) shows the amplified spectra at
1 J output energy for a 1Hz and 2Hz repetition rate. For comparison the seed spectrum is shown as well.
The full spectral bandwidth can be maintained when amplifying to 1 J principally allowing for pulse durations
<0.8 ps after compression.

The main result of the measurements is that at both repetition rates an output energy of 1 J
was achieved. While a seed energy of 62mJ is needed to generate 1 J output energy at 1Hz
repetition rate, the seed energy had to be increased to 73mJ at 2Hz due to the higher crystal
temperature in this case. Furthermore, the measurements revealed a pulse-to-pulse stability
of 1.5% rms at 1 J output energy for both repetition rates. Again, the measured slopes can
be reproduced using the simulation code and predicting pulse energies >1.1 J when using the
maximum seed energy of 90mJ. In comparison to the extrapolated ouptut energies based
on the "low-energy" campaign, see Figure 8.13, the measured and simulated output energies
are ≈ 15% lower which is due to the fact that a new dichroic mirror, exhibiting different
transmission and reflexion characteristics, was installed providing a higher damage threshold.

Again, the Dazzler was used in order to shape the seed spectrum in such a way that the
full spectral bandwidth of ≈ 3.4 nm is maintained while amplifying to the full energy. Since
the same Dazzler settings were used for 1Hz and 2Hz operation the slight difference in the
corresponding high-energy spectra, see Figure 9.3 b), might be an evidence for the different
temperature-dependent gain narrowing.
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9.2.2 Compression and FROG-evaluation of the amplified pulses

As mentioned, the full spectral bandwidth of the seed pulses can be maintained when amplifying
to output energies in the range of 1 J. Moreover, the amplified spectra show a fairly good
agreement with the output spectra of the 8-pass booster amplifier, see Figure 6.9 b), which
were compressed down to 740 fs, described in detail in Section 6.5.

To adjust and evaluate the pulse duration of the amplified pulses a second-order, single-shot
FROG [63] was used. By analysing the corresponding autocorrelation trace, the pulse duration
(FWHM) was minimized online using the Dazzler. The same minimal pulse duration with a
shot-to-shot stability of ± 1% rms was achieved for 1Hz and 2Hz operation.

For the evaluation of the measured FROG-traces, FROG 3.1.2 provided by Femtosoft Tech-
nologies was used. The results of the FROG evaluation revealing the shortest pulse duration is
shown in Figure 9.4.

a) b)

c) d)

Figure 9.4: FROG evaluation of the shortest compressed pulse. The measured FROG-trace - obtained at
1Hz and a pulse energy of 800mJ after compression - is shown in subfigure a) and the retrieved trace -
calculated with FROG 3.1.2 from Femtosoft Technologies - is illustrated in subfigure b). The retrieved pulse
spectrum (c, black) matches the measured one (c ,blue) very well. The corresponding spectral phase (c,
orange) is nearly flat. Hence, the retrieved pulse shape (d, black) reproduces the pulse shape calculated by
the Fourier -transformation of the measured spectra (d, blue & green). The FWHM of the retrieved pulse
duration is 740 fs.

A good agreement between the measured and retrieved pulse spectra was obtained (FROG
error=0.2% on a 1064x1064 grid), as shown in Figure 9.4 c). The retrieved spectral phase is
nearly flat. Thus, the retrieved pulse duration of 740 fs (FWHM) closely matches the Fourier-
limited pulse duration of 738 fs (FWHM) extracted from the measured spectra, see Fig-
ure 9.4 d).Under consideration of the measured compressor transmission (76%), the maximum
compressed pulse energy is calculated to 0.8 J and 0.78 J for 1Hz and 2Hz, respectively. Thus,
the pulse power (transmitted energy/pulse duration (FWHM)) is calculated to 1.08TW for
1Hz and 1.05TW for 2Hz. Using a more refined analysis which takes the retrieved temporal
pulse shape, cf. Figure 9.4 d), into account leads to a pulse peak power 0.96TW for 1Hz and
0.92TW for 2Hz operation.
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9.2.3 Amplified beam profile and wavefront

The preparatory studies showed that the difference of the near-field beam profiles at low output
power between 1Hz and 2Hz repetition rate are rather small. An increase of the beam diameter
and a steepening of the edges was observed when generating higher output energies. Both
findings are confirmed when amplifying to 1 J, as shown in Figure 9.5 a)& b).
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Figure 9.5: Beam profile and wavefront at 1 J output energy for 1Hz a),c) and 2Hz b),d) repetition rate.
The beam profile and wavefront were measured in the imaging plane at the output of the amplifier tube.
The qualitative difference between the beam profiles for 1Hz and 2Hz operation is minor. An averaged
diameter of ≈ 7mm (FWHM) is measured. Again, the measured wavefront, see subfigures c)and d), is
dominated by astigmatism. The ROC of the spherical component of the wavefront changes from -34m at
1Hz to 27m at 2Hz due to the positive thermal lens.

The measured beam profiles for 1Hz and 2Hz operation at high energy show a very good
agreement with an averaged beam diameter of ≈ 7mm (FWHM). No real "hot-spots" are
detectable. The mean fluence in both cases is 1.4 J/cm2 with a maximum value of 2.5 J/cm2.

The evaluation of the measured wavefronts via Zernike-polynomials revealed a change of the
ROC from -34m at 1Hz operation to 27m at 2Hz, see Figure 9.5 c)& d). So, in both cases the
beam is nearly collimated which was achieved by adapting the distance of the imaging optics in
such a way that the unamplified beam out of the tube diverges and thus pre-compensates for
the focusing thermal lens.
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9.3 Summary of the "high-energy" campaign

• the main achievement of the "high-energy" campaign is the amplification of the laser
pulses to energies >1 J with a pulse-to-pulse stability of 1.5% rms at 1Hz and 2Hz
repetition rate

• while amplification the full spectral bandwidth is maintained and the pulses were com-
pressed to a close-to-Fourier -limit pulse duration of ≈ 740 fs (FWHM)

• under consideration of the pulse shape, the peak power of the pulse is calculated to
≈ 1TW for 1Hz operation and 2Hz operation.

• so, to our knowledge, we built the first diode-pumped, Yb:YAG CPA-system generating
1TW pulses

82



Part VI

FUTURE AMPL I F I ERS





10CONCEPT FOR A ≥ 1 0 J - AMPL I F I ER

As mentioned in the very beginning, also amplifiers delivering ≥ 10 J are needed for the final
operation of the PFS. In this chapter possible amplifier and crystal designs for a ≥ 10 J-amplifier,
developed using the experiences gathered with 1 J-stage and further scaling considerations, are
presented.

10.1 Pump modules for the 10 J-amplifier

The pump engine for the 10 J-amplifier was developed according to our specifications by Las-
tronics GmbH in Jena. It consists of two pump modules, each delivering a net output power of
43.5 kW, which can be combined via polarization coupling. The typical degree of polarization
of the built-in laser diodes is 92% leading to a maximum peak power of 80 kW after combi-
nation at a maximum duty cycle of 1.5%. By the use of micro-lens beam homogenizers, see
Section 7.1, a square spot size of 20x20mm2 is generated at a working distance of 150mm
after the last imaging lens. Analogously to the pump modules of the other amplifiers the center
pump wavelength is 940 nm and can be adjusted via the cooling temperature. A photograph of
the pump engine and the pump beam profile in the combined case are depicted in Figure 10.1.

a) b)
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Figure 10.1: Pump engine for the 10 J-amplifier. Two pump modules a), each delivering a net output power
of 43.5 kW, can be combined via polarization to achieve a total output power of 80 kW on square size of
20x20mm2 at a working distance of 150mm after the last imaging lens b).

The brightness of the modules according to the specifications is 0.5W/ cm2sr with a maximum
divergence angle of 4◦ in both directions in the image plane. This enhanced brightness should
help to realize one of the two multi-pass pumping concepts presented in the following.

85



The first idea is known from thin-disk laser heads [75]. Parabolic and turning mirrors are used to
realize imaging multi-pass pumping. The principle and a thinkable design for the 10 J-amplifier
are shown in Figure 10.2.

a) b)

Pump

EM

Yb:YAG

PM1

PM2

Figure 10.2: Multi-pass pumping setup with parabolic mirrors. Subfigue a) shows the principle of this pump
scheme. 2 parabolic mirrors (PM) and one end-mirror (EM) are used to establish 4 pump passes in this
case. A 3D arrangement thinkable for the 10 J-stage is illustrated in b). It comprises 4 parabolic mirrors
and three folding mirrors allowing for 8 pump passes through the Yb:YAG crystal.

As depicted in Figure 10.2 a), the pump radiation impinges on a larger AOI compared to the
laser beam. This large angle in combination with thick crystals might result in an inhomoge-
neous pump beam profile and therefore has to be verified in the beginning.

Alternatively, the multi-pass pumping can be realized with one big lens [76] instead of the
parabolic mirrors. The principle and a possible design for the 10 J-amplifier are shown in Fig-
ure 10.3.

a) b)

Pump

EM

Yb:YAG Lens

Figure 10.3: Multi-pass pumping setup with a big lens. Subfigue a) shows the principle of this pump scheme.
A big lens and one end-mirror (EM) are used to establish 4 pump passes in this case. A 3D arrangement
thinkable for the 10 J-stage is illustrated in b). It comprises 4 passes through the common lens and three
folding mirrors allowing for 8 pump passes through the Yb:YAG crystal. For a better visibility the pump
beam size was reduced for illustration.

In this case, the incidence angle of the pump radiation can be smaller compared to multi-pass
pumping with parabolic mirrors. On the other hand, the fact that angles for the laser beam are
larger compared to the pump might lead to a non-uniform beam profile after amplification.
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10.2 Amplifier design for a 10 J-stage

As mentioned before, the amplifier design for the 10 J-stage will be an adapted version of the
1 J-amplifier. The key design issue is that due to the larger beam size of ≈20mm (FWHM)
larger optics (1.5") are necessary while at the same time the outer diameter of the vacuum
tube should stay 320mm. Under consideration of the size of the mirror mounts only octagonal
carrier rings, see inset Figure 10.4, are possible. Thus, the number of amplification passes is
limited to 2x3x2 = 12.

The design sketch for a 10 J-stage, developed considering the experiences with the 1 J-design, is
shown in Figure 10.4. A drawback of the 1 J-design was the difficulty to access the optics located
in the second image plane. Therefore, an additional folding mirror (FM2) is used analogous to
FM1 in the 10 J-design allowing for fast access of the second imaging plane as well.

FM1

CM1

CM2

Yb:YAG

IM2

CM4

CM3

SL1

FM2

IN

Carrier Ring

1
23

Figure 10.4: Design sketch for a 10 J-amplifier based on the experiences gained with the 1 J-design. According
to the size of the mirror mounts necessary for 10 J-pulses octagonal carrier rings are feasible when considering
a diameter of 320mm for the vacuum tube. Furthermore, a second folding mirror (FM2) is implemented
which guarantees accessibility also for the second image plane (IM2). In the illustration, the beam path for
the first amplification plane is highlighted. The subfigure illustrates a carrier ring capable of mounting 8
1.5" mirrors. Analogously to the mechanical design of the 1 J-amplifier all optics ate mounted on carrier
rings which itself sit on carrier rails, see Figure 7.15.

During the implementation of the 1 J-stage, the dichroic pump mirror necessary due to the
short working distance of the pump module proved to be a bottle neck in terms of damage
threshold and transmission under vacuum conditions. As presented, according to the enhanced
brightness of the 80kW pump engine, such a dichroic mirror is not necessary for the 10 J-stage.
However, the presented pump solutions have to be verified and adapted to the new amplifier
design.
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10.3 Yb:YAG design considerations

In terms of the Yb:YAG crystal design, the same considerations as for the 1 J-amplifier apply.
The main goal is to minimize the the crystal thickness in order to optimize the heat extraction
while at same time the transverse gain should be kept small in order to minimize parasitic
effects.

The main result of the experiments with the 1 J-stage was that under consideration of the given
pump parameters parasitic effects starts to occur at a doping concentration of >2% which was
expected since the transverse gain including reabsorption in the unpumped area exceeds the
limit for the onset of parasitic oscillations in this cases, see Section 2.5. However, the drop
in gain caused by parasitic oscillations was not expected to be that severe. This issue was
mitigated by adding additional absorber length, i.e. using the larger 2%x6x40Au1 crystal. Thus,
the onset of parasitic oscillations was effectively suppressed leading to higher output energies.

Hence, the suppression of parasitic oscillations is a key aspect for designing the crystals for the
10 J-stage. One solution is to taper the edges of the crystal under a certain angle. For Yb:YAG
one calculates 28.43◦ ≤ β ≤ 33.33◦ [77]. Doing so, the transverse ASE is effectively reflected
out of the crystal through the AR-coated front surface. Another possibility, known from Ti:Sa
lasers, is to use an refractive index matched absorber fluid surrounding the crystal [78]. In
this case, the ASE will not undergo Fresnel-reflection at the crystal edge and can effectively
be absorbed in the fluid. A new technology developed in the last years and now commercially
available is to use Cr4+ co-doped YAG claddings to absorb the ASE [68]. This is from particular
interest since the absorber can be directly co-sintered to ceramic Yb:YAG which is the only
alternative when large beam diameters and thus crystal diameters in the order of several cm
are required.

However, despite this possibilities for effective suppression of the ASE there is a upper limit for
the transverse gain. At a certain gain just a single pass of the spontaneously emitted photon
across the longest path through the pumped area is enough to seriously deplete the inversion.
Assuming the ASE fluence beeing equal to saturation fluence one calculates [79]:

[
4
(
logG20

)1/2
]

/G0 ≥ Ω (10.1)

Here Ω is the maximum solid angle in which the spontaneous photons can by emitted. In
our case (Dpump ≈ 2 cm, thickness ≈ 1 cm) the maximum Ω calculates to ≈ 0.2 leading to
a maximum G0 = exp(4). This is in excellent agreement with the measurements 2%x6x40
crystal assembly, see Chapter 8, where G0 ≈ exp(4) is reached when pumping with 2000 µs
at 6◦ heat sink temperature and first evidences of this effect are found. D. Albach et al.
investigated comparable Yb:YAG crystal assemblies specifying G0 ≤ exp(4) as the upper limit
for the transverse gain as well [45, 51].

As an example, the absorption of a 0.25%Cr4+-doped cladding was measured to be α= -
5.5 cm−1 at 1030 nm [45]. Taking the reflectivity of 0.09 for the air/YAG interface into account,
see Section 2.5, the thickness of of the Cr4+-doped cladding calculates to ≥ 1.5mm in order
to absorb enough radiation that at a transverse gain of G0 = exp(4) in the pumped area the
net gain remains below unity, see Section 2.5.

So, under assumption of a existing absorber solution for the ASE the design parameter for the
transverse gain for the 10 J-stage is set to G0 = exp(4). As described above, further design
parameters for the crystals are a pump power of 80 kW on a square spot size of 20x20mm2

with maximum 8 pump passes and 12 amplification passes with a seed energy of 1 J. According
to the experiences with the 1 J-stage the pump pulse duration is assumed to be 1500µs and
the crystal temperature isc 300K.

In the following the simulation results for three different disk approaches obtained with the
above mentioned parameters are presented.
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10.3.1 Single-disk design

In analogy to the 1 J-stage the first simulated design is a single disk. A quick estimation,
assuming twice the pump intensity (≈ 20 kW/cm2) and diameter (dPump =2 cm) compared to
the 1 J-amplifier leads to a maximum doping concentration of 0.5% for the 10 J-stage. Thus,
also a ≈ 4 times longer absorption path for the pump radiation, i.e. crystal thickness, is necessary.
The results of the full simulation - the maximum transverse gain, i.e. in the surface layer of
the disk, and the output energy depending on the crystal thickness - of a single disk pumped
either with 2,4 or 8 passes are shown in Figure 10.5. Also depicted for comparison are results
for higher doping concentrations. Again, the energy drop after the ideal thickness is due to
reabsorption in the depth of the crystal. As mentioned, this simulation excludes the effects of
gain depletion by transverse effects.

a) 2-pass pumping b) 4-pass pumping

c) 8-pass pumping

passes dop. length Eout
2 0.5% 2.8 cm 12.8 J

2 0.5% 1.4 cm 10.0 J

4 0.5% 2.0 cm 16.5 J

4 0.5% 0.7 cm 10.0 J

8 0.5% 1.5 cm 18.9 J

8 0.5% 0.4 cm 10.0 J

Ideal working points

Figure 10.5: Simulation results for a 10 J+ single-disk amplifier assuming a pump power of 80 kW on a
square pump spot of 20x20mm2. The straight lines represent the transverse gain, the dotted lines the
possible output energy. In order to limit g0D ≤ 4 the doping concentration should not exceed 0.5% as
can be seen from the blue solid lines. The ideal crystal thickness and the corresponding output energies as
well as the necessary thickness to achieve 10 J are summarized in the table. Going from 2 to 8 pumping
passes the output energy at 0.5% doping level can be increased by ≈50%. However, in this case the crystal
thickness 2.5-fold larger than in the 1 J-amplifier. (Simulation parameters as summarized on page 88)

The simulation results for pumping with 80 kW on a square pump spot of 20x20mm2 show that
the doping concentration should not exceed 0.5% in order to guarantee g0D ≤ 4. As shown in
Figure 10.5 the maximum output energy can be increased from 13 J up to 19 J by going from
2 to 8 pump passes while at the same time the minimum crystal thickness can be reduced by
almost a factor of two. The maximum output energy of ≈19 J while staying below the limit
g0D ≤ 4 can be extracted in 12 amplification passes from a 0.5%-doped Yb:YAG disk pumped
in 8 passes. However, the crystal thickness in this case is calculated to 1.5 cm which might be
to large for effective heat removal according to the experimental experience with the 1 J-stage,
especially if one takes into account the higher pump fluence.
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10.3.2 Double-disk design

In order to resolve the cooling problem, in the following we will investigate a double disk
approach. Instead of one thick Yb:YAG crystal two individual crystals located in the 2 imaging
planes of the amplifier are used. So, instead of 80 kW on a single crystal, two Yb:YAG crystals
will be pumped with 43.5 kW each on a square pump spot of 20x20mm2. This should allow for
a doping level of 1% and hence a reduced crystal thickness improving the heat removal.

For the simulations, all other parameters are identical to the ones used for the 80 kW single-disk
approach. Figure 10.6 summarizes the obtained simulation results where the transverse gain
corresponds to a single disk and the output energy is calculated for both disks.

a) 2-pass pumping b) 4-pass pumping

c) 8-pass pumping

passes dop. length Eout
2 0.5% 1.9 cm 9.3 J

2 1.0% 0.9 cm 9.3 J

4 0.5% 1.5 cm 14.6 J

4 0.5% 0.6 cm 10.0 J

8 0.5% 1.0 cm 18.5 J

8 0.5% 0.3 cm 10.0 J

Ideal working points

Figure 10.6: Simulation results for a 10 J+ double-disk amplifier assuming a pump power of 43.5 kW on a
square pump spot of 20x20mm2 for each disk. The straight lines represent the transverse gain of a single
crystal, the dotted lines the possible output energy amplifying with both disks. The ideal crystal thickness
and the corresponding output energies as well as the necessary thickness to achieve 10 J are summarized in
the table. The main result is that comparable energies to the single-disk design can be extracted. In case
of 8 pass pumping the output energy of 18.5 J is comparable to a single-disk at the reduced crystal length
of 1 cm. Generally, the calculated crystal length for maximum output energy in the double-disk design are
33% shorter compared to the a single-disk reducing the thermal issues significantly. (Simulation parameters
as summarized on page 88)

The simulation shows that the above given estimate of 1% to stay below the limit g0D ≤ 4
is only practical for 2-pass pumping. For 4 and 8 pump passes the maximum doping level is
0.5%. Nevertheless, the double-disk simulations yields 33% shorter crystal thickness compared
to the single-disk approach in order to get the maximum output energy. Furthermore, in case
of 2 0.5%-doped disks pumped with 8 passes the output energy of 18.5 J is nearly identical to
the single-disk design but at the reduced crystal thickness of 1 cm.

Thus, utilizing two disks pumped with half the intensity is a promising alternative to mitigate
thermal issues. A back-of-the-envelope calculation yields a ≈ 3 times higher repetition rates
compared to the single disk design. However, to realize this approach another folding mirror is
necessary, see Figure 10.4, which can introduce additional stability issues.
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Remark to the single- and double-disk designs

For the single- and double-disk calculations the design parameter was g0D ≤ 4. This limit is
valid for all crystal temperatures. So, the idea to utilize shorter crystals - to improve the heat
removal - with the same doping concentrations as presented at lower crystal temperatures leads
to g0D ≥ 4 due to the higher emission cross section. The only way to keep g0D ≤ 4 at lower
heat sink temperatures would be a lower doping concentration which at the end leads to lower
output energies at the same crystal thickness.

10.3.3 Multi-slab design

Another promising approach in order to enhance the cooling of the crystal(s) is the multi-
slab design where the big crystal is cut into several slabs which are cooled via a gas-flow.
Within the Mercury project 50 J pulses at 10Hz repetition were generated using the multi-slab
architecture [15]. Recently the design was "revived" by the Dipole project showing 6 J pulses
at 10Hz repetition rate [24].

So, concerning our results with the thick-disk approach the multi-slab design seems to be the
only architecture capable of delivering Joule-class pulses at 10Hz repetition rate.

Unfortunately, this design comes along with tremendous financial and constructional efforts.
A special high-pressure vessel to mount the crystal is needed which has to be designed and
constructed precisely in order to get the adequate gas flow between the disks. Furthermore, an
elaborate cooling system is needed to remove the heat at low temperature and high pressure.

Nevertheless, this design is investigated using our simulation tool. In analogous to Dipole 4
slabs each 0.5 cm thick will be pumped from both sides with 43.5 kW in our case. We assume
room-temperature as "working point" which should simplify the cooling system. All other pump
and amplification parameters are according to the single-disk, double-disk approach resp.. Fig-
ure 10.7 shows the output energies in dependence of the doping level of the individual slabs.
For the simulation the doping level of both outer slabs and both inner slabs were the same.

a) single pump from both sides b) with pump recovery

Figure 10.7: Simulation results for a 10 J+ multi-slab amplifier. The calculations were performed under
consideration of pumping from both sides single-pass a) or with pump recovery b) (2-pass pump). Simulation
results revealing a g0D > 4 in any of the slabs are excluded. The output energy is calculated in dependence
of the doping concentration of the slabs 1/4 & 2/3. Under single-pumping a maximum output energy in
the range of 9 J can be extracted in 12 amplification passes. The output can be raised to 14 J when the
pump light is recovered. However, the variation of the doping level between the slabs 1/4 & 2/3 does not
lead to a major increase of the output energy compared to all slabs having the same doping concentration.
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The simulation produces results comparable to the double-disk approach. Under single-pass
pumping from both sides a maximum output energy in the range of 9 J is calculated which can
by raised by pump light recovery to ≈ 14 J. The maximum energy in both cases is found for all
slabs having the same doping concentration which is 1% in the single-pass and 0.8% if pump
recovery is considered. However, there is a variation range for the doping concentrations which
could be used to unify the generated heat in the individual slabs.

In conclusion, under the given pump and amplification parameters, output energies in excess
of 10 J are possible either with a single disk, a double disk or a multi-slab design. In order to
experimentally find the optimal solution 0.5%- and 1%-doped crystals with different thickness
will be ordered and tested in the near future.
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11SUMMARY & OUTLOOK

11.1 Summary

The work for this dissertation was done in the framework of the Petawatt Field Synthesizer
at the Max-Planck-Institute for Quantum Optics with the aim of developing, investigating and
implementing amplifiers based on Yb-doped materials for the PFS CPA pump laser. The main
objective was to set up an amplifier chain generating stretched pulse energies in the 1 J-range
while maintaining a spectral bandwidth allowing for a compressed pulse duration <1 ps.

The initial work was done on close collaboration with S.Klingbiel who’s main task was to design
and implement the stretcher-compressor setup for the PFS CPA pump chain and to investigate
the timing jitter introduced by such a system [9, 61]. Together, a regenerative amplifier based
on diode-pumped Yb:FP15-glass was set up amplifying the stretched 4 ns-pulses to a pulse en-
ergy of 150 µJ with an amplified bandwidth of 4.5 nm at 10Hz repetition rate, see Section 6.3.
With the subsequent diode-pumped Yb:YAG 8-pass amplifier the pulses were amplified to
300mJ at 10Hz repetition rate, see Section 6.4. By utilizing spectral amplitude shaping intro-
duced with a Dazzler, a spectral bandwidth of 3.8 nm was amplified enabling the compression
of the pulses to pulse durations ≤1 ps [10]. By that time, these were unique parameters for
a Yb:YAG CPA system and shorter pulse durations have not been reported yet for comparable
systems. However, it turned out that the output beam profile of the multi-pass amplifier had
to be improved to serve as seed for the next amplification stages which lead to a reduced pulse
energy of 220mJ. Further optimization finally allowed to compress the pulses down to their
Fourier -limit of 720 fs, see Section 6.5.

Despite these outstanding results, the architecture of this amplifier proved to be a one-off
prototype due to the strong thermal lensing in the Yb:YAG crystal and thus this scheme could
not serve as a model for upscaling. Thus, for the subsequent 1 J-amplifier a novel architecture
- featuring an active-mirror Yb:YAG approach to minimize the thermal lensing and built in a
20-pass relay-imaging configuration to improve the beam profile and enhance the efficiency -
was developed with the help of optical design software, see Section 7.3. The analysis of this
amplifier architecture showed its excellent properties in terms of wavefront aberrations and its
capability of compensating thermal lensing. An additional merit of the design is its rotational
symmetry which enables to fit the whole setup into the vacuum tube necessary due to the high
intensities in the intermediate foci.

Another issue if considering amplification to >1 J is the necessary large beam diameter de-
termined by the laser induced damage threshold of the used optics in combination with the
demanded high single-pass gain which can lead to strong amplified spontaneous emission and
trigger parasitic oscillations decreasing the overall gain significantly, see Section 2.5. To inves-
tigate this, several Yb:YAG crystal differing in doping concentration, thickness and size were
purchased. Furthermore, due to the lack of a commercial solution an own glueing technology
was developed in order to realize the active-mirror approach with the purchased crystals, see
Section 7.2.
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After the implementation of the 20-pass relay-imaging amplifier in the laboratory it was used to
map the performance envelope of the different crystal assemblies - the "low-energy" campaign
presented in Chapter 8. The amplification performance was investigated in dependence of the
pump pulse duration, the heat sink temperature and the repetition rate at low seed energies. The
developed amplification code, see Chapter 5, was used to perform a regression analysis of the
measured data. In the course of this campaign it turned out that parasitic effects/oscillations
strongly decrease the overall gain if the doping concentration exceeds 2% at the set pump
parameters of 11 kW on 10x10mm2 and pump pulse durations >1000 µs. The enhancement
of these effects when decreasing the heat sink temperature and/or increasing the pump pulse
duration was confirmed. Furthermore, an influence of the the used glue and the heat sink
coating of the crystal assemblies to the amplification was found. Using glue #1 lead to less
gain losses when switching to a higher repetition rates which is an indication that even at this
thin glue layers the thermal conductivity of the glue plays a major role for the heat removal. The
gold-plated heat sinks enhance parasitic effects/oscillations which can be explained by higher
reflectivity of gold compared the nickel at the lasing wavelength. Additionally, the benefit of
a larger unpumped area which enhances the absorption of the amplified spontaneous emission
was shown and thus the 2%-doped 6mmx 40x40mm2 crystal was chosen to be used for the
"high-energy" campaign. Moreover, the repetition-rate depended measurement of the beam
profile and wavefront proved the beneficial effects of the active-mirror approach. Even when
pumped at 5Hz the thermal lensing is reduced drastically and the deterioration of the wavefront
is small.

In the beginning of the "high-energy" campaign, see Chapter 9, further preperatory measure-
ments were performed to investigate the evolution of the beam profile during amplification and
moreover to adjust the spectral shaping in order to amplify the broadest bandwidth possible.
These measurements also revealed that long-term operation at >5Hz repetition rate is not
possible at the moment due to a not compensable thermally induced beam drift. Furthermore,
stress-induced wavefront aberrations at low heat sink temperatures lead to severe changes of
the beam profile also prohibiting long-term high-energy operation. However, the full amplifica-
tion performance was measured for 1Hz and 2Hz repetition rate at a heat sink temperature
of 20 ◦C. For both repetition rates, the goal of 1 J pulse energy - low enough not to risk any
damage of the optics and thus allow for multiple measurements - was realized. While a seed
energy of 60mJ is needed to generate 1 J output energy at 1Hz repetition rate, the seed energy
had to be increased to 70mJ at 2Hz. Furthermore, the measurements revealed a pulse-to-pulse
stability of σ ≤ 1.5% at 1 J output energy for both repetition rates. The regression analysis
of the measured amplification slopes even predicts possible output pulse energies >1.1 J when
using the maximum seed energy of 90mJ. The measured near beam profiles at 1 J show no
"hot-spots" and are more "flat-top"-like compared to the input beam profile which is beneficial
for highest frequency-doubling and OPCPA efficiencies. By pre-compensating the thermal lens
with the imaging setup, the output beam is nearly collimated and the wavefront aberrations
were measured to be <λ/2. Due to the spectral shaping no spectral components are lost during
amplification. The amplified spectra at 1Hz and 2Hz are nearly identical to the seed spectra.
Finally, the FROG analysis of the compressed 1 J-pulses revealed a close-to Fourier -limit pulse
duration of 740 fs. Under consideration of the measured compressor transmission (76%), the
maximum compressed pulse energy is calculated to be 0.8 J and 0.78 J for 1 Hz and 2 Hz,
respectively. Thus, the pulse power (transmitted energy/pulse duration (FWHM)) is calculated
to 1.08TW for 1Hz and 1.05TW for 2Hz. Using a more refined analysis which takes the
retrieved temporal pulse shape into account leads to a pulse peak power 0.96TW for 1 Hz and
0.92TW for 2Hz operation.

To our knowledge, comparable pulse parameters are not reported in the literature so far and
thus we generated for the first time 1TW pulses in a diode-pumped Yb:YAG CPA-system [80].
This, in addition to the excellent beam parameters, make the system an excellent pump source
for highly-efficient, ultra-broadband optical parametric chirped pulse amplification.
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11.2 Outlook

To prove the feasibility of the PFS concept, a first study of 1-2 ps optical parametric chirped
pulse amplification was carried out in 2011 using the compressed and frequency-doubled pulses
out of the 8-pass Yb:YAG amplifier. C.Skrobol et al. showed the amplification of the optically
synchronized seed pulses in the wavelength range between 830 - 1310 nm using a 7mm thin
DKDP crystal [57]. Furthermore, the amplified spectrum should allow for a compressed pulse
duration of≈ 6 fs. "These findings confirm the reliability of our theoretical modelling in particular
with respect to the design for further amplification stages, scaling the output peak powers to
the petawatt scale."[57]

However, the timing jitter between the seed and the pump pulses proved critical in their mea-
surements. As mentioned before, S. Klingebiel investigated this timing jitter experimentally and
theoretically [61]. His conclusion was that the stretcher and compressor has to be set up in
air-tight or vacuum housings to improve the measured jitter of ≈ 100 fs in the actively-stabilized
case. While the housing of the stretcher in an air-tight perspex box was a comparable easy task
the construction of the vacuum chambers requires much more financial and design effort. At
the moment, these vacuum chambers are set up in the laboratory and after the completion the
compressor will be inserted. Furthermore, additional changes in the beam delivery system are
currently being implemented in order to use the 1 J output of the CPA pump chain for pumping
the OPCPA.

In parallel, the design of the 10 J amplification stage, see Chapter 10, is ongoing. Two 43.5 kW
pump modules were already purchased and are ready-to-use in the laboratory as well as the
mechanical parts and optics. The main bottle-neck are the Yb:YAG ceramics. At the moment
we are surveying possible suppliers who can deliver the needed Yb:YAG ceramics with the
mentioned Cr4+ co-doped cladding. The procurement is estimated to take at least 4 month.
However, first test of the setup and the amplification will be carried out with a spare 2%-doped
6mmx 40x40mm2 crystal in the near future.

The results of this thesis work - 1TW pulses generated in a diode-pumped Yb:YAG CPA system
- does represent a milestone for the HEC-DPSSL community. Moreover, this system when used
as pump source for OPCPA will boost the PFS-project to a new level. Though not yet fully
operational, the PFS recieved great attention in the whole laser community due to its prospect
for generating energy-scalable, few-cycle pulses with an inherently high contrast. This also led
to the creation of a follow-up - named PFS-pro - which is built at the Laboratory for Extreme
Photonics (LEX) [81]. In contrast to PFS, PFS-pro focuses on high average power in the 100’s
of Watt-range utilizing kHz Yb:YAG thin-disk lasers as pump source. Furthermore, PFS/PFS-pro
technology will be deployed in the European Extreme Light Infrastructure (ELI) project - "for
the investigation of light-matter interactions at highest intensities and shortest time scales" [82]
- which will constitute of 3 major research facilities currently established in Hungary, Romania
and the Czech Republic. However, since the mentioned projects aim on lower pulse energies,
the original PFS - using the developed 1TW CPA pump laser and its upgrades - might stay a
unique system in terms of high-energy, high-contrast pulses.
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APPEND IX





AVER I F I CAT ION OF THE CONSTANT MASE APPROACH

As described in Section 2.5, Barnes and Walsh [34] derived a correction term to calculate
possible losses through parasitic effects while pumping the gain medium. The equation for the
calculation of the time-dependent upper-level population then reads to:

dn

dt
= WP (N − n)−

n

τf
exp(σASE n Lchar ) (A.1)

This equation has to be solved numerically which can lead to calculation-time issues in the later
simulation. Alternatively, one can approximate exp(σASE n Lchar ) by a constant factor called
MASE and so the equation can be solved analytically to:

n(t) =
τf WP ,

τf WP +MASE
N

(
1− e−t

(
Wp+

MASE
τf

))
(A.2)

To verify the commutability of both equations, the calculated upper-state populations are com-
pared, as shown in Figure A.1. For the calculations, a doping concentration of 2% Yb:YAG is
assumed. According to [39] the σASE =2.25e-20 cm2 which is the emission cross section for
Yb:YAG at 1030 nm at room-temperature. τf is set 1ms [36]. At first the inversion is calculated
via Equation A.1 assuming a certain Lchar . Secondly, MASE in Equation A.2 is adapted in such
a way that a good agreement with the long-term results of Equation A.1 is achieved. This
procedure was chosen since pump pulse durations longer than τf are foreseen.

a) b)

0 , 0 0 , 5 1 , 0 1 , 5 2 , 00 , 0

0 , 1

0 , 2

0 , 3

0 , 4

0 , 5

[ 0 . 5 c m  ,  2 . 4 5 ]

[ 2 . 0 c m  ,  6 . 0 0 ]

[ 1 . 0 c m  ,  3 . 7 4 ]

 

 n u m e r i c a l
 a n a l y t i c a l

n/N
  [

a.u
.]

t P u m p / τf   [ a . u . ]

[ l c h a r  ,  M A S E ]

0 , 0 0 , 5 1 , 0 1 , 5 2 , 00 , 0

0 , 1

0 , 2

0 , 3

0 , 4

0 , 5

I P u m p = 0 . 5  I s a t

I P u m p = 1  I s a t
 

 n u m e r i c a l
 a n a l y t i c a l

n/N
  [

a.u
.]

t P u m p / τf   [ a . u . ]

I P u m p = 2  I s a t

Figure A.1: Comparison of the numerical and analytical solution for the calculation of the upper-state
population including ASE. Subfigure a) illustrates the difference of both solutions at IP = Isat for different
Lchar . In subfigure b) the characteristic length was set to 1 cm and the pump intensity was varied. For all
cases a MASE could be found so that Equation A.2 equals Equation A.1 for pumping times in the order of
τf and above. However, for shorter pumping times a mean maximum deviation of between both models
is 15%. For the calculations, a doping concentration of 2% Yb:YAG is assumed. According to [39] the
σASE =2.25e-20 cm2 which is the emission cross section for Yb:YAG at 1030 nm at room-temperature. τf
is set 1ms [36].

According to Figure A.1, for all considered cases a MASE could be found so that Equation A.2
equals Equation A.1 for pumping times in the order of τf and above. However, for shorter
pumping times a mean maximum deviation of between both models is 15%.

So, in conclusion, if the considered pump pulse durations are larger than τf - which is true in
our case - the constant MASE equation can be used to calculate the inversion.
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